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FOREWORD 

ADVANCES IN CHEMISTRY SERIES was founded in 1949 by the 
American Chemical Society as an outlet for symposia and col
lections of data in special areas of topical interest that could 
not be accommodated in the Society's journals. It provides a 
medium for symposia that would otherwise be fragmented, 
their papers distributed among several journals or not pub
lished at all. Papers are refereed critically according to ACS 
editorial standards and receive the careful attention and proc
essing characteristic of ACS publications. Papers published 
in ADVANCES IN CHEMISTRY SERIES are original contributions 
not published elsewhere in whole or major part and include 
reports of research as well as reviews since symposia may em
brace both types of presentation. 
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PREFACE 

During his attendance at a Gordon Conference in the USA in 1962, 
Professor R. M . Barrer of Imperial College, London, expressed the 

opinion that periodic molecular sieve conferences would be worthwhile. 
On the premise that it was appropriate to hold the first conference in 
London to honor Professor Barrer's contributions, a group of British sci
entists was encouraged to initiate its organization. As a result, the first 
International Conference on Molecular Sieves was held successfully in 
London, April 4-6, 1967, under the chairmanship of Professor Barrer and 
under the sponsorship of the Society of Chemical Industry. The confer
ence was attended by some 200 scientists, and 34 papers were presented. 
The proceedings, "Molecular Sieves," is published by the Society of 
Chemical Industry, 14 Belgrave Square, London, S.W. 1, 1968. 

In 1968, Professor Barrer and one of us (LBS) initiated the con
tinuation of the conferences on a triennial basis by inviting the second 
conference to be held at Worcester Polytechnic Institute, with the Amer
ican Chemical Society invited to be the sponsoring society. It was be
lieved appropriate to hold the second conference in the United States 
to recognize the pioneering commercialization of molecular sieve zeolites 
by Union Carbide Corporation and the petroleum refining industry. The 
organizing committee for the second conference included the co-chairman 
representing the American Chemical Society ( E M F ) , Dr. W. L. Kranich, 
WPI, secretary-treasurer, Dr. P. K. Maher, Davison Chemical Division, 
W. R. Grace & Co., industrial liaison, and Prof. Barrer, honorary member. 
Dr. D. W. Breck participated helpfully in several discussions. The Petro
leum Research Fund contributed to the expenses of invited distinguished 
speakers, and contributions for support of the conference were received 
from BP (North America) Ltd.-British Petroleum Co., Ltd., Esso Re
search & Engineering Co., W. R. Grace & Co.-Davison Division, Gulf 
Research & Development Co., Mobil Research & Development Corp., 
Nalco Chemical Co., Norton Co., Shell Development Co., Sun Oil Co., 
Texaco, Inc., Union Carbide Corp., Union Oil Co. of California, and 
Universal Oil Products Co. A number of special services were donated 
by the Union Carbide Corp. 

Approximately 300 scientists from 18 countries participated in the 
conference. The meeting provided an opportunity for presentation of 
new scientific information and discussion and exchange of ideas both 
formally and informally, in an extremely pleasant and congenial environ-

ix 
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ment. The success and enjoyment of the conference resulted partly from 
the careful planning and programming of the organizing committee, but 
especially from the untiring work of the local committees headed by: 
Dr. Y. H . Ma, Prof. W. B. Bridgman, Mr. W. Trask, Mr. G. Fuller, 
Mrs. A. H . Weiss, Mr. A. Begin, Mr. C. A. Keisling, Dr. I. Zwiebel, 
Dr. A. H . Weiss, Mrs. D. C. French, Mr. G. Gage, and Dr. R. E. Wagner. 

On the final day of the conference, a permanent International Zeolite 
Conference Committee was elected, consisting of Miss Edith M . Flanigen, 
Chairman, Prof. R. M . Barrer, Dr. H . B. Habgood, Prof. A. V. Kiselev, 
Dr. P. K. Maher, Prof. W. M . Meier, Dr. C. Naccache, Prof. J. V. Smith, 
Prof. J. B. Uytterhoeven, and Dr. P. B. Venuto. It was voted to accept 
the invitation of Prof. Walter M . Meier to host the third conference in 
Zurich, Switzerland, in September 1973, under the chairmanship of Prof. 
Meier. Unfortunately, he could not attend the second conference because 
en route his plane was hijacked to the Jordanian desert where he was 
held hostage. 

The Conference Committee would like to commend Robert F. Gould, 
Editor, Mrs. Colleen Stamm, Assistant Editor, and the staff of the 
ADVANCES IN CHEMISTRY SERIES for their efficient handling of an unex
pectedly large number of manuscripts and their outstanding job in the 
publication of the Preprints and these two final volumes. The cooperation 
and contributions of the authors, discussants, session chairmen, panel 
chairmen and panelists, and other participants are also gratefully 
acknowledged. 

The Proceedings are divided into two volumes following the session 
divisions at the Conference. Volume I contains the Introductory Lecture 
and 40 papers with discussion, presented under Synthesis, Structure and 
Mineralogy, and Modification and General Properties. Volume II includes 
35 papers with discussion in Sorption and Catalysis, and the Concluding 
Remarks. 

It appears from the contributions and participation in the first and 
second conferences that they serve a need in the rapidly growing field 
of molecular sieve science and technology, and they have been established 
accordingly on a triennial basis. May we take this opportunity to thank 
the many others who contributed to the success of the conferences and 
extend best wishes to those organizing the next. We can assure them 
that the pleasure of meeting and working with the many people involved 
in the conference far outweighs any burden of work in its organization. 

E D I T H M. F L A N I G E N 
L E O N A R D B . S A N D 

T a r r y t o w n , New Y o r k 
Worces ter , Massachusetts 
M a r c h 1971 
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42 

Intracrystalline Diffusion 

R. M . BARRER 

Physical Chemistry Laboratories, Chemistry Department, Imperial College, 
London, S .W. 7, England 

The rate of intracrystalline migration of molecules is sig
nificant for molecule sieving and for molecular sieve cataly
sis. In view of this, an account has been given of various 
aspects of diffusion in porous aluminosilicates. Three inter
related diffusion coefficients can be measured: differential, 
integral, and tracer coefficients. Ways of measuring these 
and their concentration dependence are considered, using 
single crystals and powders. Examples include various pene
trants, such as water, small nonpolar molecules, and complex 
molecules. Diffusion anisotropy and effects of intracrystal
line channel dimensions, exchange ions of different size and 
valence, temperature, concentration, and the presence of 
foreign molecules have also been discussed. 

Heterogeneous catalysts are usual ly high-area porous materials w h i c h 
A J - m a y be amorphous or crystal l ine. A n important aspect of a l l such 
materials is the r a p i d i t y w i t h w h i c h reactant molecules reach active sites 
a n d products leave these sites. A p a r t f r o m flow i n gas or l i q u i d phase, 
there m a y be surface m i g r a t i o n into a n d f r o m micropores , whether i n 
amorphous catalysts or i n crystal l ine ones, such as the zeolites. It is s t i l l 
a n open quest ion h o w important such m i g r a t i o n processes are as rate-
c o n t r o l l i n g steps. H o w e v e r , i t seems l i k e l y that active sites deep i n a 
porous crystal w i l l be less impor tant than sites near the surface because 
m a n y more uni t d i f fus ion steps w i l l be needed to transport molecules to 
a n d f r o m deeply b u r i e d sites. A s corollaries, one w o u l d expect that o n l y 
a l i m i t e d v o l u m e f rac t ion of a crysta l of a zeolite such as sieve Y is 
ca ta lyt ica l ly effective, a n d that for best performance crystals i n the 
catalyst support s h o u l d be w e l l exposed a n d as s m a l l as possible , i n order 
to p r o v i d e the largest surface-to-volume rat io. 
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2 M O L E C U L A R SIEVE ZEOLITES II 

Studies of intracrysta l l ine d i f fus ion can delineate factors l i m i t i n g 
transport w i t h i n crystals a n d hence w i l l a i d unders tanding of molecule 
s iev ing a n d site accessibi l i ty i n catalysis. O n e m a y hope to learn f r o m 
basic d i f fus ion studies h o w di f fus ion coefficients w i t h i n zeolites are 
re lated t o : 

1. Intracrystal l ine c h a n n e l geometry a n d dimensions. 
2. Shape, size, a n d p o l a r i t y of penetrant molecules. 
3. C a t i o n disposit ions, size, charge, a n d numbers . 
4. L a t t i c e defects, such as s tacking faults . 
5. Presence of " i m p u r i t y " molecules i n channels. 
6. S t ruc tura l changes brought about b y penetrants. 
7. S t ruc tura l damage associated w i t h p h y s i c a l a n d c h e m i c a l 

treatments. 
8. C o n c e n t r a t i o n of penetrant w i t h i n the crystals. 

D e s p i t e the obvious importance of d i f fus ion studies, i n f o r m a t i o n o n 
these topics is s t i l l l i m i t e d . T h e pos i t ion reflects exper imenta l diff icult ies 
a n d , i n part , a fa i lure to real ize h o w useful a probe di f fus ion m a y be. 
It is h o p e d that the importance of d i f fus ion w i l l become apparent f r o m 
the present r e v i e w . 

Diffusion Coefficients 

I n the two-component system gas + zeolite , i n p a r a l l e l w i t h a general 
two-component system, one m a y consider 5 d i f fus ion coefficients: DAB 

( in terdi f fus ion coefficient of sorbate a n d z e o l i t e ) ; DA, DB ( in t r ins ic di f 
fus ion coefficients, respect ively, of sorbate a n d z e o l i t e ) ; a n d D A * , 
( tracer d i f fus ion coefficients, respectively, of sorbate a n d z e o l i t e ) . H o w 
ever, because DB a n d DB* are effectively zero, as for a n o n s w e l l i n g 
crysta l , 

DAB = DA 

It is sometimes assumed that 

DA = DA* f ^ i (1) 
aln CA 

w h e r e aA = PA is the ac t iv i ty of sorbate, e q u a l to the loca l e q u i l i b r i u m 
pressure of sorbate, w h e r e the concentrat ion of A is cA. 

H o w e v e r , this re la t ion is not correct. T h e true re la t ion ( I ) is 

DA = DA 

din aA 
din CA CALA 

CA*LA 

(2) 
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42. BARRER Intracrystalline Diffusion 3 

H e r e cA* is the concentrat ion of i sotopica l ly l a b e l l e d species at a p o i n t 
where the concentrat ion of u n l a b e l l e d species is cA. LAA a n d L A A * are 
the straight a n d cross phenomenolog ica l coefficients of the irreversible 
t h e r m o d y n a m i c f o r m u l a t i o n of di f fus ion. T h e o r i g i n a l re la t ion , E q u a t i o n 
1, assumes a zero cross coefficient, w h i c h i n dense intracrystal l ine f luids 
cer ta in ly is not l i k e l y to be true. 

T h e o n l y i n f o r m a t i o n for sorbate-zeol i te systems f r o m w h i c h E q u a 
t i o n 2 can be discussed was obta ined b y Barrer a n d F e n d e r ( 7 ) . T h e y 
s tudied intr ins ic a n d tracer d i f fus ion of water i n chabazi te , heulandi te , 
a n d gmel ini te , us ing H 2 0 a n d D 2 0 . T h e ac t iv i ty correc t ion : 

d in aA _ din pA 

din cA din cA 

c a n be d e r i v e d f r o m their water sorpt ion isotherms. T h e results of an 
analysis of their data are presented i n T a b l e I. T h e rat io cALAA*/cA*LAA 

can have considerable values, a l though the correct ion term din aA/din cA 

is dominant . T h e results i n the table refer to zeolite crystals near ly 
saturated w i t h water , a n d s h o u l d be extended, for various sorbates, over 
a greater range of sorbate concentrations. 

T h e significance of cross coefficients, LAA*, has been demonstrated 
also for intr ins ic a n d tracer d i f fus ion of SO2 i n surface flow t h r o u g h c a r b o n 
compacts ( I ) . Cross coefficients must arise f r o m direct interactions 
be tween A a n d A * , a n d s h o u l d be significant whenever sorbate is suffi
c ient ly concentrated for such encounters to become frequent . In the 

Table I. Relation Between DA and DA* for Water in Several Zeolites 

D A * X 10s, D A X W\ dln&A C A L A A * 

Zeolite T , ° C Cm2 Sec~l Cm2 Sec~l dim A C A * L A A 

C h a b a z i t e B 75 46. , IO.65 23.0 0.09I 
65 3 1 . 8 7.6 24.0 0.15 
55 21 . 4 5.4 5 25.5 0.17 
45 14.x 3.8o 27.0 0.21 
35 9.0 2 .5 0 28.0 0.27 

H e u l a n d i t e 75 9.8 3.0 0 30.0 0.39 
65 6 .1 1.96 32.0 0.44 
55 3.7 0 1.26 34.0 0.48 
45 2 . U 0.78 35.5 0.51 
35 1.24 0.46 5 37.0 0.56 

G m e l i n i t e 55 7.3 3 1.95 26.5 0.15 
45 5.0 1.40 28.0 O.O65 

35 3 .3 i 0.97 29.5 0.030 
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4 M O L E C U L A R SIEVE ZEOLITES II 

di lu te H e n r y ' s l a w sorpt ion range, cfln aA/dln cA = 1. S ince encounters 
of A a n d A * w i l l then be m u c h less f requent , the cross coefficient s h o u l d 
be m i n i m a l a n d 

D A B = DA -> DA* 

T h e di f fus ion coefficients DA a n d DA* referred to above are differ
ent ia l values for par t i cu lar concentrations cA, or else de termined only 
over a n a r r o w concentrat ion range. O v e r a w i d e concentrat ion r a n g e — 
e.g., i n m a n y sorpt ion rate exper iments—a more accessible quant i ty is 
the in tegra l va lue , DA, w h e r e 

D A = l - f 
cAJQ 

cA 

D(cA)dcA 

or, for in terva l experiments, 

cA 

DA = X , N / D(cA)dcA 

Measurement of Molecule Diffusion in Zeolite Crystals 

Single Crystals. N a t u r a l l y - o c c u r r i n g zeolites are sometimes f o u n d as 
large single crystals. T ise l ius (34, 35) used this feature to s tudy di f fus ion 
i n zeolites. D i f f u s i o n of water i n heulandi te crystals was f o l l o w e d b y a n 

Figure 1. A stage of diffusion in a heulandite single 
crystal viewed through crossed Nicols (34) . The di-
ferent distances moved by the band in 2 directions show 
the diffusion anisotropy. The direction of more rapid 
penetration is normal to 201, and that of less rapid 

pentration is normal to 001 
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42. BARRER Intracrystalline Diffusion 5 

o p t i c a l procedure i n w h i c h birefr ingence of a crysta l plate was observed 
under crossed N i c o l s . B i re f r ingence was a f u n c t i o n inter alia of the c o n 
centrat ion of sorbate. A c c o r d i n g l y , u n d e r crossed N i c o l s d a r k bands 
progress in to the crys ta l as d i f fus ion proceeds ( F i g u r e 1 ) . A t t ime t, i f 
the b a n d has progressed t h r o u g h distance x, then 

T h e figure shows strong anisotropy i n the di f fus ion of zeol i t i c water , the 
dark b a n d h a v i n g m o v e d further f r o m the 201 t h a n f r o m the 001 face. DA 

is g iven i n T a b l e I I ; the act ivat ion energies, E, i n the A r r h e n i u s equat ion 
DA = D 0 exp — E/RT are 5400 a n d 9140 c a l / m o l e , respect ively, for 
di f fus ion n o r m a l to 201 a n d 001. 

x2 = 2DAt 

Table II. Diffusion Anisotropy in Heulandite 

T , °C 
D A X W7 -L 201 

Cm2 Sec~l 

D A X 107 J_ 001 
Cm2 Sec~l 

20 
33.8 
46.1 
60.0 
75.0 

2.7 
4.1 
4.8 
7.6 

11.1 

0.23 
0.45 
0.66 
1.45 
2.8 

W. Meier, "Molecular Sieves," Society of the Chemical Industry 

Figure 2. Sheets of linked tetrahedra present in heu
landite (25) . Diffusion across these sheets does not 
occur. Between the sheets, different intersecting chan
nels run parallel to a and c, respectively, forming two-

dimensional networks 
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6 M O L E C U L A R SIEVE ZEOLITES II 

H e u l a n d i t e consists of sheets ( F i g u r e 2 ) l i n k e d to other l ike sheets 
a n d enclosing be tween each p a i r a t w o - d i m e n s i o n a l c h a n n e l system ( 2 5 ) . 
N o r m a l to the sheets, T ise l ius f o u n d the di f fus ion coefficient to be 
neg l ig ib le , as w o u l d be expected f r o m the compact nature of the sheets. 
B e t w e e n the sheets are channels c i r c u m s c r i b e d b y 10-rings a n d 8-rings: 

( a ) P a r a l l e l to a, e l l i p t i c a l 8-rings of free diameter 2.4 a n d 6.1 A . 

( b ) P a r a l l e l to c, 3.2 a n d 7.8A (10-r ings) a n d 3.8 a n d 4 .5A (8 - r ings ) . 
T h e anisotropy for different direct ions p a r a l l e l to the sheets is i n accord 
w i t h the structure, w h i c h was u n k n o w n at the t ime of T ise l ius ' measure
ments. 

T ise l ius , again u s i n g sui tably cut plates of heulandi te , establ ished 
ac tua l concentrat ion gradients f r o m birefr ingence studies as a f u n c t i o n 
of distance x f r o m the surface. If the concentrat ion at t = 0 is c0 t h r o u g h 
out the crysta l , a n d at t ime t is cx at distance x; w h i l e at x = 0, c = c « 
for a l l t > 0, then 

T h e concentrat ion-distance curve at t ime t serves to give dx/dc a n d 

H e n c e , Dc = Cx is obta ined. T h i s m e t h o d is associated w i t h B o l t z m a n n 
(14) a n d was d e v e l o p e d b y M a t a n o (24). Some results are g iven i n 
T a b l e I I I . T h e saturat ion water content, c x , was 19.67% b y w e i g h t of 
water ; the values of c 0 are g i v e n i n the table. DA s h o u l d be, a n d was , 
w i t h i n error, independent of c 0 . T h e v a r i a t i o n of DA w i t h concentrat ion 

Table III. D A J L 201 Plane in Heulandite at 20°C, C m 2 Sec 1 

,c=c 

xdc 

Wt% 
Co = 8.3% 

D A X 107 

Co = 18.2% 
D A X W7 

Co = 16.2% 
D A X 107 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

0.04 
0.2 
0.7 
1.3 
2.0 
2.7 
3.0 
4.0 
4.0 
3.3 

2.1 
2.6 
3.5 
4.2 
4.1 
3.5 

4.0 
4.2 
4.1 
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42. BARRER Intracrystalline Diffusion 7 

m a y be associated w i t h change i n the b i n d i n g energy of water as c 
increases a n d w i t h smal l latt ice changes associated w i t h r i s ing water 
content. 

Powders. Synthet ic zeolites a n d n a t u r a l l y o c c u r r i n g zeolites of 
sedimentary o r i g i n n o r m a l l y occur as powders . F o r t h e m different m e t h 
ods must be e m p l o y e d , w h i c h f a l l into 2 subdiv is ions : 

( a ) Sorpt ion or desorpt ion is measured, k e e p i n g the sorbate pres
sure constant. 

( b ) Sorpt ion or desorpt ion occurs i n a constant-volume var iab le -
pressure vessel. 

C O N S T A N T - P R E S S U R E SORPTION OR D E S O R P T I O N . T h e b o u n d a r y c o n d i 

tions for any crystal l i te are 
c = cx just w i t h i n the surface for a l l t > 0. 
c = Co throughout the crystal l i te at t = 0. 

w h i l e for flow 

^ = d i v (DA g r a d c). 

W h e n DA is independent of c a n d the crystals are a l l of the same shape 
a n d size, e.g., spheres of radius r 0 

Qt - Qo , 6 A 1 DA n2 izH 
Qm — Qo x 2 „ = i n 

F o r larger times, a l l but one exponent ia l te rm become negl ig ib le , a n d the 
equat ion reduces to 

, Q - - Qt 6 DA r2t 
l n Q ^ Q r l n V 2 ~ ^ 

so that a p lot of the left side against t gives a straight l ine of slope 
D A 7 r 2 

~~2~- O n c e DA is k n o w n , this can be subst i tuted i n the f u l l equat ion , 
w h i c h then can be tested for a l l t. 

F o r s m a l l t, s impler forms can be o b t a i n e d : 

I -» - Qo W o 2 / r 0
2 

or 

Plots of the left side against \/Tgive DA/r0
2, a n d so DA. 
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8 M O L E C U L A R SIEVE ZEOLITES II 

F o r rectangular p a r a l l e l e p i p e d crystall ites of edges a, b, a n d c, the 
l i m i t i n g expressions are 

Q~ - Qt = 512 
Qoo — Q 0 % 2 

DA %H(\ , 1 , 1 \ 

- - V * / V 6 c/ 
Q < -

Q 

aga in g i v i n g the s/t l a w . 

T h e % d e v i a t i o n f r o m the \/T l a w is s h o w n for particles of several 

shapes as functions of ^ ^ = i n F i g u r e 3 ( 7 ) . 
Y*> — yo MQO 

Journal of Physics and Chemistry of Solids 

Figure 3. The % deviations from the \/T law as func

tions of 9°° _ 9* for particles of different forms (7) 
Voo Y O M x 

Curve 1: Sphere 
Curve 2: Cube 
Curve 3: Rectangular parallelepiped (2:2:1) 
Curve 4: Plane sheet 
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42. BARRER Intracrystalline Diffusion 9 

T h e correspondence w i t h the \ft l a w is i l lus t ra ted i n F i g u r e 4 (7 ) for 
the intr ins ic d i f fus ion of water i n chabazi te , gmel in i te , a n d heulandi te . 

10-
o 

Chobozite 

/ 
o 

Gmelinite 
Heulandite 

o 

/ / / o 

/ / 
/ 

/ 

// 
o 

o 
o • 

• 

1/ 
r R 

09-

07-

. A 

04-

0-3-

0-2-

0-1-

0 
I 2 3 4 5 6 0 I 4 5 0 2 4 6 8 10 12 

Journal of Physics and Chemistry of Solids 

Figure 4. Applicability of the \ftlaw for the intrinsic diffusion of water 
in chabazite, gmelinite, and heulandite (7) 

Calculated curves: 
Chabazite: O, 75.4°C; *, 30.8°C 
Gmelinite: O, 62.5°C; #, 31.7°C 
Heulandite: O, 77.8°C; *, 37.4°C 

C O N S T A N T - V O L U M E V A R I A B L E - P R E S S U R E SORPTION OR D E S O R P T I O N . A t 

t ime t = 0, for sorpt ion, a dose of gaseous sorbate is i n t r o d u c e d into the 
sorpt ion v o l u m e a n d left to dis tr ibute itself be tween gas phase a n d crys
tals. E x a c t ana ly t i ca l solutions are avai lable , p r o v i d e d sorpt ion fo l lows 
H e n r y ' s l a w (2,27). T h u s , for spheres of radius r 0 

Qt - Q, t ~ Qo _ , a K i K . n V exp - g w ' T 
- — ^ - 1 - ZK(K + D L 9 ( J [ + 1 ) + a A 8 j r -

where r = ^ ~ a n d «„ is the n t h posi t ive root of the re la t ion 

T a n a r 0 = 
3r 0 a 

3 + X r 0
2 a 2 

a n d w h e r e 

K = J J L = «M _ a = (Qo)o ~ ( Q - ~ Qo) 

I n this last expression, k is the H e n r y ' s l a w constant, a n d K denotes the 
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10 M O L E C U L A R SIEVE ZEOLITES II 

e q u i l i b r i u m rat io of gas i n the gas phase a n d i n crystals. Vg a n d V8 are 
volumes of gas phase a n d crystals, respectively. (Qcc)g a n d (Qo)g are 
amounts of gas finally a n d i n i t i a l l y i n the gas phase. 

F o r s m a l l e n o u g h times, the \ / T l a w aga in results i n the f o r m ( 6 ) 

Qt ~ Qo = 6 (K + 1) \IT52 6 / (QQ), + Q 0 \ ilD2 
Qco - Q 0 r 0 K y x r0 \(Qo)9 ~ ( Q - - Qo)/ r * 

T h e v a l i d i t y of the \ / £ l a w is s h o w n under constant-volume var iab le 
pressure condit ions w h e n H e n r y ' s l a w is a p p r o x i m a t e l y v a l i d i n F i g u r e 5. 

0*8 

0*6 

0-4 

0-2 

f 

. j _ J 

4 

Z 4 6 8 fO /Z f4 16 
Transactions of the Faraday Society 

Figure 5. Validity of the V T law in a constant-volume variable-pressure 
system where the sorption isotherms approach Henry's law (2) 

Curve 1: Ne in Li-mordenite at —185°C 
Curve 2: Ne in Ca-mordenite at —185°C 
Curve 3: Kr in Ba-mordenite at 24°C 
Curve 4: Kr in Levynite at 0°C 
O: Experimental points 
X : Calculated points, using the full solution of the diffusion equation 

The \ / 1 Law and Particle Size and Shape Distributions in Powders. 
A specia l importance of the yfl l aws is that, p r o v i d e d t ime is smal l 
enough for each part ic le to act as a semi-infinite m e d i u m , the laws h o l d 
whatever the size a n d shape d i s t r ibut ion , w i t h l / r 0 replaced b y A / 3 V . 
T h u s , 

Qt ~ Q o _ Mt_ _ 2A 
Qco - Q o Moo V 

(constant pressure) 
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42. BARRER Intracrystalline Diffusion 11 

Qt ~ Qo = Mt_ 
Qco — Qo Ma 

(constant v o l u m e , 
H e n r y ' s law) 

P r o v i d e d total surface areas, A, are measured, DA can be f o u n d . A can 
be de termined i n several w a y s : 

1. B y projected area ( true area = 3 X projected area) . 
2. B y f low [ K o z e n y - C a r m a n (16) p r o c e d u r e ] . 

These give geometr ical or smoothed areas, not t a k i n g surface roughness 
into account. 

3. B y adsorpt ion, us ing either 
(a) water - f i l led crystals, so that N 2 or K r sorpt ion is l i m i t e d to 

external areas, or 
(b) spher ica l sorbate molecules too large to enter the c r y s t a l s — 

e.g., i s o - C 4 H i 0 or n e o - C r , H i 2 for chabazite , sieve A , or any 
zeolite less open t h a n these. 

T h e adsorpt ion area inc ludes a l l fine-scale roughness a n d hence i n 
general w i l l exceed the smoothed areas f o u n d b y the other methods. 
T h e t w o areas w i l l l ead thus to different values of DA, a n d it is not clear 
w h i c h is best. F o r longer t imes, though poss ibly s t i l l i n the y/T range, 
effects of surface roughness u p o n the di f fus ion w i l l have d i e d out. I n 
the first moments they w i l l not. It is useful to determine b o t h areas, a n d 
so to give u p p e r a n d lower l imits to DA. T h i s has not a lways been done, 
a n d i n c o m p a r i n g values of DA f o u n d b y different authors, the m e t h o d 
of d e t e r m i n i n g A s h o u l d be taken into account. 

A s expected f r o m the di f fus ion theory, the larger the particles, the 
s lower the sorpt ion; A becomes smaller for constant V . T h i s is i l lustrated 
i n F i g u r e 6 (8) for sorpt ion of propane at 2 0 0 ° C i n chabazite . 

Concentration-Dependent DA in Powders. It has been assumed i n 
the p o w d e r techniques discussed so far that DA does not d e p e n d u p o n 
intracrystal l ine concentrat ion. F o r the d i lute range of sorptions—e.g., 
where H e n r y ' s l a w is v a l i d — t h i s is correct. H o w e v e r , as a lready con
s idered ( T a b l e I I I ) , over extended ranges i n concentrat ion Tiselius's 
results for water i n a single crysta l of heulandi te showed strong concen
trat ion dependence. F o r powders , 2 methods m a y be ment ioned. 

I N T E R V A L M E T H O D . T h e quant i ty Q0 of sorbate i n i t i a l l y i n the crysta l 
can be v a r i e d systematical ly b y steps f r o m zero to near saturation. A t 
each va lue of Q0 a s m a l l extra amount , dQ, is then sorbed, a n d the value 
of DA ob ta ined can be regarded as constant over each in terva l Q0 -f- dQ. 
T h u s DA is f o u n d as a func t ion of Q{). A n in terva l m e t h o d was used for 
several d i f fus ing species i n chabazi te b y Barrer a n d Brook (4), i n w h i c h 
dQ was often considerable , c o m p a r e d w i t h Q0. T h u s , an integral va lue 
of DA was obta ined over the in te rva l Q0 to Q*. Some results are g iven i n 
T a b l e YVa, i n w h i c h the areas A were those de termined b y a flow m e t h o d . 
DA appears to decrease rather strongly w i t h increasing average concentra-
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12 M O L E C U L A R SIEVE ZEOLITES II 

1 

^Cftrve I: Particles fa-%6 inch diametery outdsssed 14hs. 
dt470'480°C 

'.Particles 20-30mesh;out&jsscd l4hrs.dt4JD-4S$ 
Curve 3: Particles -80-IOC mesh; outyHut I4hrs. at470-480*C. 
Curve4: Partizks <200 mesh; outgassed I4hrs at4J0'480*C. 
Curve5: Particles 180-200mesh; out^asscd -jhrs.at4JO'48ot 

In all experiments, mass chabazite m3'336g. 
initial pressure C3Hj =$'6±0'tcm. Hg. 

temperature = 200 °C. 

\Time m mm. 300 

Transactions of the Faraday Society 

Figure 6. Influence of particle size and outgassing time 
upon the sorption of propane into chabazite at 200°C (8) 

t ion . S imi lar results were f o u n d w i t h C H 2 C 1 2 a n d ( C H 3 ) 2 N H . H o w e v e r , 
smaller values of dQ w o u l d be preferable , a n d the experiments s h o u l d be 
extended to various zeolites for a greater range of sorbates. Results ob
ta ined b y Schirmer et al. (32) for n - C i 4 H 2 0 i n Zeosorb 5 A give DA i n 
creasing w i t h concentrat ion at 205 ° C a n d decreasing at 307 ° C . 

M E T H O D O F B A R R E R A N D B R O O K (4). E v e n w h e n DA depends u p o n 
concentrat ion, a \ / f l a w m a y be observed exper imenta l ly : 

Qt = Qo + Qa + AkVt 
w h e r e k is a rate coefficient, a n d Qa is the amount ( i f a n y ) sorbed u p o n 
external surfaces; k depends u p o n DA(c), Q0, a n d Qx but not on t. Since 
also, f r o m F ick ' s l a w 

0* - (Qo + Qa) = -A f (DA ^)dt = AkVt 

JO ^ ' x=0 

i t fo l lows w i t h o u t a p p r o x i m a t i o n that 
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42. BARRER Intracrystalline Diffusion 13 

a n d the v a l i d i t y of the \/J l a w means that the flux t h r o u g h the i n g o i n g 
surface is p r o p o r t i o n a l to t~1/2. 

K e e p i n g Qoo constant, k is evaluated for various values of Qo. T h e 
curve of k vs. Q0 must cut the axis of Qo at the po in t Qo = Q«>, because 

t h e n ^ ^ ^ is zero a n d so is k. T h u s , the exper imenta l curve of k vs. 

Qo can be extrapolated to the point Q0 = Q^. 
A s the in terva l Qx — Q0 is decreased progressively i n successive 

runs, the system approaches more a n d more near ly the \ / T l a w for con
stant DA. T h u s , the solut ion more a n d more nearly approaches a s tandard 
solut ion for constant DA, i.e., 

i r o C — CQ 

1 - erf 2 r^- -
Coo — Co 

f r o m w h i c h 

- ( ° < • - - - > i / ? 

A s c0 approaches c x , the curve of k vs. c0 approaches asymptot ica l ly a 
tangent of slope — 2 ( D A / T T ) 1 / 2 , passing t h r o u g h c = cx. 

Table IVa. Integral Values of DA in Chabazite over 
Intervals Qo to Q x , C m 2 Sec"1 

Sorbate 

C 3 H S 

n - C 4 H i o 

Qo, Qco, ; (Qo + Q « ) 
T , °C Cm? at C m 3 at C m 3 at D A T , °C 

STP/G STP/G STP/G 

150 0.00 11.4 5.7 17.6 X 1 0 - 1 3 

1.60 13.0 7.3 8.3 
4.00 15.4 9.7 3.6 
8.60 20.0 14.3 2.0 

15.10 26.5 20.8 1.5 

200 0.00 7.5 3.75 26.1 X 1 0 - 1 3 

2.80 10.0 6.4 9.4 
5.25 12.45 8.85 5.1 

10.20 17.40 13.7 3.4 

150 0.00 14.2 7.1 9.5 X 1 0 - 1 3 

1.91 16.1 9.0 2.8 
5.28 19.48 12.39 1.59 
9.50 22.8 16.15 1.42 

200 0.00 13.0 6.5 23.6 X 1 0 - 1 3 

1.60 14.6 8.1 8.51 
2.20 15.2 8.7 6.41 
8.00 19.2 13.6 2.89 
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14 M O L E C U L A R SIEVE ZEOLITES II 

F i g u r e 7 shows the w a y i n w h i c h it approaches the asymptote w h e n 
DA decreases w i t h c ( c u r v e 1 ) a n d w h e n DA increases w i t h c ( c u r v e 2). 
N e g a t i v e values of k refer to desorpt ion (c0 > cx). Some values of DA 

o b t a i n e d i n chabazi te u s i n g this m e t h o d are g i v e n i n T a b l e IVb, us ing 
flow areas for A . 

O t h e r studies have been m a d e of concentrat ion dependence of DA, 
for example i n L i n d e Sieve A b y H a b g o o d (22) a n d i n chabazi te b y 
B r a n d t a n d R u d l o f f (15), b u t the results show l i t t le regular i ty , a n d m u c h 
more systematic w o r k is r e q u i r e d u n d e r constant outgassing condit ions 
to establ ish w h a t patterns of concentrat ion dependence of DA emerge, 
for b o t h p o l a r a n d nonpolar sorbates. 

Table IVb. Values of DA ( C m 2 Sec 1 ) in Natural 
Chabazite (Flow Area) 

Sorbate T , °C coo, C m 3 at STP/G D A at Coo 

CH2CI2 0 70 2.I7 x 1 0 - 1 6 

50 47 4.9 X 1 0 - 1 5 

( C H 3 ) 2 N H 0 87.0 1.9 0 X 1 0 - 1 9 

50 78.5 1.35 X 1 0 - 1 7 

1 0 0 70.0 2.5i X 1 0 - 1 5 

n - C 4 H i o 200 13.5 2.1o x 1 0 - 1 2 

17.1 I.85 x 1 0 - 1 3 

19.1 1.70 X 1 0 - 1 3 
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42. BARRER Intracrystalline Diffusion 15 

O n e l i m i t e d invest igat ion has been m a d e of the concentrat ion de
pendence of tracer d i f fus ion coefficients, D A * , of water at values of 6 
qui te close to saturat ion ( 7 ) . I n the range 0.91 < 6 < 0.98, D A * tends to 
increase s l ight ly w i t h 6 ( T a b l e V ) . A g a i n , however , more i n f o r m a t i o n 
is needed for a greater concentrat ion range a n d for other sorbates. 

Diffusion of Xeolitic Water 

Measurements have been m a d e of tracer or intr ins ic d i f fus ion coeffi
cients of water i n a n u m b e r of zeolites. M o s t refer to crystals near ly 
saturated w i t h zeol i t i c water , w h i l e smoothed rather t h a n adsorpt ion 
areas were used i n ca l cu la t ing the coefficients. F r o m the temperature 
dependence of DA or D ^ * , the ac t ivat ion energy, E, m a y be f o u n d us ing 
the A r r h e n i u s equations DA = D0 exp — E/RT or D A * = D 0 * exp — 
E/RT. Some results for tracer d i f fus ion are s u m m a r i z e d i n T a b l e V I . 
(18). These shed considerable l ight u p o n cer ta in aspects of intracrysta l 
l ine di f fus ion for smal l po lar molecules : 

( a ) T h e v a n der W a a l s diameter of the water molecule is <— 2.8A. 
I n m a n y of the zeolites, therefore, there s h o u l d be no steric restr ict ion 
to the passage of this smal l molecule t h r o u g h the w i n d o w s . A n a l c i t e 
a n d natrol i te are exceptions; here the large energy barriers , E, for d i f f u 
sion ( w h i c h exceed those for tracer d i f fus ion i n ice) m a y be par t ia l ly 
caused b y the squeezing of the water t h r o u g h the n a r r o w w i n d o w s i n 
the anionic f rameworks . 

( b ) T h e energy barriers for m i g r a t i o n w h e r e no restrictions arise 
due to the free dimensions of the w i n d o w s are a lways larger t h a n i n 
l i q u i d water , a l though less t h a n i n ice. 

It thus seems clear that tracer di f fus ion i n zeolites involves the 

" s t i c k i n g " of water to certa in preferent ia l positions—e.g. , i n clusters 

a r o u n d c a t i o n s — a n d to variat ions of this "st ickiness," large ly of electro

static o r i g i n , a long the di f fus ion channels. T h e r e is an approximate i n -

Table V . Concentration Dependence of DA* for Water near Saturation 

Zeolite T , °C 0 D A * X 10\ Cm2 Sec~l 

Chabazite B 75 
75 
75 

0.97 6 

0.93 9 

0.91s 

4.8 5 

4.17 
4 .3 9 

Gmelinite 76.9 
76.9 
76.9 

0.97 8 

0.94 4 

0.91« 

1.6x 
1.5 j 
1.48 

Heulandite 76.1 
76.1 
76.1 

0.98 4 

0.95 2 

0.91 8 

I.I4 
0.97 
0.83 
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16 M O L E C U L A R SIEVE ZEOLITES II 

Table V I . Tracer Diffusion Coefficients, 

Zeolite 

A n a l c i t e (18) 
N a t r o l i t e (21) 
H e u l a n d i t e (7) 

C h a b a z i t e (7) 
G m e l i n i t e (7) 

Sieve N a - X (26) 
Sieve C a - X (26) 
Sieve C a - Y (26) 
Ice (23,29) 

L i q u i d water (26,37) 

Free Dimensions 
of Windows, A 

T)A*at 
T, °C 

1.97 X 1 0 - 1 3 (46°) 

2.0 7 X 1 0 - 8 (45°) 

1.26 X 10- 7 (45°) 

5.8 X 1 0 - 8 (45°) 

2.1x X 10- 5 (40°) 
2.4x X 10- 5 (40°) 

1 X l O " 1 0 ( - 2 ° ) 

3.8 7 X 10- 5 (45°) 

verse corre lat ion between E a n d the intracrystal l ine porosi ty w h i c h sug
gests that zeol i t i c water is most l i q u i d - l i k e i n the most open structures, 
w h e r e the largest clusters of water molecules occur , a n d w h e r e these 
clusters jo in to give fluid filaments permeat ing the w h o l e structure 
(zeolites X a n d Y ) . T h i s is supported b y x-ray evidence (33 ) . I n the 
least open zeolites, such as analcite or natrol i te , water occupies par t i cu lar 
latt ice sites. A s porosi ty increases a n d water clusters grow i n size, the 
water positions become less definite. I n zeolites X a n d Y , water posit ions 
cannot be located. 

E for tracer di f fus ion of monovalent cations i n chabazite (3 ) does 
not seem to be very different f r o m E for water i n the same zeol i te : 

N a + E = 6.5 5 k c a l per gram i o n 
K + 7.0! 
R b + 6.7 5 

C s + 7.5 5 

C a 2 + 13.8 
S r 2 + 14.6 
B a 2 + 8.8 

T h u s , the monovalent cations show "stickiness" to preferred sites com
parable w i t h that s h o w n b y water , w h i c h seems reasonable i f cations a n d 
water migrate as far as possible i n association. T h e divalent ions, h o w 
ever, especial ly C a 2 + a n d S r 2 + , show m u c h enhanced "stickiness," so that 
the argument of i o n - w a t e r association i n di f fus ion must not be taken 
too far. 
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42. BARRER Intracrystalline Diffusion 17 

D A * , for Water in Zeolites, C m 2 Sec"1 (18) 

Do E , 
Kcal per Mole Method 

1.5 2 X 1 0 - 1 17.0 ± 0 .3 Tracer ( H T O ) 

— 15.0 N M R 

7.6 X 1 0 - 1 11.0 ± 0 .3 Tracer ( D 2 0 ) 

1.2 X I O - 1 8.7 =b 0 .3 Tracer ( D 2 0 ) 

2 .0 X i o - 2 8.1 ± 0 .3 Tracer ( D 2 0 ) 

— 6.9 N M R 

— 6.8 N M R 

— 5.6 N M R 

— 13.5 ± 1.1 Tracer ( H 2 0 1 8 ) 
Die lec t r i c re laxat ion 

5.6 X i o - 2 4.6 Tracer ( H 2 0 1 8 ) and N M R 

Table VII. Characteristics of Porous Crystals 

Estimated Saturation 
Crystal Density, Aperture, Sorptions, Cmz at 

G/Cm* A STP/G, Anhydrous 

a-, C r i s t o b a l i t e 2.32 2.2 - 2.6 187 (He , N e ) 
a-, T r i d y m i t e 2.28 2.2 - 2.6 187 (He , N e ) 
S i l i ca glass —2.2 var iable — 
A n a l c i t e 2.09 2.2 - 2.4 110 (HoO) 
Sodal i te h y d r a t e 2.01 2.3 - 2.6 210 ( H 2 0 ) 
E r i o n i t e —1.68 3.6 - 4.8 260 ( H 2 0 ) 
C h a b a z i t e —1.6 3.7 - 4.2 366 ( H 2 0 ) 
L i n d e A 1.51 4.3 357 ( H 2 0 ) 
Fau jas i te 1.43 —7.4 445 ( H a O ) 

Diffusion of Small Nonpolar Molecules 

T h e "st ickiness" s h o w n b y water is not f o u n d i n smal l molecules 
w i t h o u t permanent electric moments . T h e i r m o b i l i t y w i t h i n crystals is 
governed m u c h more b y the openness of the f rameworks , m o d i f i e d b y 
the s i t ing of the cations, w h i c h m a y p a r t i a l l y obscure the w i n d o w 
apertures. 

T h e intracrystal l ine porosi ty m a y be avai lable i n the f o r m of large 
cavities, l i n k e d b y large or smal l shared w i n d o w s (zeolites X , A , or 
c h a b a z i t e ) , or this porosi ty m a y be s u b d i v i d e d into m a n y smal l cavities 
jo ined b y smal l w i n d o w s (e.g., i n the nonzeoli tes , cr istobali te a n d t r i 
d y m i t e , or i n ana lc i te ) . T a b l e V I I i l lustrates densities, w i n d o w apertures, 
a n d saturat ion capacit ies for porous crystals, s h o w i n g a range i n a l l these 
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18 M O L E C U L A R SIEVE ZEOLITES II 

propert ies . Saturat ion capacit ies for cristobali te a n d t r i d y m i t e are esti
m a t e d , assuming one guest molecu le i n each interstice. Those for water 
are based u p o n exper imental water contents of the crystals. 

T h e energy barriers for H e a n d N e di f fus ion i n s i l i ca glass, t r i d y m i t e , 
a n d cristobali te (12) increase r a p i d l y w i t h increas ing density ( F i g u r e 8 ) . 
T h e r e is also a clear corre lat ion between energy barriers for di f fus ion 
a n d molecular dimensions of the diffusant. T h i s is seen i n F i g u r e 9 for 
a - t r idymite ( 1 ) , s i l i ca glass ( 2 ) , K - A ( 3 ) , K - m o r d e n i t e ( 4 ) , l evyni te ( 5 ) , 
a n d basic sodalite ( 6 ) . T h e larger the dimensions of the diffusant, the 
smaller DA becomes, as s h o w n i n T a b l e V I I I for K - A a n d K - m o r d e n i t e . 
T h e change can be b y m a n y orders of magni tude . T h e length as w e l l as 
the cross sect ional diameter of the diffusant can p l a y a part , as is seen b y 
c o m p a r i n g DA for N 2 a n d N e i n K - A . 

2-24 2-28 

Dens i ty 

Figure 8. Variation of the energy of activation for diffusion of Ne 
and He with density of the diffusion media. In order of increasing 

density, the media are silica glass, tridymite, and cristobalite 
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42. BARRER Intracrystalline Diffusion 19 

20 30 4-0 
Dimension i n A 

Figure 9. Dependence of energy of activation for diffusion in sev
eral media upon the critical van der Waals dimension of the diffus

ing molecules 

1: a-Tridymite 
2: Silica glass 
3: K-A (Linde Sieve 3A) 
4: K-mordenite 
5: Levynite 
6: Basic sodalite 
Reading from left to right, the diffusing molecules are: He, H>, Oi, Nt, Ne, 

Ar, Kr, and Xe 

T h e free dimensions of the w i n d o w s i n zeoli te A are 4 .3A a n d those 
i n mordeni te are 6.7 X 7.0A. A n y of the sorbates of T a b l e V I I I c o u l d 
migrate therefore into the crystals w i t h m i n i m a l values of E, were it not 
for a n influence of the K + ions (d iameter 2 . 6 6 A ) . These ions must 
obstruct the di f fus ion paths par t ia l ly i n each case. Indeed , i o n exchange 
is one of the most effective ways of changing the molecu lar sieve charac
teristics of zeolites. Deca t ionat ion , as i n H - m o r d e n i t e or H - c l i n o p t i l o l i t e , 
produces m a x i m u m clearance of di f fus ion paths f r o m meta l l i c ions, so 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

42



20 M O L E C U L A R S I E V E Z E O L I T E S II 

Table VIII. Relationship of Dimensions to Diffusion Coefficients 

Van der Waals E , 
Gas Dimensions, A D A Do Kcal per 

D A in K — A at 20°C, Cm2 Sec~l(36) 

H 2 2.4 X 3.1 2 .0 X I O " 1 3 4.5 X I O " 6 9.9 
N 2 3 . 0 X 4.1 9.8 X I O " 1 8 1.0 x 1 0 - 5 16.2 
N e 3 .2 2.9 X I O " 1 3 4.5 X I O " 8 7.0 
A r 3.8 3 1.6 X I O " 1 7 3.7 X I O " 8 12.6 
K r 3 . 9 4 4 .3 X 1 0 - 1 9 6.7 X I O " 7 16.4 
X e 4 . 3 4 6.7 X I O " 2 1 1.2 X I O " 6 19.2 

D A in K — mordenite at - 7 S ° C ( 4 ) 

H 2 2.4 X 3.1 2.7 X 1 0 - 1 3 — 2.5 
o 2 2.8 X 3 .9 2 .0 X I O " 1 5 — 4.4 
N 2 3 . 0 X 4.1 9.2 X I O " 1 6 — 4.8 
A r 3.83 2.4 X 1 0 ~ 1 6 8.4 
K r 3 . 9 4 1.8 X I O " 1 8 — 10.0 

Figure 10. Windows of equal dimensions, all parallel 
or oriented at an angle 

that the f u l l dimensions of the intracrystal l ine channels are those w h i c h 
govern entry to the crystal a n d di f fus ion w i t h i n it (6, 10, 30). 

Diffusion of Complex Molecules 

F r o m the i n d u s t r i a l v i e w p o i n t , par t i cu lar interest attaches to the 
m i g r a t i o n of large molecules i n zeolites, especial ly of paraffins. I n 
Ca-chabaz i te a n d C a - A , di f fus ion is regulated b y apertures t h r o u g h w h i c h 
n-paraff in chains can pass, w i t h something of a squeeze, b u t not iso-
paraffins, aromatics, or naphthenes. T h e r e are 2 factors w h i c h m a y reduce 
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42. BARRER Intracrystalline Diffusion 21 

ease of passage into chabazi te as c o m p a r e d w i t h C a - A . F i r s t l y , the aper
tures regula t ing entry are s l ight ly smaller (3.7 X 4 .2A i n chabazi te , c o m 
p a r e d w i t h 4 .3A i n zeolite A ) ; secondly, the or ientat ion of successive 
apertures w i t h respect to each other a n d their distance apart is less favor
able i n chabazi te t h a n i n A . Schematica l ly , this can be i l lus tra ted b y the 
aperture sequences i n F i g u r e 10. T h e flexibility of the diffusant c h a i n 
c o u l d be of greater importance w h e n the n-paraff in migrates i n chabazi te 
than i n C a - A . I n chabazite , as s h o w n i n F i g u r e 11, w h e n the n-paraff in 
chains g r o w longer ( C 3 to C 7 ) the f r i c t i o n be tween the diffusant a n d its 
environment increases r a p i d l y , a n d sorpt ion rates decl ine (8). A s imi lar 
behavior is expected for any long-cha in paraf f in-zeol i te system. If the 
c h a i n is long enough, its " h e a d " m a y be passing one w i n d o w w h i l e its 

12 

Transactions of the Faraday Society 

Figure 11. Initial slopes of sorption curves 
( Q t vs. y/1) for several n-paraffins of increas

ing chain lengths in chabazite at 212°C (8) 
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22 M O L E C U L A R SIEVE ZEOLITES II 

" t a i l " is s t i l l pass ing t h r o u g h a p r e c e d i n g w i n d o w . A c t i v a t i o n energies 
for DA have been reported i n c a l per mole as 

3100 for C 3 C 8 i n chabazi te (4) 
7300 for n - C 4 H 1 0 i n chabazi te (4) 

16,100for n - C 1 4 H 3 o i n zeosorb 5A (32) 

T h e effect of c h a i n length u p o n E can be in fer red f r o m these figures. 
A s tudy of C i to C 4 paraffins i n synthetic mordeni te b y Satterfield 

a n d F r a b e t t i , Jr. (31) has s h o w n that d i f fus ion coefficients for desorpt ion 
are m a n y times smaller than those for sorpt ion , a n d the coefficients are re
d u c e d substant ia l ly b y g r i n d i n g the crystals. T h i s invest igat ion has ra ised 
problems w h i c h m a y have some general importance . F o r example , d r y 
g r i n d i n g m a y cause substant ial loca l temperature rises associated w i t h 
l o c a l stresses, a n d m a y cause at least some surface b r e a k d o w n of the 
crysta l structure. 

Satterfield a n d Frabett i ' s w o r k has been supplemented b y that of 
E b e r l y (19), w h o s tudied di f fus ion of n - C 5 to n - C 9 paraffins i n erionite 
a n d 5A molecu lar sieve, i n the range 9 3 ° to 207 °C. I n erionite they f o u n d 
desorpt ion rates to be smaller than sorpt ion rates. T h i s behavior is f o u n d 
i n polymer-penetrant systems w h e n di f ferent ia l d i f fus ion coefficients i n 
crease w i t h increas ing concentrat ion (20), a l t h o u g h the differences i n 
apparent in tegra l d i f fus ion coefficients for sorpt ion a n d desorpt ion seem 
large for this explanat ion, b e i n g about ten- a n d seventy-fold for n-heptane 
a n d n-octane, respect ively. A s w i t h chabazi te (8), the rates of uptake 
or desorpt ion d e p e n d e d u p o n the c h a i n length of the diffusant a n d were 
inf luenced b y part ic le size. I n L i n d e 5A, no significant decrease i n DA 

was observed w i t h increasing molecu lar weight , but apparent desorpt ion 
values were cons iderably less than those for adsorpt ion. 

A p a r t f r o m concentrat ion dependance , sorpt ion is strongly exothermic 
a n d desorpt ion endothermic , so that sorpt ion heats a n d desorpt ion cools 
the crystals loca l ly . Since DA = D 0 exp — E/RT, DA for sorpt ion c o u l d 
exceed DA for desorpt ion. 

Theory of Concentration-Dependance of D A 

E v i d e n c e has been presented of values of DA or DA w h i c h increase 
or decrease w i t h concentrat ion. It is of par t i cu lar interest to consider the 
theoret ical basis of this behavior i n sorbed fluids (9). If the d r i v i n g 
force per molecule is p r o p o r t i o n a l to —djxA/dx for flow i n the x-direc t ion , 
then the flux, / , t h r o u g h uni t area n o r m a l to x, is for species A 
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42. BARRER Intracrystalline Diffusion 23 

H e r e /xA is the c h e m i c a l potent ia l , a n d BAcA = LA is the p h e n o m e n o l o g i c a l 
coefficient of i rrevers ible thermodynamics . B A is the intr ins ic m o b i l i t y 
of A . T h i s expression can be r e w r i t t e n as 

d\naA dcA 

JA = - R T . B A ^ -

so that 

V a l u e s of d\naA/dlnO are g iven i n T a b l e I X for some isotherm equations. 
/? is a coefficient w h i c h m a y be posi t ive or negat ive ; a = 2a/bkT, w h e r e 
a a n d b are the interact ion coefficient a n d covolume i n v a n der W a a l s 
equat ion of state, a n d A i , A / . . .; A 2 , A 2 ' . . . are v i r i a l coefficients i n 
the equat ion of state 

= 1 + A x cA + A2 c A
2 + . . . = 1 + A / 0 + A 2 ' 6 2 + . . . 

Table IX. Values of —=-t—̂  for Several Isotherms 
aln 6 

dlnaiA 

Model Isotherm dZn 0 

Localized ft ^ 
ideal K 

Localized 

p ( l - 6) 1 -

with in- i f = —j- -r exp £ 6 z 7 + 
p ( l - 0) ^ 1 -

1 

teraction 

Volmer 

K = e x p T ^ e ( T ^ F 

van der 
Waals 6 «™ / 9 o | 1 _ ~ A 
equation * = R T = ^ ) G X p ^ 1 ^ 0 " * V (1 - 0) 2 ^ 
of state 

Virial C a 

equation X 1 = — exp ( 2 A i C A + 3 / 2 A 2 c A
2 + . . .) 

of state ^ 
or 

X = ^ exp ( 2 A 1 ' 0 + 3 / 2 A 2 0 2 + . . .) 1 + 2 A 1 ' 0 + 3 A 2 ' 0 
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24 M O L E C U L A R SIEVE ZEOLITES II 

I n this equat ion , ir/cART is the osmotic pressure rat io for the sorbate i n 
the sorbate-zeol i te " so lu t ion . " 

Barrer a n d Jost (9 ) considered the m o b i l i t y coefficient, B A , h a v i n g 
i n m i n d l o c a l i z e d sorpt ion. F o r a single j u m p w h i c h c o u l d occur w i t h 
e q u a l p r o b a b i l i t y i n any one of p direct ions , 

1BA = ^d2 (1 - 6) exp - EX/RT 

w h e r e v is the v i b r a t i o n f requency , E i the energy of act ivat ion, a n d d 
the distance j u m p e d per un i t d i f fus ion process. If the act ivat ion energy 
persisted long enough for an n - f o l d j u m p i n a straight l ine , then 

nBA = (nd)2 (1 - 0 ) » e x p - | | , 

a n d so, a l l o w i n g for a l l jumps (n = 1,2, . . . ) , 

DA = — 2 / ? T ^ T n2 (1 - 6 W X D -
U a p h i dln0 ( ] P RT 

Unless En increases strongly w i t h n, m u l t i p l e jumps for s m a l l 6 c o u l d 
contr ibute a p p r e c i a b l y to DA, as seen b y cons ider ing the relat ive size of 
the terms n 2 (1 — 6)11 for different values of n . H o w e v e r , because the 
energy of ac t ivat ion is r a p i d l y diss ipated b y v i b r a t i o n a l col l is ions, En for 
m u l t i p l e jumps must be re lat ively large, a n d i n p r a c t i c a l cases such jumps 
p r o b a b l y do not contr ibute m u c h to DA. 

T h i s argument , t h o u g h str ict ly appropr ia te o n l y for l o c a l i z e d systems, 
m a y be extended also to the last 3 isotherms of T a b l e I X , i n the hope i n 
these cases of v i s u a l i z i n g qua l i ta t ive ly or semiquant i ta t ive ly the behavior 
of DA. If w e consider separately the terms where n = 1 or 2, F i g u r e 12 
shows the concentrat ion dependances, respect ively, of (1 — 6) d\naA/d\r\0 
a n d (1 — 0)2 d\r\aA/d\nO. W h e n n = 1, for L a n g m u i r ' s i sotherm DA is 
is independent of 0, but l o c a l i z e d sorpt ion w i t h interact ion gives m a x i m a 
or m i n i m a for posi t ive or negative values of /3. T h e less l i k e l y case where 
n = 2 gives a l inear decrease i n DA w i t h 0 for L a n g m u i r ' s a n d constant DA 

for V o l m e r s isotherm. 
C o n c e n t r a t i o n dependances for n = 1 or 2 are g i v e n for isotherms 

based on equations of state or sorbed fluid i n F i g u r e 12&. W h e r e n = 1, 
for larger values of 0 the ac t iv i ty correct ion is dominant for b o t h V o l m e r s 
a n d v a n der W a a l ' s isotherms, a n d DA rises r a p i d l y w i t h increasing con
centrat ion. O n the other h a n d , for the v i r i a l i sotherm w i t h n = 1 a n d 
the present choice of coefficients A', the reverse is true. T h e curvature of 
the i sotherm requires that A / be posi t ive ; values of AS are usual ly smaller 
than Ai a n d negative. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

42



42. BARRER Intracrystalline Diffusion 25 

> 1 1 1 1 1 1 . 1 1 

0 1 2 3 -4 _ -5 -6 7 8 9 

Figure 12. Concentration dependences (1 — 0)n X ^ ^ ^ forn — 1 and 2 

(a) Localized sorption with interaction. For curves 1, 2, 3, 4, 5, and 6, n = 1 and 
/3 = 0 (ideal Langmuir case), 0.5, 1.0, 2.0, —0.5, and —1.0, respectively. For curves 

7, 8, and 9, n = 2 and 0 —0, +1, and —1, respectively. 
(b) Isotherms based on equations of state. For curves 1, 2, and 3, n = 1 and equa
tions are respectively that of Volmer, and of van der Waals with a — 1 and a = 2. 
For curves 4, 5, 6, and 7, n = 1 for the virial isotherm with A', = 1.0, A'* = 0; 
A'i = 1.0, A ' , = -0.33; A ' , = 0.50, A\ = 0; and A ' , = 2.0, A's = 0, respectively. 
Curves 8, 9, and 10 are for n = 2 and isotherm equations of Volmer, and of van der 
Waals with a = 1 and 2, respectively. Finally, curve 11 is for Volmer s isotherm 

with n = 3. 
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26 M O L E C U L A R SIEVE ZEOLITES II 

It emerges f r o m this treatment, therefore, that for zeol i t i c fluids 
the patterns of behavior of DA c o u l d be complex . DA m i g h t r e m a i n con
stant, increase, decrease, or show m a x i m a or m i n i m a as cA increases, each 
type of behavior b e i n g inf luenced strongly b y the isotherm equat ion f o l 
l o w e d a n d quant i ta t ive ly de termined b y this, together w i t h the concen
trat ion dependance of BA. I n various zeoli te systems, examples of accord 
w i t h specific i sotherm equations have been observed, a l though agreement 
se ldom covers the f u l l range 0 < 6 < 1. I n general , i sotherm equations 
for l o c a l i z e d models t e n d to be more successful i n descr ib ing sorpt ion 
e q u i l i b r i a than the equations of V o l m e r or v a n der W a a l s . T h e v i r i a l 
i sotherm, o n the other h a n d , can be m a d e as successful as des ired. T h e 
p h y s i c a l m e a n i n g of the v i r i a l coefficients ( w h i c h d e p e n d on temperature , 
sorbate, a n d sorbent, b u t not o n amount sorbed) is not clear yet a n d the 
isotherm i n this sense is e m p i r i c a l . 

Moderated Diffusion 

T h e di f fus ion coefficients of nonpolar molecules i n zeolites can be 
changed great ly b y the a d d i t i o n of contro l led amounts of s m a l l po lar 
molecules . These are sorbed very strongly a n d are i m m o b i l e at the 
temperature of the subsequent runs w i t h the nonpolar sorbates. M o d 
erated di f fus ion was s tudied first i n 1954 (11) for H 2 , 0 2 , N 2 , A r , a n d 
C 2 H 6 i n crystals of mordeni te a n d chabazi te . T h e moderators were H 2 0 , 
N H 3 , a n d C H 3 N H 2 . These measurements were extended subsequently 
to 0 2 , N-2, a n d N e di f fus ing i n N a - , ( C a , N a ) - , a n d ( K , N a ) - A modera ted 
w i t h contro l led amounts of N H 3 (28). 

T h e influence of moderators u p o n di f fus ion coefficients is s h o w n i n 
F i g u r e 13 for mordeni te moderated w i t h a m m o n i a for a n u m b e r of di f 
f u s i n g species. DA m a y change b y orders of magni tude for re lat ively 
s m a l l amounts of modif ier . T h i s can result i n cut-offs i n the amounts 
sorbed, o n the t ime scale of n o r m a l experiments, w h i c h occur at different 
uptakes of N H 3 for molecules of different dimensions. Di f ferent m o d 
erator molecules can, molecule for molecule , have different effects u p o n 
the di f fus ion coefficients. These effects t e n d to f o l l o w the sequence of 
the molecular volumes of the moderator . A s the amount of moderator 
increases, the energies of ac t ivat ion for di f fus ion increase ( T a b l e X ) , 
to p a r a l l e l the decrease i n DA. 

I n this rather complex s i tuat ion, the n u m b e r a n d valence of the ions 
also plays an important part , as s h o w n b y Rees a n d B e r r y (28) ( F i g u r e 
14) . T h e y used a m m o n i a as moderator a n d progressively exchanged 
s o d i u m b y c a l c i u m . T h e diffusant was 0 2 at 9 0 . 2 ° K ( f i l l ed c irc les) a n d 
at 7 7 . 4 ° K ( o p e n c i rc les ) . F o r s m a l l C a contents, the changes i n DA are 
p r o d u c e d r e a d i l y a n d are extremely large; but w h e n the C a 2 + content 
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BARRER Intracrystalline Diffusion 

10 20 
i t 

Figure 13. Effect of NH3 in Na-mordenite as 
moderator of the diffusion coefficients of H2, 02, 

N2, and Ar. D is in cm2 sec'1 

Table X . E for Diffusion in N H ; r M o d e r a t e d Chabazite 

Diffusant Amount 1V//3, E , 
C m 3 at STP/G Kcal/Mole 

C 2 H 6 90.2 12.0 
95.9 12.5 

102.0 12.9 
106.5 13.3 
115.0 14.2 

A r 85.4 5.6 
86.4 5.8 
87.4 6.0 
88.2 6.4 

H 2 90.7 5.4 
92.5 5.8 
95.3 5.9 
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1 *f—I 1 1 ~~T 

-I 1 I I I L_ 

30 4 0 75 BO 90 IOO 

AMOUNT OF N H , P R E - S O R B E D , c m ' txr. 9-' 

Figure 14. Dependence of log10D for oxy
gen on the amount of presorbed NHS in 
pure Na-A (Linde sieve 4A) and various 
Ca2+ ion-exchanged samples (20) . D is in 

cm2 min1 

% 90.2°K 
O 77.4°K 

has reached 38 .8% of the exchange capaci ty , DA changes very m u c h 
more s l o w l y for m u c h larger amounts of moderator . T h i s behavior sug
gests association between some N H 3 molecules a n d N a + ions near the 
8-r ing w i n d o w s . C a 2 + ions, o n the other h a n d , as w o u l d be in fer red f r o m 
the k n o w n molecular sieve behavior of u n m o d e r a t e d C a - A , do not b l o c k 
8-r ing w i n d o w s . I n part , this effect m a y rest u p o n their smaller numbers 
(1 C a 2 + replaces 2 N a + ) as w e l l as u p o n different s i t ing. 

Theory of Hindered Diffusion 

A theoret ical treatment of m o d i f i e d di f fus ion has been deve loped 
( I I ) a c c o r d i n g to the f o l l o w i n g m o d e l . M o l e c u l e s enter ing the zeoli te 
crysta l migrate a long channels often l i t t le w i d e r t h a n themselves. T h e y 
m a y encounter per iod ic energy barriers, the height , E 1 ? of w h i c h varies 
a c c o r d i n g to the relat ive dimensions of channels a n d molecules . Intro
d u c t i o n of i m m o b i l e modif ier molecules or impur i t ies at sites d i s t r i b u t e d 
a l o n g the channels creates h igher energy barriers , E 2 , at these sites. T h e 
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42. BARRER Intracrystalline Diffusion 29 

m o d e l is at its best for zeolites w i t h p a r a l l e l nonintersect ing m a i n chan
nels (mordeni te , gmel ini te , cancr ini te hydrate , offretite, zeoli te I, zeoli te 
O ) . E v i d e n c e recent ly has been obta ined that i n the crys ta l l iza t ion of 
cancr ini te hydrate , discrete sil icate anions m a y be incorpora ted (5) w h i c h 
great ly h i n d e r passage a long the m a i n channels (13); also, s tacking faults 
m a y create p e r i o d i c h igh-energy barriers i n gmel in i te , cancr ini te hydrate , 
a n d offretite. I n these contexts, the treatment seems p a r t i c u l a r l y relevant. 

T h e distance be tween adjacent sorpt ion sites a long the channels is 
d, a n d Ns is the n u m b e r of sites be tween successive energy barriers of 
height E2. T h e n u m b e r of crossings per second f r o m left to r ight across 
a l o w barr ier (he ight E i ) is fciPi(l — P<>)9 w h e r e Pi a n d P 2 are the respec
t ive probabi l i t ies that sites to the left a n d r ight of the barr ier are occu
p i e d , a n d where k± >— vi exp — E i / R T , vi b e i n g a v i b r a t i o n f requency of 
the sorbed molecule . T h e n u m b e r of crossings i n the reverse d i rec t ion 
is fciPL>(l — P i ) , a n d so the net flow f r o m left to r ight is fci(Pi — ^2). 

T h e net flow past the r t h h igh-energy barr ier is l ikewise k2(PL — PR)T 
w i t h k2 = v2 exp — E2/RT, a n d where PL a n d PR are the respective 
probabi l i t ies of occupancy of the sites i m m e d i a t e l y to left a n d r ight of 
the barr ier . I n the steady state, on equat ing the 2 flows a n d assuming 
vi ~ vo, one has 

h _ (E2 - Ei) _ P L ~ PR 

k2
 e x p RT Px 

a n d 

Cone , drop across h i g h barrier _ 1 (E2 — Ex) 
C o n e , drop between successive Ns

 6 X p RT 
high barriers 

F o r m a n y values of N8, E2, a n d El9 this rat io w i l l be > > 1. W h e n this 
c o n d i t i o n is f u l f i l l e d i n the steady state, w e m a y expect i n b o t h steady 
a n d transient states where concentrat ion gradients occur that P w i l l be 
near ly independent of pos i t ion i n the region between a g iven adjacent 
pa i r of h igh-energy barriers . 

O n e m a y consider next the transient state filling of sites be tween the 
r t h a n d ( r + l ) t h h i g h barriers . If dNr/dt denotes the net flux of mole 
cules into this reg ion , then 

dN 
= k2 (PL - PR)R - k2 (PL - P R ) R + ! 

E> — E i 
If, however , 1/N8 exp — > > 1, w e have (PR)t ~ (PL)V+I a n d so 
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30 M O L E C U L A R SIEVE ZEOLITES II 

= h {{PL)r + (PR)r+ 1} = I ; • {Nr- 1 + Nr+ ,} 

w h e r e N r _ i a n d Nr+1 are, respect ively, the numbers of molecules i n the 
reg ion p r e c e d i n g the r t h a n d f o l l o w i n g the ( r + l ) t h h i g h barriers . T h e 
above re la t ion is one of a series of difference equations w h i c h m a y be set 
u p for successive regions. T h e solut ion is (17) 

Nr = n - r + 1 _ ^ 

N ' ~ U + L ( » + ! ) ( » - C O B " ( 5 L _ ) ' 

w h e r e N 0 denotes the n u m b e r of molecules w h i c h w o u l d be sorbed at 
e q u i l i b r i u m o n N8 sites at the pressure ob ta in ing at the surfaces of the 
crystals, n is the tota l n u m b e r of h igh-energy barriers a n d s is an integer 
w h i c h takes a l l values be tween 1 a n d n . 

F o r a semi-infinite so l id w h e r e n is v e r y large (or for smal l enough 
tk2/Ns, w h e r e n is not l a r g e ) , the above equat ion c a n be t ransformed to 

tk2 

Nr fN* Ir (Z) exp ( - Z) dZ 

»• Jo rN0 ' " 1 

w h e r e Ir(Z) is the Bessel func t ion 

m = 0 m i r (r + m + 1) 

These integrals have been evaluated for values of Z x = tk2/Ns of 1, 2, 3, 
a n d 4 ( I I ) . T h e figures i n the first c o l u m n of T a b l e I I I of Ref. I I are 
the values of r, a n d w h e n r > 12 the integra l I can be evaluated f r o m the 
approximate expression 

T Z? (r + Z1) /%' \ 

w i t h a n error not exceeding 2 % . 
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42. BARRER Intracrystalline Diffusion 31 

T h e total n u m b e r of molecules w h i c h has passed the first h igh-energy 
barr ier is then 

Nt= £ • Nr 

r = 1 

a n d the f rac t ional approach to e q u i l i b r i u m is taken as 

Qt_ = \ Nr 
Q- n * r t ' 1 No 

T h i s assumes the first h i g h barr ier is at the surface. If i t is not, then a 
correct ion m a y be a d d e d corresponding w i t h e q u i l i b r i u m uptake i n the 
N8 sites p r e c e d i n g the first h i g h barr ier . T h i s correct ion, w h i c h is neg
l i g i b l e w h e n n is large, except as t - » 0, gives 

F o r the case where n = 9, F i g u r e 15a shows N i / N 0 , N2/N0 . . . N9/N0 

a n d also Q t / a s funct ions of tk2/Ns, w h i l e i n F i g u r e 15b 

is p lot ted against tk2/Ns. E v i d e n t l y the y/J d i f fus ion l a w is v a l i d . A l s o , 
the curve for n = 9 coincides w i t h that for n = oo, at least u p to 
tk2/N8 = 4. 

T h e p r o b l e m thus far has been considered as one of f low d o w n a 
single t y p i c a l channel . T h e tota l f low, expressed as n u m b e r of molecules 
w h i c h has passed through uni t area of crysta l surface n o r m a l to the 
channels, is 

N2 = NCX Nr 

where Nc is the n u m b e r of channels passing t h r o u g h this un i t area. O n e 
is p a r t i c u l a r l y interested i n the ratios N1/N2, w h e r e Nx is the tota l f low 
i n absence of h igh-energy barriers . I n absence of such barriers , the 
y/Tdiffusion l a w gives 

AJ 2NCN0 /DA * 
^ - - N T \ - V ) 

since 

NcNo 
Nad 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

42



32 M O L E C U L A R SIEVE ZEOLITES II 

Figure 15. (SL) plotted against with n = 9 for different 

values for r. ^ = is shown on the same diagram 

(b) The y/1 diffusion law for hindered diffusion with n = 9 and 
n —> oo 

is the concentrat ion i n molecules per c m 3 at the i n g o i n g surface. T h u s 

Ni _ 2 _ /DA* ( f f ^ X ' 1 

N2 Nsd ' V * / 1 = ! \No)f 

Some values of Nt/N2 are g iven i n T a b l e X I for Ns = 50 a n d 5, at 
- 1 8 3 ° C , t a k i n g v = 10 1 2 s e c 1 a n d ( E 2 - E x ) = 1800, 2700, a n d 4500 
c a l per mole . A l s o , D x = d 2 v exp — E i / R t . T h e results m a y be s u m 
m a r i z e d as f o l l o w s : 

( a ) N i / N a has large values w h i c h increase r a p i d l y as ( E 2 — E x ) 
increases. Since this difference does not exceed 4500 c a l per mole i n the 
calculat ions a n d since some i m p u r i t y ions—e.g., si l icate anions i n basic 
cancr in i te—or stacking faults can create very h i g h barriers for m a n y 
diffusants, either m a y be expected v i r t u a l l y to i n h i b i t d i f fus ion except 
at h i g h pressures a n d temperatures. 

( b ) N i / N o increases w i t h increasing densi ty of high-energy bar
riers—i.e., decreasing Ns—but less t h a n p r o p o r t i o n a l l y to their n u m b e r . 
F o r Ns = 50 a n d 5, the propor t iona l i ty approximates to the square root 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

42



42. BARRER Intracrystalline Diffusion 33 

Table X I . N1/N2 for Possible Energy Barriers £1 and E<t 

and Values of Ns at — 1 8 3 ° C 

N 
Cal per Mole 

1 
N i 
N 2 

= 4 s 
E i E2 

50 
5 

50 
5 

50 
5 

50 
5 

50 
5 

50 
5 

1800 
1800 
1800 
1800 
1800 
1800 
2700 
2700 
2700 
2700 
2700 
2700 

3600 
3600 
4500 
4500 
6300 
6300 
5400 
5400 
6300 
6300 
7200 
7200 

2.28 X 10 3 

1.06 X 10 5 

3.36 X 10 5 

721 

59.2 
187.4 
721 

2.28 X 10 3 

8.77 X 10 3 

2.77 X 10 4 

1.06 X 10 5 

3.36 X 10 5 

1.59 X 
7.40 X 
2.34 X 

503 

41.2 
130.7 

503 

1.59 X 
6.12 X 
1.94 X 
7.40 X 
2.34 X 

10 3 

10 4 

10 5 

10 3 

10 3 

104 

10 4 

104 

of the n u m b e r of h igh-energy barriers . These are b o t h h i g h barr ier 
densities. F o r lower densities, N i / N 2 m a y decrease less r a p i d l y t h a n this 
(Ref . 11, F i g u r e 5 c ) . 

( c ) A s t ime (or tk2/Ns) increases, the rat io Nx/N2 decl ines , b u t 
rather s lowly . 

T h e very great effect of p e r i o d i c high-energy barriers u p o n di f fus ion 
phenomena seems able to expla in the "cut-off" p h e n o m e n a reported i n 
the previous section. D i f f u s i o n can become so s low for a par t i cu lar 
( larger ) sorbate molecule that e q u i l i b r i u m is not establ ished a n d l i t t le 
sorpt ion occurs o n the t ime scale of the experiment ; w h i l e for another 
( smal ler ) molecule , w i t h a smaller va lue of ( E 2 — E i ) , the rate of uptake 
is s t i l l large e n o u g h for substantial sorpt ion to take place . F u r t h e r a d d i 
t ion of modif ier— i . e . , more high-energy b a r r i e r s — w i l l eventual ly cause 
a "cut-off" i n sorpt ion even of this smaller molecule . H i n d e r e d di f fus ion 
m a y occur also i n zeol i te-based catalysts, w h e r e products c log the crystals 
for i n f l o w of reactants to act ive sites. 

Conclusion 

T h e present survey has o u t l i n e d some properties of porous crystals 
as d i f fus ion m e d i a . It has s h o w n some aspects w h i c h have been s tudied 
insuff iciently, such as concentrat ion dependence of DA, w h i c h m a y be 
very impor tant for catalysis at intracrysta l l ine sites. M a n y more accurate 
determinations of di f ferent ia l di f fus ion coefficients are r e q u i r e d to g ive 
a d d e d unders tanding of the role of concentrat ion, c h a i n length (of 
paraf f ins) , po lar i ty , exchange ions, channel geometry, a n d c h e m i c a l d a m -
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34 M O L E C U L A R SIEVE ZEOLITES II 

age. Nevertheless , the progress made is encouraging a n d points the w a y 
to fur ther advance. 
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42. BARRER Intracrystalline Diffusion 35 

Discussion 

J. Turkevich ( P r i n c e t o n U n i v e r s i t y , Pr ince ton , N . J . 08540) : W h a t 
p r a c t i c a l advice c o u l d y o u give us for the preparat ion of the zeoli te before 
adsorpt ion studies, a n d h o w long must one w a i t for e q u i l i b r i u m to be 
established? 

R. M . Barrer: Outgass ing times d e p e n d u p o n the openness of the 
crystals, the cations present, a n d the size of the crystals. A s a p r a c t i c a l 
w o r k i n g rule for water removal , a final temperature of not less than 360 ° C 
m a i n t a i n e d under the best v a c u u m for not less than 24 hours is desirable. 

E q u i l i b r a t i o n of adsorbate w i t h a zeolite m a y be extremely r a p i d for 
smal l nonpolar molecules i n open zeolites ( a f e w m i n u t e s ) . S m a l l polar 
molecules w h i c h stick where they hi t (e.g., w a t e r ) m a y be so strongly 
sorbed that i n a b e d of p o w d e r the red is t r ibut ion is very s low ( e q u i l i b 
r i u m pressure very s m a l l ) . It helps to raise the temperature, h o l d the 
system at the h i g h temperature i n the presence of the sorbate, a n d then 
s l o w l y coo l to the desired l o w temperature. M o l e c u l e s whose p h y s i c a l 
dimensions are as large or a l i t t le larger than the " w i n d o w s " i n the 
crystals m a y be sorbed very s l o w l y i n d e e d ( b y act ivated d i f f u s i o n ) . In 
extreme cases, weeks m a y be needed. 

J. Turkevich: W e have been presented a series of correlations on 
var ia t ion w i t h temperature of adsorpt ion isotherms for single adsorbate 
on a g iven adsorbant. U n t i l the discovery a n d deve lopment of crysta l l ine 
zeolite adsorbants, charcoal , s i l ica gel , a n d a l u m i n a were not w e l l char
acter ized as to pore d i s t r ibut ion a n d homogenei ty of surfaces. N o w w e 
have w e l l def ined adsorbants. A r e they so w e l l def ined that w e can 
characterize their adsorbant p o w e r b y an isotherm, for any adsorbate, 
b y one or two numbers? 

R. M . Barrer: Because a g iven zeolite m a y vary i n (1 ) S i : A l rat io 
a n d hence cat ion density; (2 ) type a n d n u m b e r of exchange ions; (3) 
amounts of h y d r o l y t i c replacement of m e t a l cations t h r o u g h w a s h i n g ; 
(4) n u m b e r of defects such as s tacking faults ; a n d (5) extent of c h e m i c a l 
damage—e.g., through g r i n d i n g — t h e posi t ion , a l though obvious ly better 
than for an amorphous mater ia l , is also not as s imple as one c o u l d w i s h . 
F o r example, zeolite X , even i f homoionic , m a y s t i l l show p r o n o u n c e d 
v a r i a b i l i t y as a sorbent, especial ly for polar molecules , as a result of ( 1 ) , 
(3), a n d (5). 

D . M . Ruthven a n d K. F. Loughlin ( U n i v e r s i t y of N e w B r u n s w i c k , 
F r e d e r i c t o n , N . B . , C a n a d a ) : Barrer mentions the effect of crysta l size 
on d i f fus iv i ty a n d refers, i n his paper , to the w o r k of Satterfield a n d 
F r a b e t t i , w h o observed that g r i n d i n g of zeoli te crystals caused a sub-
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36 M O L E C U L A R SIEVE ZEOLITES II 

stantial decrease i n di f fus iv i ty . T h i s effect was a t t r ibuted to p a r t i a l 
b l o c k i n g of micropores a n d damage to the zeolite lattice. O n this basis, 
a substantial difference be tween the adsorpt ive propert ies of pe l le ted a n d 
u n p e l l e t e d zeolites m a y be general ly expected. W e have s tudied the d i f 
fus ion of the l ight paraffins i n 5-A zeoli te a n d have observed no such 
difference. T h i s l e d us to seek al ternat ive possible explanations for the 
p r o n o u n c e d effect of crysta l size on d i f fus iv i ty w h i c h was observed, not 
on ly b y Satterfield a n d F r a b e t t i , but also b y Barrer a n d Ibbotson ( q u o t e d 
i n the present p a p e r ) . If the larger crystals conta ined significant struc
tura l defects, the effective crys ta l d iameter m i g h t w e l l be smaller t h a n 
the over -a l l crystal diameter . T h i s w o u l d lead to an erroneously large 
va lue of d i f fus iv i ty for the larger crystals. Defects i n the smaller crystals 
w o u l d be expected to be of less significance. R e d u c t i o n of crysta l size 
m a y therefore p r o d u c e a significant decrease i n the apparent d i f fus iv i ty 
as a result of d i m i n u t i o n of defects. W e w o u l d w e l c o m e y o u r comments 
as to the significance of the effect of defects i n this respect. 

R. M . Barrer: Factors such as y o u suggest m a y w e l l be further c o m 
pl icat ions , a l t h o u g h I can offer no evidence for or against the suggestion. 
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Vapor Adsorption on Zeolites Considered 
as Crystalline Specific Adsorbents 

Α. V. KISELEV 

Department of Chemistry, M.V. Lomonosov State University of Moscow and 
Institute of Physical Chemistry, U S S R Academy of Sciences, Moscow 

Adsorption on zeolites is discussed within the framework of 
a general theory of molecular adsorption on nonporous and 
porous adsorbents, considering: (1) selection of equations 
relating in a general way the thermodynamic characteristics 
of a system taking into account the adsorbate-adsorbent 
and adsorbate-adsorbate interactions; (2) the use of these 
equations in deriving from the experimental data physico-
chemical constants characterizing these interactions; (3) in
vestigation of the dependence of these physicochemical 
constants on the structure of the zeolite and the adsorbate 
molecule; (4) calculation of the potential energy of the 
molecule-zeolite and the molecule-molecule interactions for 
different points within the cavity, and the possible use of 
spectroscopic data in conjunction with the adsorption mea
surements; (5) molecular—statistical calculations of the equi
librium between the zeolite and particular molecules. 

The molecular field w i t h i n the zeoli te cavities, especial ly near the 
-•• cavi ty wal l s , is heterogeneous, b u t the d i s t r ibut ion of the field poten

t ia l , w h i c h is d e t e r m i n e d b y the crystal l ine structure of the zeol i te , is 
regular throughout the sample ( a l l cages are almost i d e n t i c a l ) . O w i n g 
to the regular d i s t r ibut ion of the field potent ia l , the m a i n features of 
adsorpt ion on porous zeolites are s imi lar to those o n nonporous crystals. 
F o r example , for b o t h nonporous adsorbents a n d porous zeolites, the 
heat of adsorpt ion often increases w i t h the adsorpt ion l e v e l because of 
adsorbate-adsorbate interact ion. Sometimes, o w i n g to the sequence of 
increase a n d decrease of this interact ion, the heat of adsorpt ion c u r v e 
acquires a wave-shaped pattern ( F i g u r e 1 ) a n d the adsorpt ion isotherms 
pass t h r o u g h inf lect ion points ( F i g u r e 2). T h i s s imi la r i ty shows that i t 
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38 M O L E C U L A R SIEVE ZEOLITES II 

5 10 
Q , / J mole/m2 

10 
a, m mole/gram 

Figure 1. Heat of adsorption, Q , at different values of adsorption level a 
a. Isobutyl alcohol on graphitized carbon black (6) 
b. Water (4) on zeolite KX 
L = heat of condensation of the vapor 

10 20 30 40 50 60 
o,ju moles /gram 

10 100 200 300 
tf,mg/gram 

400 

0.02 .04 .06 .08 0.1 
/?mm Hg 

10 
/̂ mm Hg 

Figure 2. Adsorption of CClh on graphitized carbon black (34) 
a. Heats of adsorption (15) 
b. Adsorption isotherms (34) 

Adsorption of phosphorus vapor on zeolite NaX (13) 
c. Heats of adsorption 
d. Adsorption isotherms 
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43. KISELEV Vapor Adsorption On Zeolites 39 

is possible to a p p l y the molecu lar theory of adsorpt ion (28, 35, 38) to 
porous zeolites. S u c h an a p p r o a c h makes it unnecessary to assign to the 
adsorbate inside the micropores the propert ies of continuous compressed 
l i q u i d , w h i c h usua l ly is done i n the case of adsorpt ion b y microporous 
adsorbents. 

T h e deve lopment of the molecu lar theory of adsorpt ion s h o u l d con
sist of the f o l l o w i n g aspects: 

( 1 ) E q u a t i o n s s h o u l d be selected or a n e w more general equat ion 
d e v e l o p e d w h i c h have a molecular - s ta t i s t i ca l basis a n d describe the 
relat ionships between the amount of adsorpt ion, the heat of adsorpt ion, 
the heat capac i ty of the system, the pressure, a n d the temperature. V a r i 
ous constants i n these equations must have a clear p h y s i c a l meaning . 
These equations must describe the exact shape of the isotherms ( F i g u r e 
2) a n d must reduce to the H e n r y equat ion at l o w coverage. 

( 2 ) T h e d e v e l o p e d equations s h o u l d be used for a n a l y z i n g experi 
m e n t a l t h e r m o d y n a m i c data to obta in p h y s i c o c h e m i c a l constants—e.g., 
H e n r y constants—whose m a g n i t u d e is independent of the fitting 
procedure . 

( 3 ) T h e relat ionships s h o u l d be establ ished between these constants 
a n d s u c h parameters as the type of the zeol i te latt ice, the type a n d con
centrat ion of cations, the degree of decat ionizat ion, a n d the structure of 
the adsorbate molecule . A s a result , s e m i e m p i r i c a l relat ionships m a y be 
obta ined w h i c h c o u l d be used for the p r a c t i c a l ca lcula t ion of the adsorp
t ion e q u i l i b r i u m . 

(4 ) T h e molecu lar field d is t r ibut ion w i t h i n the channels must be 
invest igated, t a k i n g into considerat ion the structure of the zeoli te , a n d 
the ca lcu la t ion of the potent ia l energy of interact ion be tween the zeoli te 
a n d part icular molecules must be made. These investigations w o u l d be 
assisted greatly b y spectroscopic studies w h i c h w o u l d make it possible 
to establ ish the nature of the zeoli te surface, the presence a n d the nature 
of s t ructural defects, a n d the state of the adsorbed molecules . 

(5 ) T h e statist ical ca lcula t ion of t h e r m o d y n a m i c constants for the 
zeol i te -adsorbate system should be made. A compar ison of these con
stants w i t h the exper imenta l values obta ined i n Stages 2 a n d 3 w o u l d 
a l l o w the i n t r o d u c t i o n of some correct ion factors for the constants de
sc r ib ing the potent ia l funct ions of the interact ion. A s a result , a more 
accurate general scheme of molecular - s ta t i s t i ca l ca lcula t ion of the 
molecule—zeolite system w o u l d be obta ined. 

I n the present rev iew, an attempt is made to analyze the exper i 
menta l data a n d to relate the various aspects i n the development of the 
molecular theory of adsorpt ion as a p p l i e d to zeolites. 

Selection of the Adsorption Isotherm Equation 

T h e adsorpt ion isotherms w i t h ( F i g u r e 2) a n d w i t h o u t (11, 30) 
points of inf lect ion can be descr ibed b y the same equat ion. T h i s equat ion 
necessarily takes into account the adsorbate-adsorbent a n d a d s o r b a t e -
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40 M O L E C U L A R SIEVE ZEOLITES II 

adsorbate interact ion. It is based o n 2 s i m p l i f i e d models . A t sufficiently 
h i g h temperatures, use is m a d e of the m o d e l for n o n l o c a l i z e d adsorpt ion 
together w i t h the equations of state of the adsorbate. T h e equations of 
the v a n der W a a l s a n d v i r i a l types are re la ted to the isotherms of adsorp
t ion of H i l l - d e B o e r (16) a n d W i l k i n s (1, 11, 28, 40), respect ively. A n 
other m o d e l i n v o l v i n g l o c a l i z e d adsorpt ion f o l l o w e d b y association of 
adsorbed molecules leads to isotherm equations conta in ing a term w h i c h 
inc ludes the interact ion energy of n e i g h b o r i n g molecules a n d their co
o r d i n a t i o n n u m b e r (9) or the association constant (6, 30). B o t h models 
satisfactori ly describe adsorpt ion isotherms w i t h or w i t h o u t an inflect ion 
point . 

F r o m the po int of v i e w of the more general statist ical theory of 
adsorpt ion, i f the energy d i s t r ibut ion on the surface is k n o w n w i t h suffi
c ient accuracy, there is no necessity to use any specia l model—e.g. , 
l o c a l i z e d adsorpt ion. 

O n the basis of this general theory (35, 3 8 ) , the i n i t i a l reg ion of the 
i sotherm is descr ibed b y an exponent ia l series w i t h v i r i a l coefficients: 

a ^ G = K l P + K2p* + . . . (1) 

or b y the reverse series: 

V = KJa + KJa2 + . . . ( l a ) 

H e r e , G is the adsorpt ion per gram of zeoli te (at l o w vapor pressure, p, 
the value of G is close to the adsorpt ion leve l , a); K± a n d Ki are H e n r y 
constants charac ter iz ing the adsorbate-adsorbent interact ion; K2 a n d K 2 ' 
are constants character iz ing the pa i r -wise adsorbate-adsorbate inter
act ion w h i c h is inf luenced b y the adsorbent field. 

E q u a t i o n l a is a par t i cu lar case (at l o w p a n d a) of the W i l k i n s 
equat ion : 

V = a exp ( d + C2a + C 3 a 2 + . . . ) = a exp C ,a* - ') (2) 
i = 1 

T h i s series usual ly converges r a p i d l y . T h u s , the isotherms of adsorpt ion 
on the nonporous adsorbent ( 5 ) , as w e l l as i n the cavities of zeoli te , can 
be descr ibed satisfactorily— i .e . , u p to ^ 7 5 % saturation of z e o l i t e — b y 
u s i n g the first 3 or 4 Ct coefficients ( F i g u r e 3 a ) . E q u a t i o n 2 c lear ly de
scribes the isotherms, either w i t h or w i t h o u t inf lect ion, a n d also those 
i n c l u d i n g a phase transi t ion ( F i g u r e 3 b ) . 

E q u a t i o n 2 describes not o n l y the nonspecif ic adsorpt ion b y zeolites 
of molecules of group A (28, 29) b u t also the adsorpt ion of q u a d r u p o l e -
type molecules such as C 0 2 , w i t h respect to w h i c h zeolites are more 
heterogeneous (1, 11). T h i s heterogeneity, l ike the adsorbate-adsorbate 
interact ion, is reflected i n the s ign a n d m a g n i t u d e of C*. T h u s , E q u a t i o n 2 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

43



43. KISELEV Vapor Adsorption On Zeolites 41 

a b 

200 400 600 800 1000 0.00005 0.00010 
P,mmHg P,mmHg 

Figure 3. Adsorption isotherms of ethane on zeolite LiX 
a. Experimental points (18) at 25°C are shown with the curves cal

culated by Equation 2; p = a exp (4.8600 - 0.22166a + 0.10249a2 

4- 0.009465a3) (A. G. Bezus). Curves 1-4 were calculated using 
1, 2, 3, and 4 terms in the exponent, respectively. 

b. At —150°C; calculated according to Equation 4; constants are in
dicated in the caption for Figure 6. 

I 2 3 
a, m mole /gram 

Zhurnal Fizicheskoi Khimii 

Figure 4. Values of constant Ct determined 
by A. G. Bezus from Equation 2 at i = 3 (O) 
and i = 4 (U) for different ranges of a in ex
perimental adsorption isotherms of ethane on 

zeolite LiX (14) 

m a y be used w i t h advantage i n descr ib ing the vapor adsorpt ion b y zeo
lites, t h o u g h other approximate equations ( i n v o l v i n g the different m e t h 
ods of t a k i n g into account the adsorbate-adsorbate interact ion) g ive 
satisfactory results for certa in systems (7, 9, 30). U n t i l n o w , E q u a t i o n 2 
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42 M O L E C U L A R SIEVE ZEOLITES II 

has been a p p l i e d to s imple cases w h e r e the adsorpt ion isotherm contains 
no more than one inf lect ion point . 

Treatment of Experimental Data Using Virial Equations 

V a r i o u s complex curves can be satisfactori ly a p p r o x i m a t e d b y equa
tions of the l a a n d 2 type . H o w e v e r , the second stage i n the development 
of the molecular theory of adsorpt ion concerns the determinat ion of K i 
a n d K2 or C1 a n d C 2 , w h i c h must d e p e n d only on the properties of the 
system (the structure of the adsorbent a n d adsorbate m o l e c u l e ) a n d be 
independent of the fitting procedure . W i t h the a i d of E q u a t i o n 2, there
fore, one can obta in values for C1 a n d C 2 w h i c h are p r a c t i c a l l y inde
pendent of the n u m b e r of terms w i t h i n the series a n d of the in te rva l of 
exper imenta l values of a ( b e g i n n i n g at a l o w coverage) . F i g u r e 4 shows 
an example i l lus t ra t ing the determinat ion of C i . 

T h e dependence of C x o n temperature is s h o w n i n F i g u r e 5. T h e 
approximate f o r m of these dependences is (1,6,28): 

Ci ^ Bi - Qi/RT (3) 

T h e l inear dependence of C± (=\nKi) o n 1 / T impl ies that the heat of 
adsorpt ion, Qu at zero coverage i n the par t i cu lar in te rva l of T is inde
pendent of temperature. If the same assumption is m a d e for Q 2 , Q 3 , etc., 
the dependence of a on p a n d . T becomes (1,6, 28): 

i i 
V = a exp ( £ Bi a* ~ ') exp ( £ - Q{/RT) (4) 

i = 1 i = 1 

F i g u r e 6 gives examples of isotherms that have inf lect ion points a n d also 
of those that do not. I n these cases, use was made of 4 terms i n E q u a t i o n 
4. It can be seen f r o m F i g u r e 6 that E q u a t i o n 2 sat isfactori ly describes 
adsorpt ion on microporous zeolites, as i n the case of adsorpt ion o n n o n 
porous g r a p h i t i z e d carbon b l a c k (6). 

It is v e r y impor tant to obta in accurately the first 2 constants ( C i 
a n d C 2 or K i a n d K 2 ) f r o m the exper imenta l data i n order to compare 
t h e m w i t h those ca lcula ted f r o m the molecular - s ta t i s t i ca l theory. H e r e , 
C i a n d C 2 constants were de termined f r o m the exper imenta l i sotherm b y 
the least squares m e t h o d w i t h the a i d of a computer . H o w e v e r , for prac 
t i c a l purposes, i t is necessary to describe the isotherms to a h igher adsorp
t ion leve l . F r o m F igures 3 a n d 6, i t can be seen that i n order to reproduce 
the i sotherm u p to >—75% saturation of the adsorbent a n d to calculate a 
at different values of p a n d T, i t is sufficient to determine o n l y 2 more 
constants, C 3 a n d C 4 . 

Constants Bi a n d Qi i n E q u a t i o n 4 can be de termined either f r o m 
adsorpt ion measurements of a at var ious p a n d T or f r o m measurements 
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3.0 3.5 4.0 
I03/T 

Figure 5. Dependence of 
constant (see Figure 4) on 

I / T 

a b c 

100 200 200 400 200 400 
P,mm P,mm P,mm 

d e f 

J 1 1 I— O I , ! . <^ I 1 1 1 L_ 
1 2 3 4 1 2 3 0.5 1.0 

a, m mole/gram a, m mole /gram a, m mole/gram 

Figure 6. Adsorption of vapors on zeolite LiX; curves are calculated by 
Equations 4 and 5 (A. G. Bezus). For C2H6, Equation 4 is p = a exp (14.20 
- 2785/T) + (0.1364 - 106.8/T)a + (0.4029 - 89.57/T)*2 - (0.0500 -

17.73/T)SL3 

a, b, c. Dependence of adsorption level a for Xe, CtHe, and CtHh respectively, 
on p and T 

d, e, f. Curves are calculated by Equations 4 and 5 (A. G. Bezus) 

of one adsorption isotherm plus ealorimetric measurements (I, 28) of the 
heat of adsorption for different a (Figure 6): 

Q = J2Qiai-1 (5) 
* = i 
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44 M O L E C U L A R SIEVE ZEOLITES II 

These methods for descr ib ing the dependences of a vs. p a n d T, a n d Q vs. 
a have the f o l l o w i n g advantages. F i r s t , E q u a t i o n 2 can be u s e d to 
descr ibe adsorpt ion isotherms either w i t h or w i t h o u t inf lect ion points 
( F i g u r e 6 ) . Second, at least the first 2 pairs of constants, C i , C 2 a n d Ql9 

Q2, are not e m p i r i c a l a n d are m e a n i n g f u l p h y s i c o c h e m i c a l constants for 
a g iven adsorbate-zeol i te system. I n order to obta in stable values for 
C i a n d C 2 (see F i g u r e 4 ) , measurements of a at different p a n d T must 
be precise a n d should be obta ined w i t h i n n a r r o w intervals of a, b e g i n n i n g 
at l o w a. Prec i s ion i n d e t e r m i n i n g Ci decreases r a p i d l y w i t h the increase 
i n i. H o w e v e r , since the theoret ical evaluat ion of C 3 a n d C 4 is dif f icult , 
the determinat ion of C 3 a n d C 4 f r o m the exper imenta l i sotherm m a y be 
e m p i r i c a l , a n d no advantage is ga ined b y o b t a i n i n g these values to a 
great accuracy. 

Dependence of Equilibrium Constants and Heat of Adsorption on the 
Structure of the Xeolite and the Adsorbate Molecule 

Sufficiently precise values for C i , C> a n d QuQ2 w h i c h can be used 
for compar ison w i t h statist ical calculat ions so far have been obta ined 
only for the adsorpt ion of gases. F i g u r e 7 shows the dependences of Qi 
a n d C x on the radius , r, for zeoli te X conta in ing a l k a l i cations. T h e c o m 
pos i t ion of the zeoli te is descr ibed b y A v g u l (4). F o r nonspecif ic adsorp
t ion of ethane, Qx g radua l ly increases w i t h the increase i n r. A c c o r d i n g l y , 
C i ( = —In K i ) decreases. I n this case, Q2 increases a n d C 2 decreases. 
F o r specific adsorpt ion of ethylene, the heat of adsorpt ion, Ql9 o n chang-

L i + 

0.5 1.0 1.5 0.5 1.0 1.5 
r, A r, A 

Figure 7. Adsorption of ethane (open circles) and 
ethylene (solid circles) on zeolites X; dependence of Qt 

and Ct on the ionic radii, r, of the exchange cations 
(calculated by A. G. Bezus and Pham Quang Du) 
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43. KISELEV Vapor Adsorption On Zeolites 45 

i n g f r o m N a X to C s X zeolite , g r a d u a l l y decreases w h i l e Cx correspond
i n g l y increases; the isotherms of these systems do not exhibi t inf lect ion 
points ( F i g u r e 6 ) . A s m a l l increase i n Q i for ethylene o n g o i n g f r o m L i X 
to N a X zeoli te a n d the corresponding decrease i n C i m a y be caused b y 
a lower ( b y 7% ) total concentrat ion of the L i + p lus N a + cations i n this 
par t i cu lar sample of L i X zeolite (2, 12, 27). 

F o r sufficiently strong adsorbate-adsorbate interact ion a n d w i t h a 
corresponding decrease i n temperature , E q u a t i o n 4 leads to an isotherm 
h a v i n g an inf lect ion point b o t h i n the case of adsorpt ion b y nonporous 
adsorbent—e.g., o n g r a p h i t i z e d t h e r m a l carbon b l a c k (6)—and of adsorp
t ion ins ide the zeolite channels. A p p a r e n t l y , these propert ies are pos
sessed b y the system phosphorus—zeol i te N a X (13), F i g u r e 2. I n this 
case, a r a p i d increase i n the heat of adsorpt ion s h o u l d be expected i n the 
reg ion of l o w coverage, as was observed for nonporous adsorbent (15) 
( compare F igures 2a a n d 2 c ) . 

A decrease i n the adsorpt ion l e v e l a n d i n the heat of specific adsorp
t ion of C 0 2 has been reported for zeolites w i t h a decreasing concentrat ion 
of exchange cations (2,12, 27). T h e r e is a decrease i n the heat of specific 
adsorpt ion of benzene on c h a n g i n g f r o m N a X zeoli te to H Y zeoli te (26). 
I n the X - t y p e zeolite , the effect of subst i tut ion of N a + b y d o u b l y charged 
C a 2 + on the heat of molecular adsorpt ion also has been invest igated (26, 
32). I n the wal l s of large cavities there appear not on ly centers o c c u p i e d 
b y C a 2 + ions b u t also vacant centers free of any cations. A compar i son of 
the dependences of the heat of adsorpt ion for benzene for zeolites h a v i n g 
different concentrat ion of C a 2 + indicates that the h igher heat of adsorp
t ion is re lated to the S n -centers o c c u p i e d b y C a 2 + ions, whereas o n centers 
free of cations the heat of adsorpt ion of benzene lies b e l o w that of the 
ca t ionized centers. F u r t h e r w o r k s h o u l d be car r ied out on d e r i v i n g 
quant i ta t ive relat ionships for Ql9 C i a n d Q2, C 2 as the f u n c t i o n of the 
A l : S i rat io , types a n d concentrat ion of exchange cations, a n d degree of 
decat ionizat ion. T h e examples g iven above indicate that these problems 
can be solved. 

Specif ic interact ion causes greater loca l iza t ion of the adsorbate 
molecules at s m a l l a. I n the case of strongly adsorb ing molecules con
ta in ing such f u n c t i o n a l groups as H O — , H 2 N — , etc., cations i n zeol i te 
can acquire a certain m o b i l i t y as a increases. T h e relationships between 
Q a n d a i n these cases become very complex (see F i g u r e 1 ) . W a t e r 
molecules are l o c a l i z e d first b y the cations, then they poss ib ly f o r m a 
k i n d of water cage b y m u t u a l h y d r o g e n bonds inside the zeolite cavi ty , 
a n d finally fill u p the central par t of this zeoli te a n d water cage. T h i s 
process depends on the type of cat ion (4). T w o steps i n the p lo t of Q 
vs. a for a m m o n i a adsorpt ion on zeol i te C a A were f o u n d i n Ref . 36. T h e 
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46 M O L E C U L A R SIEVE ZEOLITES II 

coordinat ion of water a n d a m m o n i a a r o u n d C u 2 + ions at the saturat ion 
of zeol i te s imi lar to that i n solut ion complexes w e r e f o u n d b y E S R a n d 
spectroscopic methods ( 3 3 ) . It is i n f e r r e d thus that at h i g h adsorpt ion 
l e v e l of s m a l l speci f ical ly adsorbed molecules , theory m a y acquire some 
features s imi lar to the theory of b u l k solutions. 

T h u s , the determinat ion of Q i a n d C i values o n the basis of measure
ments car r ied out at o r d i n a r y temperatures i n these cases becomes dif f i 
cul t . I n such cases, however , one can approx imate ly estimate the a d d i 
t i o n a l c o n t r i b u t i o n of the energy of specific interact ion ar i s ing f r o m 
7r-bonds or the f u n c t i o n a l groups at a somewhat h igher a—e.g., w h e n 
values of a correspond to 1 molecule per cavi ty . AQ s p e c i f i c is determined 
b y subtract ing the heat of adsorpt ion of the reference molecule ( incapable 
to specif ic interact ion) f r o m the heat of adsorpt ion of the specif ical ly 
a d s o r b e d molecule (10, 28-30). B o t h molecules must have s imi lar geome
try , close values of p o l a r i z a b i l i t y a n d of heat of adsorpt ion o n nonspecif ic 
adsorbent (6). 

F i g u r e 8 shows the relat ionships be tween the heat of adsorpt ion a n d 
the p o l a r i z a b i l i t y of molecules for a homologous series of n-alkanes, 
ethers, a n d n-alcohols . A Q s p e c i f i C of the f u n c t i o n a l groups — O — a n d 

30-

0 
2 4 6 8 

Polarizability oe, A 3 

10 12 

Figure 8. Dependence of the heat of adsorp
tion, Q , for zeolite NaX (at a = 1 molecule per 
cavity) on the polarizability of the molecule a 
for n-alkanes (30) , ethers (4 ) , and n-alcohols 

(4) 
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43. KISELEV Vapor Adsorption On Zeolites 47 

H O — for the series of compounds examined is p r a c t i c a l l y independent of 
the l e n g t h of the h y d r o c a r b o n c h a i n i n these molecules . 

T h e data s u m m a r i z e d i n T a b l e I i l lustrate h o w values for Q a n d 
AQspecific d e p e n d o n the structure of the adsorbate molecules . I n the 
series of g r o u p - B molecules , the m a x i m u m energy of specif ic interact ion 
is observed for ni t romethane a n d acetonitr i le , b o t h of w h i c h have large 
d i p o l e moments . E v e n stronger specific interact ion is observed for 
molecules of the D - g r o u p , w h i c h can f o r m an a d d i t i o n a l h y d r o g e n b o n d 
w i t h the negat ive ly charged oxygen atoms of the zeoli te structure. F o r 
the invest igated compounds , the relat ive cont r ibut ion of the specif ic 
interact ion energy, A Q s p e c i f i c / Q , decreases w i t h the increase i n the 
length of the h y d r o c a r b o n c h a i n of the molecule . T h e larger va lue 
of the heat of adsorpt ion for te t rahydrofuran c o m p a r e d w i t h that of 
f u r a n (23) is a t t r ibuted m a i n l y to the difference i n the electronic 
structure of these geometr ica l ly s imi lar molecules . T h e conjugat ion of 
the electrons of the oxygen a tom w i t h ?r-bonds i n f u r a n causes a more 
u n i f o r m d is t r ibut ion of the electron density i n this molecule . T h i s de
creases the d i p o l e m o m e n t a n d A Q s p e c i f i c . T h e heat of adsorpt ion of f u r a n 
o n the zeoli te is thus close to that of benzene. 

T h e m a g n i t u d e of A Q s p e c i f i c thus obta ined m a y be of p r a c t i c a l va lue 
for est imating the heat of adsorpt ion for h y d r o c a r b o n derivat ives con
t a i n i n g f u n c t i o n a l groups, t a k i n g into account the molecule geometry. 
T h e heat of adsorpt ion of a complex molecule , capable of specific inter
act ion, can be approx imate ly expressed as the s u m of the nonspecif ic heat 
of adsorpt ion , QA, of the suitable reference molecule of group A a n d of 
the c o n t r i b u t i o n of the specific interact ion energy for the corresponding 
f u n c t i o n a l group, A Q s p e C i f i c , taken f r o m T a b l e I. A c c o r d i n g to another 
m e t h o d (see T a b l e I I I i n Ref . 4), the heat of adsorpt ion of a complex 
molecu le can be expressed as the sum of the increments of the total heat 
of adsorpt ion for each segment of the molecule . F o r these calculat ions at 
different a, i t is necessary to study the dependences of A Q s p e c i f i c a n d of 
increments of Q o n the adsorpt ion level . 

Potential Energy of Interaction of Molecules with Zeolite 

T h e potent ia l energy of adsorpt ion for various ca t ion ized X - a n d 
A - t y p e zeolites has been ca lcula ted b y various authors (9, 12, 30). Re 
cent ly (17, 18), the potent ia l energy of adsorpt ion was ca lcu la ted i n a 
large cav i ty of the zeoli te type A . A s the S i : A l rat io is 1:1, i t was assumed 
that the excess of negative charge of the A 1 0 4 / 2 te trahedron is d i s t r i b u t e d 
u n i f o r m l y over a l l the oxygen atoms. T h u s , a charge z = — 0.25e (here, 
e = elementary charge) was assigned to each oxygen atom. O n the basis 
of the assumption of the a d d i t i v e proper ty of pair -wise interactions, the 

American Chemical Society 
Library 

1155 16th St., N.W. 
WashinctofL D i L ?NHfi 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

43



48 M O L E C U L A R SIEVE ZEOLITES II 

Adsorbate Q A (^specific Q 

Molecules of Group B 
C 2 H 4 8.9 3.0 0.34 
CeHe 18.0 4.5 0.25 
N 2 5.0 2.3 0.46 
c o 2 10.0 6.0 0.55 

( C H 3 ) 2 0 16.4 7.6 0.46 
( C 2 H 6 ) 2 0 21.0 7.6 0.36 
C H 3 N 0 2 19.9 10.0 0.50 
C H 3 C N 10.0 11.0 0.58 

Molecules of Group D 
H 2 0 18.5 (15.5) (0.8) 
C H 3 O H 18.4 13.2 0.72 
C 2 H 6 O H 20.9 13.2 0.63 
C 3 H 7 O H 23.2 13.2 0.57 
n - C 4 H 9 O H 26.0 13.2 0.51 
N H 3 16.0 (12.5) (0.8) 
C H 3 N H 2 18.0 11.5 0.64 

[specific 

Table I. Heat of Adsorption, Q , and Contribution of the Specific 
Interaction Energy, A Q s p e C i f i c , for N a X Zeolite,0 Kcal/Mole 

Properties Which 
Determine the 

Specific Nature A 
of Adsorption 

x-bonds, quadrupole 
m o m e n t 

D i p o l e m o m e n t , 
a b i l i t y to f o r m 
hydrogen bonds 
t h r o u g h oxygen 
a n d ni t rogen 
atoms o n l y 

D i p o l e m o m e n t , 
a b i l i t y to f o r m 
hydrogen bonds 
t h r o u g h oxygen or 
ni trogen atoms, as 
wel l as t h r o u g h 
O H or N H 
hydrogen atoms 

0 Value of a = 1 molecule per cavity, experimental data 8, 4, 7, 23, 30). 

total potent ia l energy, V, of N adsorbed spher ica l molecules i n the field 
of a large cav i ty of zeoli te A has the f o l l o w i n g f o r m : 

V(n,?2,... ,tN) = I > ( 7 \ - ) + Z * (I"" "I) (6) 
i = 1 1 < i < 3 < N 

H e r e , is the potent ia l energy of i t h molecule located at ~r{ ins ide the 
zeoli te cavi ty interact ing w i t h the zeol i te latt ice ; |r< — r ;|) is the p o 
tent ia l energy of interact ion of the i t h a n d ; t h molecules located, respec
t ive ly , at the points~rl a n d I n the calculat ions of $ (n) = 2 <f> ({u — rk\)> 

k 

w h e r e <f> is the interact ion energy of i t h molecule w i t h kih center of zeoli te , 
account was taken o n l y of the cations L i + , N a + , a n d C a 2 + i n the various 
posit ions a n d of the oxygen atoms b e a r i n g negative charge z0 = — 0.25e. 
It was assumed that the c o n t r i b u t i o n ar is ing f r o m the charges d i s t r i b u t e d 
w i t h i n AIO4/2 a n d Si0 4 /2 te trahedra can b e expressed approx imate ly b y 
a charge of z0 = —0.25e located at the centers of the oxygen atoms. T h e 
p o l a r i z a b i l i t y of oxygen i n this state was est imated b y B r a u e r et al (18). 
O n the other h a n d , h i g h charges on A l a n d S i were assigned i n Ref. 22. 
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43. K i s E L E V Vapor Adsorption On Zeolites 49 

T h e energy Φ ( ^ ) was expressed as i n earl ier studies (18, 30) as the 
s u m of the dispers ion, i n d u c t i o n , a n d r e p u l s i o n interactions. It was as
s u m e d that : 

< ï w (rù =Zck\t-n\-« (7) 

<ï>induc. (u) = - \ a m [E (u)}* (8) 

ΦΓβΡηΐ. (rd = Σ Bk I u - η | - 1 2 (9) 
k 

Constant Ck for the dispers ion attract ion was de termined f r o m the Slater-
K i r k w o o d equat ion : 

Seh 
^ S K " 4 χ ( m ) " * · (*m/nmy* + ( a * / n * ) 1 / 2 { W ) 

w h e r e am a n d ak are the polar izab i l i t i es ; η™,η& are the effective numbers 
of electrons for the adsorbate molecule a n d exchange cat ion or oxygen 
a tom i n zeolite , respect ively ; h is the Planck 's constant a n d m the electron 
mass. T h e electrostatic field strength vector at po in t r{ was ca lculated 
f r o m the equat ion : 

Ε (7*) = - grad (Σ ^€k^) ( I D 

where ek is the ca t ion charge or charge of the oxygen a tom i n the zeolite. 
Constants Bk were de termined b y m i n i m i z i n g Φ ( ^ ) at the e q u i l i b r i u m 
distance be tween the molecule a n d the corresponding kth center i n the 
wal l s of the cavi ty . T h e e q u i l i b r i u m distance was ca lcu la ted f r o m the 
v a n der W a a l ' s a n d ionic r a d i i of molecules a n d kth. center. 

O w i n g to the h i g h symmetry of the latt ice for the L i A a n d N a A zeo
lites, a n analysis was m a d e o n l y of the section c o m p r i s i n g 1/48 of the 
total cav i ty v o l u m e ( F i g u r e 9 ). T h e v o l u m e of the corresponding section 
for C a A zeoli te was 1/24 of the total v o l u m e of the cavi ty . T h e potent ia l 
energy was ca lcula ted for the inner cavi ty of the selected section for 16 
different direct ions i n the case of L i A a n d N a A zeolites a n d for 31 direc
tions i n the case of the C a A zeolite . F o r each of these direct ions, the 
Φ ( u ) was ca lcu la ted for 40 different posit ions of the molecule . T h e latt ice 
sums 

a n d 
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50 M O L E C U L A R SIEVE ZEOLITES II 

Figure 9. Elementary, cell of zeolite A containing 8 univalent 
cations, O, inside six-membered rings and 6 cations, O, in 
eight-membered rings; a section is shown in which there are 

16 selected directions 

a n d the field strength were ca lcula ted i n order to determine the c o n t r i b u 
tions ar i s ing f r o m Φ<ϋδΡ., $induc, a n d ΦΓθρυΐ.· T h e s u m m a t i o n was carr ied 
out f o r a l l the exchange cations a n d charged oxygen atoms, O _ 0 2 5 e , w h i c h 
w e r e located ins ide 8 n e i g h b o r i n g cube-octahedrons, b e y o n d whose l i m 
its s u m m a t i o n was rep laced b y integrat ion. T h e result was close to that 
o b t a i n e d b y the s u m m a t i o n i n 64 n e i g h b o r i n g cube-octahedrons. T h e 
c a l c u l a t i o n for different dis tr ibut ions of cations gave s imi lar results. 

T h e strength of the electrostatic field ins ide the cav i ty of the L i A , 
N a A , a n d especial ly C a A zeolites varies greatly. F o r different direct ions, 
the electrostatic field strength vector is of ten reversed i n sign. 

F i g u r e 10 shows examples i l lus t ra t ing the ca lcu la ted potent ia l curves, 
w h i c h describe the interact ion be tween argon a n d the N a A a n d C a A zeo
lites. T h e so l id l ines indicate potent ia l curves for direct ions corresponding 
to the lowest a n d highest d e p t h of the potent ia l w e l l . Potent ia l curves 
w e r e obta ined also for the r e m a i n i n g 14 direct ions i n the section s h o w n 
i n F i g u r e 10 for the zeoli te N a A a n d for 29 direct ions i n the correspond
i n g section for the zeoli te C a A . F i g u r e 10 shows o n l y the pos i t ion of the 
m i n i m u m i n these curves. D a t a i n this figure s h o w that the molecular 
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43. K i S E L E V Vapor Adsorption On Zeolites 51 

field i n the cavities i n N a A zeolite are, w i t h respect to adsorpt ion of argon, 
re la t ive ly not too heterogeneous a long the various direct ions ; the d e p t h 
of the potent ia l w e l l a l o n g direct ions 4 a n d 7 differ o n l y b y / ~ 3 0 % . T h e 
molecu lar field i n the cavities of zeoli te C a A is m u c h more heterogeneous; 
the potent ia l w e l l d e p t h has a three- fo ld difference a long direct ions 15 
a n d 19. 

T h e ca lcu la t ion of the potent ia l energy of interact ion of a long c h a i n 
of n-alkanes w i t h the zeolite C a A has been descr ibed (24), These results 
agree w i t h the exper imental values for the heat of adsorpt ion. 

M o r e deta i led i n f o r m a t i o n on the structure of zeolites a n d the inter
ac t ion m e c h a n i s m w i l l make possible a more precise ca lcu la t ion of the 
potent ia l interact ion energy. I n the case of zeolite A , more complex 
molecules s h o u l d be i n c l u d e d i n the study, b o t h w i t h respect to their 
geometry a n d to the nature of specific interact ion for nonzero levels of 
adsorpt ion . T h i s latter po int is especial ly important because i n m a n y 
cases exper imenta l data for the i n i t i a l reg ion of the i sotherm are unre
l iable . T h e s tudy also s h o u l d i n c l u d e zeolites h a v i n g different struc
tures, first X a n d Y zeolites, since m a n y different molecules can penetrate 
into the cavities of these zeolites. T h e results obta ined i n such a s tudy 
w i l l m a k e i t possible to in troduce into the statistical ca lcu la t ion the nec
essary corrections of the constants for the potent ia l interact ion funct ions 
(6, 31). I n the case of adsorpt ion of saturated hydrocarbons , this w i l l 

Figure 10. Dependence of potential energy, Φ, on the position 
of the center of molecule i along the respective directions inside 

selected section for NaA; see Figure 9 
Same numbers as in ( 17 ) 
Solid lines = potential curves with the minimum and maximum po

tential well depth 
Points = position of minimum of the remaining curves 
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52 M O L E C U L A R S I E V E Z E O L I T E S I I 

give the basic i o n - a t o m potent ia l funct ions . F o r zeolites, these potent ia l 
funct ions 

<£>Cat...C φθαί...Η φθ-..C &nd φθ...Η 

d e p e n d o n the type of the latt ice, the S i : A l rat io , a n d the d i rec t ion ins ide 
the cavi ty (here, subscr ipt C a t is the exchange cat ion i n the zeoli te hav
i n g charge -\-z'e; subscr ipt Ο is the oxygen a tom of the zeoli te h a v i n g 
charge — z"e, w h i c h i n s implest case is e q u a l to — 0.25e). F u r t h e r a n d 
more deta i led studies s h o u l d be carr ied out of interact ion w i t h zeolites 
of var ious molecules h a v i n g different types of 7r-bonds, q u a d r u p o l e , a n d 
d i p o l e moments . 

O f great a i d to the s tudy of adsorpt ion on zeolites w i l l b e spectro
scopic methods used i n conjunct ion w i t h quant i tat ive mass spectroscopic 
analysis of h y d r o g e n concentrat ion i n the zeoli te b y d e u t e r i u m exchange 
w i t h D 2 0 (21). 

U p to n o w , i n f r a r e d spectroscopy has been used m a i n l y to deter
m i n e the types of h y d r o x y l groups a n d the ac id i ty of zeolites (39). T h e 
frequencies of the ver t i ca l a n d h o r i z o n t a l v ibrat ions ( w i t h respect to 
the cavity w a l l ) of H 2 0 molecules adsorbed i n zeol i te A were deter
m i n e d b y measurements i n the far i n f r a r e d ( ^ 2 2 0 a n d — 7 5 c m " 1 ) 
(37). These values are i n agreement w i t h a s imple theoret ical m o d e l . 
A n u m b e r of u l t ravio le t a n d E S R studies are r e v i e w e d (33). T h e dif 
ference has been establ ished between the specif ic molecular interact ion 
of aromat ic molecules o n zeolites ca t ion ized w i t h a l k a l i cations a n d the 
m o r e complex interactions i n v o l v i n g charge transfer i n C a X a n d deca-
t i o n i z e d X a n d Y zeolites. These more complex interact ions w i t h C a X 
zeolites conta in ing p r o t o n i z e d vacancies a n d w i t h decat ionized zeolites 
are s imi lar . These phenomena are re lated to the interactions of molecules 
w i t h a c i d i c centers i n zeolites w h i c h are stronger, as c o m p a r e d w i t h the 
molecular adsorpt ion. 

I n further w o r k , adsorpt ion a n d spectroscopic studies should be c o m 
b i n e d . T h i s w i l l make it possible to compare w i t h advantage the thermo
d y n a m i c a n d spectroscopic data at the same adsorpt ion level . A n example 
of such a compar i son is s h o w n i n Ref. 25. 

Molecular—Statistical Calculation of Adsorption Equilibria of 
Vapors on Zeolites 

F o r N a A zeoli te , a n approx imate ca lcu la t ion of the conf igurat ional 
integrals was m a d e i n Ref . 19 o n the basis of potent ia l curves for 3 s y m 
metry axes of the second, t h i r d , a n d f o u r t h order. A l l together, 26 direc
tions were taken into account. I n a subsequent w o r k , 482 direct ions have 
been considered (17). It was assumed that d u r i n g the adsorpt ion the 
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4 3 . K i S E L E V Vapor Adsorption On Zeolites 5 3 

zeoli te itself remains u n c h a n g e d , a n d that the cavities i n zeol i te A to
gether w i t h the adsorbed molecules c o u l d be cons idered as quas i - inde
pendent subsystems (8). Ca lcu la t ions were m a d e of the first 2 constants, 
K i a n d K2, i n the v i r i a l E q u a t i o n 1. T h e equat ion for the H e n r y constants 
has the f o l l o w i n g f o r m : 

H e r e , Nc == 3.6 Χ 102 0 g r a m " 1 is the n u m b e r of cavities per g r a m of 
zeol i te A , w h i c h has been assumed to be the same for a l l ca t ion ized forms 
i n c l u d e d i n this s tudy; NA is the A v o g a d r o n u m b e r ; k is the B o l t z m a n n 
constant, a n d 

w h e r e vz = 800 A 3 is the v o l u m e of a large cavi ty . B y ca l cu la t ing K i a n d 
its first a n d second derivat ives w i t h respect to T, the specific re tent ion 
v o l u m e at zero coverage (Vm = KxRT) (29) can be de termined , as w e l l 
as the isosteric heat of adsorpt ion, the change i n the s tandard c h e m i c a l 
potent ia l a n d s tandard entropy d u r i n g adsorpt ion , a n d the corresponding 
change i n the di f ferent ia l heat capac i ty of the adsorbate. T h i s h a d been 
done for the adsorpt ion o n graphite (6, 31). A deta i led account of these 
calculat ions is g i v e n i n Ref . 17. 

(12) 

(13) 

15 

I03/ T 

Figure 11. Dependence of the values of the Henry constant, 
InKt, on 1/Ύ for the adsorption of Ne and A on zeolite NaA; 

calculated curves and experimental points are shown 
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54 M O L E C U L A R SIEVE ZEOLITES Π 

F i g u r e 11 shows a compar i son of the ca lcu la ted a n d the exper imenta l 
dependencies of l n K i vs. 1/T fo r the adsorpt ion of a rgon a n d n e o n o n 
zeol i te N a A . T a b l e II gives a compar i son of the theoret ical a n d experi 
m e n t a l values for the heat of adsorpt ion , Ç>i ( w h e r e a - » O ) , for the 
systems N e - N a A , A - N a A , A - C a A , a n d C H 4 - C a A . 

T h e ca lcu la t ion of the next m e m b e r of v i r i a l expansion ( K2 i n E q u a 
t i o n 1 ) , w h i c h w o u l d i n c l u d e pa i r -wise m u t u a l interactions of the a d -
sorbate molecules ins ide the zeol i te cavi ty , is m u c h m o r e complex . A n 
est imation of K2 a n d Q2 values for systems A - N a A a n d C H 4 - C a A is m a d e 
i n Ref . 20. F u r t h e r studies s h o u l d t ry to o b t a i n m o r e precise measure
ments of the t h e r m o d y n a m i c a n d spectroscopic characteristics of adsorp
t i o n o n zeolites. S u c h measurements are necessary b o t h for i n t r o d u c i n g 
corrections to the potent ia l in terac t ion funct ions a n d for d e v e l o p i n g 
methods for approximate calculat ions , especial ly for complex molecules . 

Table II. Calculated and Experimental Values for the Heat 
of Adsorption, Q i , on Various Zeolites 

Temperature, 
°K 

Qi, Kcal/Mole 

Zeolite Adsorbate 
Temperature, 

°K Calcd. Exptl. 

N a A N e 
A 

80 
280 

1.3 
2.9 

1.1 
2.8 

C a A A 
C H 4 

315 
290 

5.3 
5.2 

4.6 
3.8; 3.9; 5.6 

Conclusion 

T h e examples c i t e d i n this r e v i e w show that a l l stages of the d e v e l 
o p m e n t of the m o l e c u l a r theory of adsorpt ion m e n t i o n e d above h a v e been 
s t u d i e d to a l i m i t e d extent for the adsorbate -zeol i te system. T h e examples 
also show, however , that i n order to determine exper imenta l ly the stable 
constants a n d to establish their dependence on the details of the zeolite 
structure a n d the structure of the adsorbate molecule , more systematic 
investigations w i l l be needed. 
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Addendum 

It is w e l l k n o w n that any theory of molecular adsorpt ion w h i c h has 
a m o l e c u l a r statistical basis must l e a d to the H e n r y equat ion i n the l i m i t 
i n g case of s m a l l concentrations. T h e P o l a n y i theory a n d its modif icat ions 
do not satisfy this condi t ion . I n contrast to this, the theories of adsorpt ion 
w h i c h take into considerat ion the adsorbate-adsorbent a n d adsorba te -
adsorbate interactions o n the molecular l eve l give the l i m i t i n g H e n r y 
equat ion. Therefore , w e can use these theories to calculate the H e n r y 
constant, the constant of adsorbate-adsorbent e q u i l i b r i u m . I have s h o w n 

Transactions of the Faraday Society 

Figure 1. Isotherm of xenon adsorption on 
LiNaX-1 zeolite 
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43. KISELEV Vapor Adsorption On Zeolites 57 

i n m y p a p e r examples of the ca lcula t ion of the H e n r y constant for ethane 
a n d ethylene adsorpt ion on type X zeolites w i t h different a l k a l i cations 
( p p . 40 -44) us ing the exponentia l v i r i a l equations of adsorpt ion e q u i 
l i b r i a ( E q u a t i o n s 2 a n d 4 o n p p . 40 a n d 42) . T h e equations describe 
qui te satisfactori ly the nonspecif ic a n d specific molecular adsorpt ion over 
a w i d e range of temperature, b o t h on homogeneous a n d heterogeneous 
nonporous as w e l l as microporous crystal l ine adsorbents. T o s tudy the 
inf luence of the degree of the adsorbent field heterogeneity, i t is possible 
to use the m e t h o d suggested b y S. Ross a n d T . P . O l i v i e r ( " O n P h y s i c a l 
A d s o r p t i o n , " Interscience, N e w Y o r k , 1964). T h i s m e t h o d permits us to 
evaluate γ, w h i c h is the characterist ic of the degree of surface heter
ogeneity, a n d the va lue of the H e n r y constant K i [ equal to exp ( — C i ) 
i n E q u a t i o n 2, p . 40] for the most homogeneous part of the surface. I n 
the case of homogeneous adsorpt ion field d i s t r ibut ion , this method must 
g ive a very h i g h γ value a n d a Κχ va lue w h i c h is close to that obta ined 
f r o m experiment ( b y means of v i r i a l E q u a t i o n 2, p . 40 ). 

F i g u r e 1 shows the representation of the exper imental i sotherm ( B . G . 
A r i s t o v , V . Bosacek, Α. V . K i s e l e v , Trans. Faraday Soc. 1967, 63, 2057) 
of xenon adsorpt ion on p a r t l y decat ionized zeolite L i X - 1 ( the compos i 
t ion of this zeolite is g iven on p . 185) w i t h the a i d of the v i r i a l equat ion 
i n the exponent ia l f o r m w i t h a different n u m b e r of coefficients i n the 
series: i = 1 ( H e n r y constant) , i = 2 (second v i r i a l coefficient of a d 
sorbate i n the adsorbent molecular field ), i = 3, a n d i = 4 ( coefficients 
d e t e r m i n e d at fixed values of the first a n d the second coefficients w h i c h 
are f o u n d b y the m e t h o d i n d i c a t e d for the adsorpt ion of ethane, see F i g 
ure 4 o n p . 41 ) . I n this case, the isotherm has an inf lect ion point . T h e 
figure shows the role of each of these four constants i n the descr ipt ion 
of this isotherm (as was also s h o w n on F i g u r e 3a, p . 41, for the a d 
sorpt ion of ethane on the same zeoli te s a m p l e ) . T h e first t w o of these 
c o n s t a n t s — H e n r y constant ( the "f irst" v i r i a l constant) a n d second v i r i a l 
coefficient of adsorbate-adsorbate interact ion i n the field of the adsorbent 
— h a v e definite p h y s i c a l meanings. 

T a b l e I shows that i n the case of adsorpt ion on zeolites, i t is possible 
to determine the H e n r y constant b y different methods (some of these 

Table I . Henry Constant, Ku for Xenon Adsorption on 
Zeolite L i N a X - 1 at - 4 5 ° C (Mmole/G. Torr) 

Hill-De Boer1 s Kiselev1 s From Virial Ross and Olivier's 
Method" Methoda Equation" Method 

0.021 0.018 0.019 0.019 
a See references on these methods in the review: N . N . Avgul and Α. V. Kiselev, 

"Chemistry and Physics of Carbon," P. L . Walker, Ed . , vol. 6, p. 1, Dekker, New York, 
1970. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

43



58 M O L E C U L A R SIEVE ZEOLITES II 

Table I I . Henry Constants, Ku and Zero Coverage 

Kh Mmole/G. Torr 

Zeolite 
and 

Adsorbate 

Ross and 
Temperature, Olivier's From Virial 

°C Method Equation 

L i N a X - 1 , 
X e 

γ = 1000 
- 8 0 0.107 0.080 
- 6 0 0.036 0.033 
- 4 5 0.019 0.019 
- 3 0 0.011 0.012 

N a X , 
X e 

- 6 0 
- 4 5 
- 3 0 

γ = 70 
0.060 
0.028 
0.016 

0.077 
0.034 
0.018 

L i N a X - 1 , 
C 0 2 

25 
45 
70 

γ = 7 
0.056 
0.025 
0.008 

0.353 
0.126 
0.042 

determinat ions were made b y B . G . A r i s t o v , V . Bosacek, Α. V . K i s e l e v , 
Trans. Faraday Soc. 1967, 63, 2057) w h i c h take into considerat ion the 
adsorbate-adsorbate interact ion. T h e results are i n satisfactory agree
ment, so w e can consider this va lue of Kx as a p h y s i c o - c h e m i c a l constant 
for the zeoli te of i n d i c a t e d type a n d composi t ion . 

T a b l e I I shows that the adsorpt ion field i n the cavities of zeoli te 
L i X - 1 ( the degree of decat ionizat ion is 1 3 % ) w i t h respect to nonspecif ic 
xenon adsorpt ion is very homogeneous ( the d i s t r ibut ion constant, γ , ca l 
culated b y Ross a n d O l i v i e r s m e t h o d is 1000). I n this case, the s imple 
Ross a n d Ol iv ier ' s m e t h o d gives the same results as the v i r i a l equat ion. 
W e have near ly the same i n the case of xenon adsorpt ion on zeoli te N a X , 
for w h i c h the γ va lue is s t i l l h i g h enough ( γ = 70 ) . B u t i n the case of 
specif ic adsorpt ion of C 0 2 o n the same zeolite ( Ν. N . A v g u l , B . G . A r i s t o v , 
Α. V . K i s e l e v , L . Y a . K u r d y u k o v a , Ν. V . F r o l o v a , Zh. Fiz. Khim. 1968, 
42, 2682) , γ is e q u a l o n l y to 7 a n d the zeoli te surface is inhomogeneous 
for COo molecules . In this case of specific adsorpt ion, Ross a n d Ol iv ier ' s 
m e t h o d gives too smal l values for the H e n r y constant i n compar ison w i t h 
the v i r i a l equat ion. T h e latter is the best w a y to represent the experi 
m e n t a l data i n the i n i t i a l a n d moderate filling reg ion for any k i n d of 
molecular adsorpt ion on nonporous crystals ( Ν . N . A v g u l a n d Α. V . 
K i s e l e v , " C h e m i s t r y a n d Physics of C a r b o n , " P . L . W a l k e r , E d . , v o l . 6, 
p . 1, D e k k e r , N e w Y o r k , 1970) a n d microporous crystals ( A . G . Bezus , 
Α. V . K i s e l e v , Z . Sedlachek, a n d P h a m Q u a n g D u , Trans. Faraday Soc, 
to be p u b l i s h e d ; A . G . Bezus , Α. V . K i s e l e v , a n d P h a m Q u a n g D u , / . Col
loid Interface Set., to be p u b l i s h e d ). 
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43. KISELEV Vapor Adsorption On Zeolites 59 

Heats of Adsorption, Q i 

Q i , Kcal/'Mole 

Ross and 
Olivier7s From Virial Experimental 
Method Equation (Extrapolated) 

4.1 3.8 3.9 

4.6 4.7 4.7 

9.2 9.8 9.8 

F i g u r e 2 shows the C x a n d Q i values for the adsorpt ion of ethane 
a n d ethylene o n zeol i te L i X - 2 . T h i s sample has o n l y a s m a l l degree of 
deeat ionizat ion ( the compos i t ion of the samples used is i n d i c a t e d o n 
p . 185) . I n the case of this sample, L i X - 2 ( o p e n a n d filled circles o n 
F i g u r e 2 ) , the dependences of C i a n d Qx o n cat ion radius are qui te 
smooth (compare F i g u r e 7, page 44, for h i g h l y deca t ion ized L i X - 1 ) . 
T h e inf luence of deeat ionizat ion is, of course, more p r o n o u n c e d i n the 
case of specif ic adsorpt ion of ethylene ( f i l l e d c i r c l e s ) . T h e deta i led re
sults of this w o r k were i n c l u d e d i n a paper b y A . G . Bezus , Α. V . K i s e l e v , 

a b 

Figure 2. Dependence of (a) constant Ct and (b) zero 
coverage heat of adsorption, Ql9 on exchange cation 
radius in type X zeolite for the adsorption of ethane 
(open circles) and ethylene (filled circles). The C 2 and 

values for LiNaX-1 zeolite are indicated as triangles. 
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60 M O L E C U L A R SIEVE ZEOLITES II 

Table III. Adsorption of Neopentane on Site Sn of N a X Zeolite 

Experimental 
Heat of Adsorption 

at Zero Coverage 
Qi, Kcal/Mole 

Model of 
Zeolite 

Assumed 

I 

I I 

Orientation 
of Molecule 

1 
2 

Calculated 
Potential 
Energy 

8.0 
11.0 

average 9.5 

9.4 
10.6 

average 10.0 

9.5 

Figure 3. Force centers assumed in Model I for the 
calculation of the potential energy of interaction of 
the neopentane molecule with NaX zeolite; site Sn 

with the charged oxygen atoms (open circles) and 
cations (filled circles) are indicated 

Z . Sedlacek, a n d P h a m Q u a n g D u , Trans. Faraday Soc, accepted for 
p u b l i c a t i o n . 

T a b l e I I o n p . 54 gives some results of our molecular statistical 
calculat ions of the heat of nonspecif ic adsorpt ion of s imple molecules i n 
the cavities of type A zeolites. M o l e c u l a r statistical ca lcula t ion of thermo
d y n a m i c characteristics of adsorpt ion i n the cavities of type X zeolites 
are m o r e diff icult because of the more c o m p l i c a t e d structure of the latt ice. 
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43. KISELEV Vapor Adsorption On Zeolites 61 

Figure 4. Two orientations of a neopentane mole
cule with respect to site S / 7 of type X zeolite which 
are assumed in the calculation of potential energy of 

adsorption 

T a b l e I I I shows the compar ison of the ca lcu la ted potent ia l energy of 
neopentane on N a X zeolite w i t h the exper imenta l va lue of the heat of 
adsorpt ion ( Ο . M . D z h i g i t , Α. V . Kise lev , L . G . R y a b u k h i n a , Zh. Fiz. 
Khim. 1970, 44, 1790). T w o models , I a n d I I ( F i g u r e 3 ) , of the d is t r i 
b u t i o n of the force centers i n zeolite N a X a n d t w o orientations, ( 1 ) a n d 
( 2 ) , of the neopentane molecule at site S n ( F i g u r e 4) were used. T h e 
calculat ions show that for approximate evaluat ion of potent ia l energy, 
i t is on ly necessary to take into considerat ion about 50 nearest charged 
oxygen atoms a n d 4 cations. I n m o d e l II , the influence of other cations 
( w h i c h are situated i n sites S n of the supercage) were taken into con
siderat ion. T h e other cations, w h i c h are d i s t r ibuted more r a n d o m l y , do 
not influence seriously the electrostatic field i n the space o c c u p i e d b y the 
neopentane molecule near one of the S n sites ( calculations b y L . G . R y a 
b u k h i n a a n d A . A . L o p a t k i n ) . 

Discussion 

K. Klier ( L e h i g h U n i v e r s i t y , Be th lehem, P a . 18015) : R e f e r r i n g to 
F i g u r e 3,b of this paper , the isotherm at —150 ° C describes a l iquefac t ion 
p h e n o m e n o n w i t h a saturation value w h i c h does not correspond to n o r m a l 
l i q u i d density. It rather seems as i f this i sotherm descr ibed t w o - d i m e n 
s ional condensation. C o n s i d e r i n g that there are a l l indicat ions that the 
t w o - d i m e n s i o n a l c r i t i ca l temperature is m u c h lower than the three-dimen
s ional c r i t i c a l temperature ( D e v o n s h i r e , A . F . , Proc. Roy. Soc. (London) 
1937, A 1 6 3 ) no matter h o w strong the adsorpt ion b o n d is, the theory 
should also show that w e are gett ing three-dimensional condensat ion 
before the t w o - d i m e n s i o n a l i sotherm assumes a shape as i n F i g u r e 3,b. 

Α. V . Kiselev: K l i e r supposes that a k i n d of three-dimensional con
densat ion c o u l d start before the t w o - d i m e n s i o n a l type of condensat ion 
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62 M O L E C U L A R S I E V E Z E O L I T E S II 

of ethane s h o w n o n F i g u r e 3,b, b u t the e q u i l i b r i u m pressure of adsorbed 
ethane i n zeol i te at — 1 5 0 ° C is m u c h smaller (0.0007 torr on F i g u r e 3,b) 
than the saturated vapor pressure of three-dimensional l i q u i d at the same 
temperature (p8 = 4.0 t o r r ) . F i g u r e 3,b is o n l y a qual i ta t ive i n d i c a t i o n 
of the poss ib i l i ty of the descr ipt ion of a condensat ion-type process i n the 
adsorbate i n the zeol i te because the temperature range ( d o w n to 
— 1 5 0 ° C ) is too large for the assumption that the heat of adsorpt ion is 
independent of temperature. T h i s quest ion c o u l d be c leared u p b y direct 
measurement of the heat capac i ty of the adsorbate-zeol i te system. 

R. M . Barrer ( I m p e r i a l C o l l e g e , L o n d o n ) : T y p e V isotherms s imi lar 
to those s h o w n i n y o u r F i g u r e 2 have also been f o u n d b y us ( B a r r e r a n d 
K a n e l l o p o u l o s , / . Chem. Soc. ) w h e n e q u i m o l e c u l a r mixtures of N H 3 a n d 
H C 1 are sorbed be tween 2 0 0 ° a n d 300 ° C i n zeolites. T h e sorptions of 
N H 3 alone a n d of H C 1 alone i n the same temperature ranges are re la 
t ive ly smal l , b u t together they interact s trongly a n d are copious ly sorbed. 
T h u s , interact ion m a y be strong be tween u n l i k e molecules a n d is respon
s ible for the pecu l ia r i sotherm shape observed i n m i x e d sorpt ion. 

Α. V . Kiselev: Barrer i n d i c a t e d the interest ing case w h e n H C 1 a n d 
N H 3 themselves are adsorbed re la t ive ly w e a k l y i n zeol i te at 2 0 0 ° - 3 0 0 ° C 
b u t their mixture is adsorbed v e r y strongly. T h e corresponding isotherms 
have approx imate ly ver t i ca l sections. T h e r e c o u l d be two possible ex
planations for this phenomenon. (1 ) Q u a l i t a t i v e l y , i t is not important 
w h a t k i n d of adsorbate-adsorbate interact ion w e h a v e : molecular non
specif ic ( X e , C 2 H 6 , e tc . ) , molecular specific ( h y d r o g e n b o n d be tween 
adsorbate molecules ), or c h e m i c a l ( as i n the case of N H 3 a n d H C 1 ). T h e 
energy of the N H 3 + H C 1 interact ion must be larger than the energies of 
N H 3 . . . N H 3 a n d H C 1 . . . H C 1 interactions. A s a result, the admixture of 
N H 3 to H C 1 or v ice versa must l ead to a rise i n the adsorbate-adsorbate 
interact ion energy i n this system. (2 ) T h e adsorbate-adsorbent interac
t ion for N H 4 C 1 is weaker than for H C 1 a n d N H 3 b u t adsorbate-adsorbate 
interact ion for N H 4 C 1 is greater than H C 1 . . . H C 1 a n d N H 3 . . . N H 3 inter
actions at these temperatures. 

M . Dubinin ( A c a d e m y of Sciences of the U S S R , M o s c o w , U S S R ) : 
T h e survey paper considers the f u n d a m e n t a l problems of adsorpt ion of 
vapors on zeolites w i t h i n the f r a m e w o r k of a general theory of molecu lar 
adsorpt ion o n nonporous a n d porous adsorbents. A m o n g other things, i t 
quotes examples of descr ipt ion of adsorpt ion e q u i l i b r i a on zeolites over 
temperature ranges not exceeding 5 0 ° for i n i t i a l a n d intermediate regions 
of isotherms b y an exponent ia l series w i t h v i r i a l coefficients t a k i n g into 
account b o t h adsorbent-adsorbate a n d adsorbate-adsorbate interact ions. 
It is assumed that these equations can be used for prac t i ca l calculat ions 
of adsorpt ion e q u i l i b r i a . 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

43



43. KISELEV Vapor Adsorption On Zeolites 63 

Bas ica l ly , the molecu lar - s ta t i s t i ca l a p p r o a c h to the considerat ion of 
adsorpt ion e q u i l i b r i a is ra t iona l w i t h o u t any doubt . H o w e v e r , its possi
bi l i t ies for such s tructural ly complex microporous systems as zeolites 
s h o u l d not be overest imated. A t best, i t m a y indicate approx imate ly , for 
instance, the v i r i a l f o r m of the dependence of the e q u i l i b r i u m pressure 
o n the adsorpt ion va lue of the t y p e : 

ρ = Kx'a + K2'a* + K3'a* + (1) 

I f the dependence of the parameter K\ on temperature is theoret i 
ca l ly substantiated, the temperature dependence of K ' 2 , to say n o t h i n g of 
the subsequent parameters, is based on e m p i r i c a l assumptions. It seems 
to me that the W i l k i n s type equat ion 

ρ = a exp ( C i + C2a + C 3 a 2 + ) (2) 

is most l i k e l y p u r e l y e m p i r i c a l , i n any case at not too s m a l l fillings. 
T h e survey p a p e r gives specific examples of such equations for cer

ta in systems s tudied . F o r one of them, n a m e l y for adsorpt ion of ethane 
o n zeol i te L i X over the temperature range f r o m 2 5 ° to 75 ° C a n d the 
filling range u p to 0.67, i t supplies a l l coefficients of the type of E q u a t i o n 2 : 

ρ = a exp [(14.20 - 2785/T) + (0.1364 - 1 0 6 . 8 / 7 > + 

(0.4029 - 8 9 . 5 7 / 7 > 2 + (0.0500 - 17 .73/T)a 3 ] (3) 

I n order to describe adsorpt ion e q u i l i b r i a for ethane o n zeoli te L i X 
f r o m three g iven adsorpt ion isotherms for temperatures of 2 5 ° , 5 0 ° , a n d 
75 ° C , e ight constants have to be de termined , j u d g i n g b y E q u a t i o n 3. O b 
vious ly , a d d i t i o n a l exper imenta l data are r e q u i r e d , such as isotherms or 
di f ferent ia l heats of adsorpt ion. T h u s , to describe adsorpt ion e q u i l i b r i a 
b y the m e t h o d proposed , one s h o u l d first use, i n order to determine the 
equat ion constants, such extensive exper imenta l i n f o r m a t i o n as w i l l s u p p l y 
answers to a l l questions of interest to the prac t i ca l worker . 

T h e advantage of E q u a t i o n 3 is that it provides an accurate descr ip
t ion of adsorpt ion e q u i l i b r i a over the ranges of temperatures a n d pres
sures used for the determinat ion of the constants. T h i s m a y be of interest, 
for example , i n o b t a i n i n g expressions i n an ana ly t i ca l f o r m for di f ferent ia l 
heats a n d entropies of adsorpt ion most closely corresponding to exper i 
m e n t a l data. 

T h e coefficient of the first t e rm of the v i r i a l series i n E q u a t i o n 1 is 
the inverse H e n r y constant for the temperature considered. F r o m the 
g r a p h of the isotherm i n F i g u r e 3 of the survey paper , i t fo l lows that the 
l inear i ty of the i n i t i a l sect ion of the adsorpt ion isotherm of ethane o n 
zeol i te L i X i n accordance w i t h the ca lcula ted H e n r y constant is observed 
for adsorpt ion values not exceeding 0.7 m m o l e / g . A c c o r d i n g to Κ. N . 
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64 M O L E C U L A R SIEVE ZEOLITES II 

M i k o s ( 5 ) , d e h y d r a t e d zeol i te L i X contains 3.99 χ 10 2 0 large voids per 
g r a m , corresponding to 0.68 m m o l e / g . T h u s , for ethane, the u p p e r b o u n d 
ary of the H e n r y reg ion corresponds, o n the average, to a m a x i m u m of one 
molecule per large v o i d of the zeolite. I n the case under considerat ion, 
each molecule adsorbed w i t h i n the H e n r y reg ion occupies a space i n a 
separate large v o i d of the zeol i te , w h i c h leads to the constancy of the 
adsorpt ion energy a n d to the absence of interact ion a m o n g the molecules 
adsorbed. J u d g i n g b y the g r a p h of F i g u r e 6 of the survey, the dif ferent ia l 
heats of adsorpt ion of ethane do not v a r y s ignif icantly i n this range of 
fillings. 

T h e increase i n the di f ferent ia l heats of adsorpt ion w i t h filling is 
usua l ly a t t r ibuted to the manifestat ion of interact ion, n a m e l y of attraction 
be tween the molecules adsorbed. T h i s effect is chief ly expressed b y the 
second te rm of the v i r i a l equat ion. S u c h examples are i l lustrated b y the 
curves of the g r a p h i n F i g u r e 6 of the survey paper for adsorpt ion of 
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Figure 1. Dependence of differential heats of 
adsorption of propane, Q , on adsorption values, a, 
for active carbon (above) and zeolite NaX (below) 
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43. KISELEV Vapor Adsorption On Zeolites 65 

xenon a n d ethane o n zeoli te L i X . H o w e v e r , for carbonaceous m i c r o -
porous adsorbents, for w h i c h micropore sizes d e t e r m i n e d b y the s m a l l -
angle x-ray scattering m e t h o d are v e r y close to those of large voids of the 
X - t y p e zeolite , the di f ferent ia l heats of adsorpt ion decrease w i t h filling 
i n the reg ion of s m a l l a n d m e d i u m fillings. O t h e r examples are the curves 
of di f ferent ia l heats of adsorpt ion of propane o n active carbon a n d zeoli te 
N a X w h i c h were s tudied i n our laboratory ( 2 ) a n d are g i v e n i n the g r a p h 
of F i g u r e 1. Since propane molecules are apolar a n d dispers ion interac
tions between t h e m are prac t i ca l ly independent of the or ientat ion of the 
molecules , the effect of attract ion between the molecules adsorbed s h o u l d 
manifest itself regardless of the nature of the adsorbent. I n ac tual fact , 
one can observe a qual i ta t ive difference i n the curves of di f ferent ia l heats 
of adsorpt ion w h i c h calls for thorough discussion. 

I bel ieve that at this juncture elegant ( as regards the general scheme ) 
molecular - s ta t i s t i ca l calculat ions as a p p l i e d to rea l adsorpt ion systems 
are based on such numerous s implif icat ions a n d approximat ions i n ca l cu
la t ion , i n est imating adsorpt ion energies a m o n g other things, that their 
results are rather of a qual i ta t ive nature. T h e i r quant i ta t ive significance 
s h o u l d not be overest imated. T h e mult i -constant v i r i a l equations f o l l o w 
i n g f r o m these concepts i n e m p i r i c a l determinat ion of constants na tura l ly 
describe adsorpt ion e q u i l i b r i a w i t h a h i g h degree of accuracy. 

T h e concepts of adsorpt ion i n micropores w h i c h are b e i n g d e v e l o p e d 
b y us a n d are of general importance for microporous adsorbents of var ious 
natures are a i m e d at other targets. T h e i r c o m m o n goa l is approximate 
descr ipt ion of adsorpt ion e q u i l i b r i a a n d ca lcula t ion of di f ferent ia l heats 
a n d entropies of adsorpt ion over sufficiently w i d e ranges of temperature 
a n d pressure o n the basis of m i n i m u m exper imenta l i n f o r m a t i o n ; for i n 
stance, f r o m a single adsorpt ion isotherm for the m e a n temperature. T h e y 
are also a i m e d at substantiat ing an adsorpt ion equat ion w i t h a m i n i m u m 
n u m b e r of exper imenta l ly d e t e r m i n e d constants; for instance, two. T h e 
f o r m of this equat ion, w h i c h expresses the dependence of adsorpt ion on 
pressure a n d temperature, s h o u l d p e r m i t its a p p l i c a t i o n i n d e v e l o p i n g the 
fundamentals of the theory of kinetics a n d dynamics of adsorpt ion. 

W e consider a divergence of ± 1 0 % b e t w e e n ca lcu la ted a n d exper i 
m e n t a l adsorpt ion values acceptable for p r a c t i c a l purposes. O n this basis, 
cr i ter ia are established w h i c h determine the l imits of a p p l i c a b i l i t y of 
equations. 

T h e concept of v o l u m e filling of micropores under r e v i e w is based 
o n a r a d i c a l difference of adsorpt ion i n micropores as a l i m i t i n g case as 
c o m p a r e d w i t h the opposite l i m i t i n g case of adsorpt ion on the surface 
of nonporous adsorbents of ident i ca l c h e m i c a l nature. T h e concept of 
adsorpt ion i n micropores is of a t h e r m o d y n a m i c a l nature, a n d its m a i n 
i n i t i a l p r i n c i p l e , w h i c h has the m e a n i n g of a ra t iona l a p p r o x i m a t i o n , con-
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M O L E C U L A R SIEVE ZEOLITES-

Figure 3. Characteristic curve of C02 adsorption on LiX; points 
correspond to experimental adsorption isotherms for temperatures 

from 273° to 363°K (A, cal/mole) 
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43. KISELEV Vapor Adsorption On Zeolites 67 

sists i n the assumption of temperature invar iance of the dependence of 
the di f ferent ia l m o l a r w o r k of adsorpt ion or of the var ia t ion i n G i b b s ' 
free energy on the degree of filling of the micropores . T h i s assumption 
is f u l f i l l e d approx imate ly on ly for adsorpt ion i n micropores . T h e nature 
of the d i s t r ibut ion of the degree of filling of micropores over di f ferent ia l 
m o l a r works of adsorpt ion is approx imated b y W e i b u l F s statist ical equa
t i o n of d is t r ibut ion . E x a m p l e s of approximate observance of the above-
ment ioned temperature invar iance a n d of the analyt i ca l expression of the 
dependence s tudied are i n the graphs of F igures 2 to 4, i n w h i c h the 
exper imenta l points corresponding to isotherms for different temperatures 
are denoted b y different symbols , w h i l e the continuous curves have been 
ca lcula ted on the basis of the parameters of the characterist ic equat ion 
for each adsorpt ion system. T h e g r a p h of F i g u r e 2 corresponds to a d 
sorption of benzene on active carbon C K over the temperature range 
f r o m 2 0 ° to 1 4 0 ° C a c c o r d i n g to experiments of E . F . Pols tyanov (4), the 
g r a p h of F i g u r e 3 to adsorpt ion of carbon d iox ide on zeoli te L i X accord
i n g to experiments of Ν. N . A v g u l et al. ( I ) over the range f r o m 0 ° to 
9 0 ° C , a n d the g r a p h of F i g u r e 4 to adsorpt ion of water o n zeolite N a X 
over the range f r o m 2 0 ° to 2 5 0 ° C accord ing to experiments of O . K a d l e c 

Figure 4. Characteristic curve of H20 adsorption on NaX; temperature 
range from 293° to 523°Κ (A, col/mole) 
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a n d A . Z u k a l ( 3 ) . I n m y p a p e r a n d the i n t r o d u c t i o n to it , I gave examples 
of the descr ipt ion of adsorpt ion e q u i l i b r i a a n d ca lcu la t ing of thermody
n a m i c funct ions based on the concept of v o l u m e filling of micropores , 
w h i c h is i n most cases a p p l i c a b l e w i t h a satisfactory accuracy w i t h i n the 
range of micropore fillings f r o m 0.2 to 1. 

N a t u r a l l y , the concept of v o l u m e filling of micropores does not re
place , b u t mere ly supplements the concepts of adsorpt ion d e v e l o p e d at 
the so-cal led "molecu lar l e v e l , " us ing, i n par t i cu lar , the m o l e c u l a r - s t a 
t i s t ica l approach . W e bel ieve that further development of b o t h ap
proaches w i l l i n the l o n g r u n result i n the substantiat ion of the i n i t i a l 
approximate proposit ions r e g a r d i n g v o l u m e filling of micropores , since 
they express the p r i n c i p a l exper imenta l facts. 
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Α . V . K i s e l e v : Zeolites are porous crystals. T h i s means that w e can 
find the molecu lar field d is t r ibut ion i n their channels. T h e advantage of 
descr ib ing the adsorpt ion on zeolites us ing the molecular theory consists 
i n obta in ing the constants w h i c h have a definite p h y s i c a l m e a n i n g ( for 
example , the H e n r y constant a n d second v i r i a l coeff ic ient) . F u r t h e r de
v e l o p m e n t of the theory needs a further i m p r o v e m e n t of the m o d e l based 
o n the invest igat ion of the adsorbate-zeol i te systems b y the use of m o d e r n 
p h y s i c a l methods. 

T h e other w a y of treat ing the exper imenta l i sotherm of adsorpt ion 
is connected w i t h the P o l a n y i assumption that the adsorbate has a density 
w h i c h is close to the densi ty of the corresponding l i q u i d . T h e advantage 
of this m e t h o d consists i n the poss ib i l i ty of ca lcu la t ing the isotherm us ing 
only a f e w constants. T h e disadvantage of this concept is connected w i t h 
the e m p i r i c a l character of these constants a n d w i t h the i m p o s s i b i l i t y of 
descr ib ing b y this method the i n i t i a l par t of the isotherm a n d also the 
isotherms h a v i n g an inf lexion point . 
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Description of Adsorption Equilibria of 
Vapors on Zeolites over Wide Ranges of 
Temperature and Pressure 

M . M . D U B I N I N 

Institute of Physical Chemistry, Academy of Sciences of the USSSR, 
Moscow V-71 , U S S R 

V. A. A S T A K H O V 

Bielorussian Technological Institute, Minsk 50, U S S R 

The distinguishing feature of zeolites as microporous ad
sorbents is the presence of cations in the micropores. These 
cations are centers for the adsorption of molecules with a 
nonuniform electron density distribution. An attempt has 
been made to develop the theory of volume filling of micro
pores for approximate description of adsorption equilibria 
of vapors on zeolites over wide temperature ranges. An 
adsorption equation has been obtained which takes into con
sideration, in the general case, both dispersion forces and 
the forces of interaction of molecules with ions. This equa
tion describes adsorption on the active centers and the filling 
of the remainder of the adsorption space of the voids after 
the blocking of the active centers. Several examples of agree
ment between the results of calculation and experimental 
data are given. 

T h e descr ipt ion of adsorpt ion e q u i l i b r i a on rea l microporous adsorbents 
A (3)—i.e., act ive carbons, zeolites, a n d other fine-pore m i n e r a l a d 

sorbents—over w i d e ranges of temperature a n d pressure m a y have 2 
objectives: (1) T h e most accurate possible ana ly t i ca l expression of the 
aggregate exper imental data , w h i c h is used to determine the constants 
of the adsorpt ion equat ion. I n this case, the n u m b e r of constants is re la 
t ive ly large, a n d usua l ly most of t h e m acquire a semi -empir i ca l nature. 
(2) U t i l i z a t i o n of m i n i m a l exper imenta l i n f o r m a t i o n — f o r instance, a d -

69 
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70 M O L E C U L A R SIEVE ZEOLITES Π 

sorpt ion isotherms at 1 or 2 temperatures—for approximate ca lcu la t ion 
of adsorpt ion e q u i l i b r i a over a sufficiently w i d e range of temperature a n d 
pressure. I n this case, the adsorpt ion equat ion has fewer exper imental 
constants. T h e f o l l o w i n g discussion pursues this a i m . 

It is expedient to base the descr ipt ion of adsorpt ion e q u i l i b r i a for 
microporous adsorbents o n the theory of v o l u m e filling of micropores . 
T h i s theory has been d e v e l o p e d m a i n l y for microporous carbonaceous 
adsorbents—i.e., act ive carbons—for w h i c h the decis ive role i n adsorp
t ion interact ion is p l a y e d b y dispers ion forces (4, 5, 6). T h e theory is 
based o n the concept of temperature invar iance of the characterist ic 
c u r v e expressing the d i s t r i b u t i o n of the degree of filling, 0, of the v o l u m e 
of the adsorpt ion space a c c o r d i n g to the di f ferent ia l molar w o r k of a d 
sorpt ion, A — a n exper imenta l fact w h i c h ac tual ly was noted b y P o l a n y i 
w i t h a different interpretat ion. D e t e r m i n i n g the di f ferent ia l m o l a r w o r k 
of adsorpt ion as a decrease i n G i b b s ' free energy ( A = —AG): 

A = RT In ( p . / p ) = 2.303 RT log ( p . / p ) (1) 

w h e r e ps is the pressure of the saturated vapor of the substance under 
s t u d y ( s tandard reference state) at a temperature Τ or fugac i ty , a n d ρ 
is the e q u i l i b r i u m pressure. T h e characterist ic curve equat ion of the 
theory m a y be represented as f o l l o w s : 

θ = exp [ — kA2] = exp [—{A/E)2] (2) 

I n these 2 equivalent forms of E q u a t i o n 2 

θ = a/a0 (3) 

w h e r e a is the adsorpt ion at a temperature Γ a n d e q u i l i b r i u m pressure 
p, a n d a0 is the l i m i t i n g adsorpt ion va lue corresponding to the filling of 
the w h o l e v o l u m e of the adsorpt ion space W0 or of the m i c r o p o r e v o l u m e , 
a n d k or Ε are parameters of the d i s t r i b u t i o n f u n c t i o n ( E = l/y/k). 
T h e l i m i t i n g adsorpt ion , a0, depends o n the temperature as a result of the 
t h e r m a l expansion of the substance adsorbed. W e neglect the temper
ature changes of W0. I f p * is the density of the substance adsorbed at a 
l i m i t i n g m i c r o p o r e filling, w h i c h easi ly can be ca lcu la ted to a g o o d ap
p r o x i m a t i o n a c c o r d i n g to M . M . D u b i n i n a n d Κ. M . N i k o l a e v f r o m the 
p h y s i c a l constants of the substance (densit ies of the b u l k l i q u i d to the 
b o i l i n g temperature , the constant b i n the v a n der W a a l s equat ion c a l 
c u l a t e d f r o m the c r i t i c a l temperature a n d pressure) ( 1 0 ) , then 

a0 = Wo p* (4) 

I f i n E q u a t i o n 2, w e express A as i n E q u a t i o n 1 a n d θ as i n E q u a t i o n 3, 
w e w i l l o b t a i n the adsorpt ion isotherm equat ion for the g i v e n tempera
ture , T . Reference 4 quotes examples of exper imenta l ver i f icat ion over 
w i d e ranges of temperature a n d e q u i l i b r i u m pressures of these equations 
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44. DUBININ AND ASTAKHOV Adsorption Equilibria of Vapors 71 

of the theory of v o l u m e filling of micropores for the adsorpt ion of var ious 
vapors o n active carbons w i t h different parameters of the microporous 
structure. 

Generalization of the Concept of Volume Filling of Micropores to 
Adsorption of Gases and Vapors on Zeolites 

T h e general izat ion u n d e r r e v i e w is based o n a n analysis of adsorp
t i o n e q u i l i b r i a of various gases a n d vapors over w i d e ranges of temper
ature a n d pressure on different types of zeolites. F o r this purpose , use 
is m a d e of the authors ' o w n exper imental data a n d of p u b l i s h e d results 
of investigations b y other workers . T h i s exper imenta l mater ia l is a n a l y z e d 
a n d discussed f r o m a n e w poin t of v i e w . 

T h e d is t inguish ing feature of d e h y d r a t e d zeolites as microporous 
a luminosi l icate adsorbents lies i n the presence i n their voids— i .e . , m i c r o 
pores—of cations. These cations compensate excess negative charges 
of their a luminosi l i cate skeletons. T h e cations f o r m , i n the zeolite m i c r o 
pores, centers for the adsorpt ion of molecules w i t h a n o n u n i f o r m dis
t r i b u t i o n of the electron densi ty ( d i p o l e , q u a d r u p o l e , or m u l t i p l e - b o n d 
molecules ) or of po lar izab le molecules. These interactions, w h i c h w i l l be 
ca l l ed , somewhat convent ional ly , electrostatic interactions, combine w i t h 
dispers ion interactions a n d cause a considerable increase i n the adsorp
t ion energy. A s a result, the adsorpt ion isotherms of vapors on zeolites, 
as a rule , become m u c h steeper i n the i n i t i a l regions of e q u i l i b r i u m pres
sures as c o m p a r e d w i t h isotherms for act ive carbons. 

T h e tota l amount of N a + cations i n d e h y d r a t e d zeol i te crystals i n 
passing f r o m N a A (x = S i 0 2 / A l 2 0 3 = 2) to the zeoli te N a Y (x = 5) 
varies f r o m 7.2 to 4.2 m m o l e / g r a m . A t y p i c a l example is zeolite N a X 
(x = 2.96), for w h i c h the amount of cations is e q u a l to 5.9 m m o l e / g r a m . 
T h e p r i n c i p a l results of adsorpt ion investigations g iven b e l o w have been 
obta ined b y us a n d b y Α. V . K i s e l e v on this sample of zeoli te , w h i c h was 
synthesized b y S. P . Z h d a n o v . If w e exclude, for this zeoli te , cations i n 
pos i t ion S i ins ide s ix-membered oxygen bridges, w h i c h are inaccessible 
to the molecules b e i n g adsorbed (2 cations per large v o i d ) , the amount 
of cations i n large zeol i te voids w i l l be about 4.7 m m o l e / g r a m . O f this 
amount , 2.4 m m o l e / g r a m are l o c a l i z e d i n s ix-membered w i n d o w s of cube-
octahedra a n d 2.3 m m o l e / g r a m are nonloca l ized . It is not clear yet 
whether cations not loca l ized i n large voids can be adsorpt ion centers— 
i.e., loca l iza t ion centers of the molecules adsorbed. Therefore , the amount 
of act ive centers i n the zeoli te N a X u n d e r s tudy is at least 2.4 m m o l e / 
gram. 

T h e m a x i m a l adsorpt ion value , a0, a n d the average number , N, of 
molecules per large v o i d of zeoli te (x = 2.96) d e p e n d o n the size of the 
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72 M O L E C U L A R SIEVE ZEOLITES Π 

molecules adsorbed. T h e exper imental values of a0 a n d the ca lcula ted 
values of Ν are g iven i n T a b l e I. 

Table I. Limiting Adsorption Values 

No. Substance T,°K ao, Mmole/Gram Ν 

1 W a t e r 293 20.26 33.4 
2 O x y g e n 90 10.72 18.0 
3 A r g o n 90 10.26 17.0 
4 N i t r o g e n 77 9.71 16.5 
5 Benzene 293 3.30 5.5 
6 n-Pentane 293 2.56 4.2 
7 Cyc lohexane 293 2.32 3.8 

T a b l e I shows that, for the s m a l l molecules , substances 1-4, the m a x i 
m u m n u m b e r of adsorbed molecules cons iderably exceeds the n u m b e r 
of adsorpt ion centers of the zeolite. F o r the larger molecules , substances 
5 -7 , the m a x i m u m n u m b e r of adsorbed molecules is close to the n u m b e r 
of adsorpt ion centers. Therefore , 2 l i m i t i n g cases are t y p i c a l for adsorp
t ion o n zeolites. T h e first case corresponds to the adsorpt ion of re lat ively 
larger molecules (as c o m p a r e d w i t h the v o i d sizes for the zeolite i n h a n d ) , 
w h i c h is de termined to a great extent b y the interact ion of the molecules 
adsorbed w i t h the adsorpt ion centers of the zeoli te even for the m a x i m a l 
filling of the zeoli te voids . I n the second case, after the filling of the 
adsorpt ion centers, there m a y r e m a i n a free space i n the zeoli te voids 
for adsorpt ion as a result of the manifestat ion of b o t h dispers ion forces 
(adsorbent—adsorbate interact ion) a n d the forces of interact ion between 
the molecules adsorbed (adsorbate-adsorbate in terac t ion) . 

L e t us first consider the most c o m m o n case. A n analysis of m a n y 
adsorpt ion isotherms o n zeolites of various vapors w i t h re lat ively large 
molecules has s h o w n that the characterist ic curves are expressed b y an 
equat ion s imi lar to E q u a t i o n 2, b u t w i t h p o w e r ( d i s t r i b u t i o n order , n) 
higher than 2 : 

θ = exp[-(A/Ey] (5) 

w h e r e η are integers f r o m 3 to 6. I n most cases, E q u a t i o n 5 satisfactori ly 
describes exper imental data over the range of fillings, Θ, f r o m <—0.1 to 1 
as dis t inct f r o m E q u a t i o n 2, w h i c h is appl i cab le on ly to the reg ion of 
h i g h fillings f r o m 0.8 to 1. 

L e t us n o w consider the basic properties of the characterist ic E q u a 
t i o n 5, w h i c h is a W e i b u l l d i s t r ibut ion equat ion (13). Irrespective of 
the d i s t r ibut ion order, n , the curves expressed b y it have 2 points i n c o m 
m o n : a po int corresponding to m a x i m a l adsorpt ion a = a0 (Θ = 1) a n d 
a characterist ic po int at a = a0/e, w h e r e e is the n a t u r a l logar i thm base 
(0 = 0.368). If the di f ferent ia l molar w o r k of adsorpt ion for the char-
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44. DUBININ AND ASTAKHOV Adsorption Equilibria of Vapors 73 

acterist ic p o i n t is A 0 , then, a c c o r d i n g to E q u a t i o n 5, Ε = AQ. T h u s , the 
parameter Ε of E q u a t i o n 5 is expressed, l i k e A , i n units of energy per 
mole of the substance adsorbed. W e w i l l c a l l Ε the characterist ic a d 
sorpt ion energy a n d express i t i n c a l / m o l e . A t h e r m o d y n a m i c a l analysis 
has s h o w n that the characterist ic adsorpt ion energy, E, p rac t i ca l ly c o i n 
cides w i t h the net di f ferent ia l heat of adsorpt ion for the characterist ic 
point . T a b l e I I lists, as a n i l lus t ra t ion , the characterist ic adsorpt ion en
ergy, E, of a n u m b e r of various temperatures ca lcula ted f r o m exper imen
t a l adsorpt ion isotherms o n zeol i te N a X (x = 2.96) a c c o r d i n g to experi 
ments of E . F . Po ls tyanov ( I I ) (pentane, benzene, a n d cyc lohexane) , 
B . P . B e r i n g a n d V . V . Serpinsky (2 ) ( p r o p a n e ) , a n d Α. V . K i s e l e v (8 ) 
(hexane) . O n the basis of the adsorpt ion values for the characterist ic 
points of the isotherms, w h i c h are equa l to a = 0.368 a0 a c c o r d i n g to 
E q u a t i o n 3, the e q u i l i b r i u m pressures, p, w e r e f o u n d b y interpola t ion , 
a n d A 0 = Ε w e r e ca lcula ted f r o m E q u a t i o n 1. T h e l i m i t i n g volumes of 
the adsorpt ion space, W0, were de termined f r o m the adsorpt ion isotherm 
for each v a p o r at the lowest temperature a c c o r d i n g to E q u a t i o n 4, a n d 
the values of a0 were ca lculated f r o m the same equat ion for other t em
peratures w i t h the c o n d i t i o n W0 = constant; that i s : 

a0 = a0° (po*/p*) (6) 
I n E q u a t i o n 6, a0° is a n exper imenta l ly de termined adsorpt ion v a l u e for 
a temperature T0, a n d a0 the ca lcula ted l i m i t i n g adsorpt ion value for a 
pre-assigned temperature, T . I n the case of zeolites, the l i m i t i n g adsorp
t i o n volumes , W0, are p e r c e p t i b l y r e d u c e d w i t h an increase i n the size 
of the molecules adsorbed. T h u s , W0 acquire the nature of effective 
values. 

A s seen f r o m T a b l e I I , the deviat ions of the va lue of Ε f r o m the 
average values for the g i v e n substances, w i t h the except ion of benzene, 
are smal l . T h e temperature invar iance of Ε impl ies the temperature i n 
var iance of the characterist ic E q u a t i o n 5. F o r benzene ( n = 4 ) over 
the temperature range f r o m 3 5 3 ° to 413 °K , the va lue of Ε decreases per
c e p t i b l y w i t h r i s ing temperature. Devia t ions f r o m the average va lue of 

Table I I . Characteristic Adsorption Energies 

Propane n-Pentane Cyclohexane n-Hexane Benzene 

T,°K Ε Ύ,°Κ Ε τ;κ Ε Ύ,ΌΚ Ε τ;κ Ε 

253 4150 273 6080 293 6190 473 6696 353 9250 
298 4150 293 6120 323 6160 498 6645 383 9020 
313 4160 323 6040 353 6150 423 6605 413 8790 
333 4160 353 6080 383 6150 548 6607 
353 4080 383 6020 413 6010 573 6659 
369 4190 
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74 M O L E C U L A R SIEVE ZEOLITES II 

Ε are e q u a l to ± 2 . 5 % a n d are m a t c h e d b y deviat ions of the ca lcu la ted 
values of fillings, Θ, ( a n d a c c o r d i n g l y of the adsorpt ion values) b y ± 9 . 5 % 
f r o m the va lue θ = 0.368 for the characterist ic point . A t lower temper
atures, considerable deviat ions are observed. O n the other h a n d , for 
the adsorpt ion of acetylene o n act ive centers of zeoli te N a A , the va lue of 
Ε remains p r a c t i c a l l y constant (E = 8090 c a l / m o l e ) over the temperature 
range f r o m 2 7 3 ° to 423 °K. 

N a t u r a l l y , for adsorpt ion o n cations i n zeolite voids , w h i c h w e have 
c a l l e d electrostatic adsorpt ion , the concept of the invar iance of charac
teristic curves is a rather c rude approx imat ion . T h i s is d i rec t ly i n d i c a t e d 
b y characterist ic curves constructed f r o m exper imenta l adsorpt ion iso
therms for a sufficiently w i d e temperature range. H o w e v e r , for the p u r 
poses of p r a c t i c a l descr ipt ion of adsorpt ion e q u i l i b r i a , such a n a p p r o x i 
mate assumption i n a contro l led temperature range is reasonable. A 
general evaluat ion w i l l be m a d e be low. 

F r o m E q u a t i o n s 5 a n d 3, i t is easy to obta in the expression 

η = l n l n (a0/a)/\n (A/E) (7) 

w h i c h serves to estimate the va lue of the exponent n, assuming that a/a0 

is not too close to 0.368, i.e., to the characterist ic point . U s u a l l y , the ca l 
c u l a t e d value of η differs o n l y ins igni f icant ly f r o m an integer, w h i c h is 
taken as the order of d i s t r ibut ion of η i n the characterist ic E q u a t i o n 5. 

W e n o w w i l l consider the second case of adsorpt ion on zeolites A 
a n d X of re la t ive ly s m a l l molecules , w h e n , at the i n i t i a l a n d final stages 
of the filling of the adsorpt ion space of zeolites, adsorpt ion is d u e to the 
p r e d o m i n a n t manifestat ion of various forms of adsorpt ion interactions. 
T h e n for each var ie ty of p r e d o m i n a n t interact ion, for instance dispersion 
or electrostatic interact ion, E q u a t i o n 7 m a y be represented i n the f o r m 

θ η = exp [-(A/Eny\ (8) 

H e r e , the d i s t r i b u t i o n order n, the characterist ic energy En, a n d the m a x i 
m a l adsorpt ion va lue w i l l be different for each interact ion. I n accordance 
w i t h E q u a t i o n 3 for θ a n d w i t h E q u a t i o n 8, the tota l adsorpt ion value 
m a y be w r i t t e n thus : 

a = ao2 θ2 + aon θ η (9) 

w h e r e η = 2 i n the first t e rm of E q u a t i o n 9. P r o c e e d i n g f r o m the con
cept of the v o l u m e filling of micropores w i t h a l i m i t i n g v o l u m e of the 
adsorpt ion space, W0, the l i m i t i n g adsorpt ion value ( i n p r i n c i p l e at p/ps 

= 1 w h e n a l l θη = 1 ) w i l l be expressed as : 

Wop* = ao2 + a ( (10) 
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44. DUBININ AND ASTAKHOV Adsorption Equilibria of Vapors 75 

F r o m E q u a t i o n 10, w e obta in for l i m i t i n g adsorpt ion ao2, cons ider ing the 
dispers ion forces, 

a02 = W0Ç>* - don (11) 

If no adsorpt ion space remains for adsorpt ion under the effect of dis 
pers ion forces because of the size of the molecules a l ready adsorbed o n 
the act ive centers—i.e., ao2 = 0 — w e obta in f r o m E q u a t i o n 10: 

aon = Wo?* (12) 

A c c o r d i n g to the data of analysis of m a n y adsorpt ion systems, the 
first t e rm i n E q u a t i o n 9 corresponding to the second order appears o n l y 
w h e n cons ider ing adsorpt ion of re la t ive ly s m a l l molecules . T h e y i n c l u d e 
molecules of l inear shape, such as the d i a t o m i c gases, carbon d iox ide , 
carbon monoxide , etc. E x p e r i m e n t a l l y rea l izable orders, n, are integers 
f r o m 3 to 6 i n the general case. W i t h larger p o l y a t o m i c molecules , no 
adsorpt ion space remains i n the zeoli te vo ids for final adsorpt ion u n d e r 
the effect of dispers ion forces. T h e n E q u a t i o n 9 retains o n l y the second 
term, a n d aon is expressed b y E q u a t i o n 12. 

T h e n u m b e r of adsorpt ion centers of zeol i te aon can be de termined 
b y different methods—for instance, f r o m the adsorpt ion isotherm of 
water at a temperature of about 300 ° C . U n d e r these condit ions , the 
cont r ibut ion of the first term of E q u a t i o n 9 to the total adsorpt ion value 
i n the i n i t i a l reg ion of the isotherm is n e g l i g i b l y smal l . F o r zeolite N a X , 
w e first adopt the average n u m b e r of adsorpt ion centers for their pos
s ible range est imated above f r o m the zeoli te composi t ion , w h i c h is about 
3.5 m m o l e / g r a m , or a n adsorpt ion value of about 1.2 m m o l e / g r a m for 
the characterist ic point . F r o m E q u a t i o n 1, w e find an approximate va lue 
of Ε = A0 a n d , u s i n g E q u a t i o n 7, w e estimate the exponent, n, w h i c h is 
close to 4. A s s u m i n g η = 4, w e obta in , b y the m e t h o d of successive ap
proximat ions , aon = 2.72 m m o l e / g r a m . T h i s va lue of aon was adopted as 
the n u m b e r of the adsorpt ion centers of zeoli te N a X a n d was used w i t h 
a n insignif icant correct ion for cases of adsorpt ion of other gases a n d 
vapors w i t h re la t ive ly smal l molecules—for instance, C 0 2 . 

O u r experiments on the b l o c k i n g of adsorpt ion centers (i.e., zeoli te 
cat ions) b y preadsorbed water molecules serve to substantiate the p h y s 
i c a l m e a n i n g of E q u a t i o n 9. F o r the adsorpt ion of carbon d iox ide o n 
d e h y d r a t e d crystals of zeoli te N a X , E2 = 3470 c a l / m o l e , η = 3, αολ = 
2.90 m m o l e / g r a m , a n d E 3 = 5200 c a l / m o l e , the second term of E q u a t i o n 
9 expressing adsorpt ion o n act ive centers, w h i c h amount to 2.90 m m o l e / 
gram. W a t e r is adsorbed energetical ly o n active centers ( n = 4, E 4 = 
9150 c a l / m o l e ) , a n d as a result of preadsorpt ion of 3.5 m m o l e / g r a m of 
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water v a p o r o n zeolite, a l l the active centers are prac t i ca l ly b l o c k e d a n d 
the adsorpt ion space of the zeoli te is r e d u c e d o n l y b y 19 .5%. T h e e q u i 
l i b r i u m pressure of preadsorbed water at 2 0 ° C is of the order of 0.001 torr 
a n d prac t i ca l ly does not affect the measurements of e q u i l i b r i u m pres
sures i n subsequent adsorpt ion of c a r b o n d iox ide . A s a result of the 
b l o c k i n g of adsorpt ion centers, adsorpt ion of carbon diox ide is expressed 
o n l y b y the first term of E q u a t i o n 9 at E2 = 3050 c a l / m o l e . A further 
increase i n the amount of preadsorbed H 2 0 reduces E2 o n l y s l ight ly . 
T h u s , i f adsorpt ion o n cations is exc luded, the zeoli te becomes a n anal 
ogue of microporous carbonaceous adsorbents to w h i c h E q u a t i o n 2 is 
appl i cab le . 

E q u a t i o n 5 at η = 2 describes, to a good approx imat ion , the adsorp
t i o n of vapors o n active carbons, for instance, the adsorpt ion of benzene 
w i t h a var ia t ion of the characterist ic energy E2 f r o m 3000 to 6000 c a l / 
mole . H o w e v e r , for active carbons w i t h the finest micropores , w h e n E 2 

of benzene substant ial ly exceeds 6000 c a l / m o l e — f o r example, for active 
c a r b o n obta ined f r o m p o l y v i n y l i d e n e ch lor ide (E2 = 7240 c a l / m o l e ) — 
E q u a t i o n 5 w i t h η = 2 is a p p l i c a b l e o n l y to θ $C 0.5 w i t h the effective 

-1.6 -1.2 ~0.8 -OA 0 0.4 0.8 1.2 1.6 2.0 log ρ 

Zhurnal Fizicheskoi Khimii 

Figure 1. Adsorption isotherm of n-hexane vapor on zeolite NaX 
(x = 2.96) at different temperatures ( 8 ) 

Solid lines: Equation 5 (using f8 /), W 0 = 0.226 cm3/gram, the values of aQ 

were calculated by Equation 4, η = 4, and E/„ = 6642 cal/mole 
Circles: experimental points 
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a mmole I g 
A -20° 

ι I ι ι ι 

-/ 0 1 2 δ Log ρ 

Zhurnal Fizicheskoi Khimii 

Figure 2. Adsorption isotherms of carbon 
dioxide on zeolite NaX (x = 2.96) at differ

ent temperatures ( 1 ) 

Solid lines: Equation 9, WG = 0.345 cm3/gram, 
E2 — 3470 cal/mole, η = 3, a0a = 2.90 mmole/ 

gram, and E3 = 5200 cal/mole 
Circles: experimental points 

value of W0 almost 1.5 times the rea l v o l u m e of the c a r b o n micropores . 
B u t w i t h η = 3, E q u a t i o n 5 approximates qui te satisfactori ly the char
acteristic curve over the range θ = — 0 . 1 - 1 , w i t h the va lue of W0 cor
responding to the rea l micropore vo lume. T h u s , for the adsorpt ion of 
vapors as a result of the manifestat ion of dispers ion forces on active 
carbons w i t h the finest micropores , the order of the characterist ic equa
t i o n becomes e q u a l to 3. Perhaps for a s imi lar reason, the adsorpt ion of 
acetylene o n m o l d e d zeolite N a A [experiments of the L i n d e C o . ( 9 ) J is 
expressed b y a n equat ion s imi lar to E q u a t i o n 9, b u t w i t h η = 3 for 
adsorpt ion caused b y dispers ion forces, i.e. 

a = aQz θ3 + aon θ η (13) 

F o r adsorpt ion on active centers of zeolite, η = 5. I n this case, for de
h y d r a t e d zeolite , E 3 = 4870 c a l / m o l e a n d E 5 = 8090 c a l / m o l e . P r e a d -
sorpt ion of 5 . 1 % water prac t i ca l ly blocks the adsorpt ion centers, the 
second te rm of E q u a t i o n 13 disappears, a n d the equat ion for acetylene 
becomes a one-term equat ion w i t h E 3 = 4590 c a l / m o l e . A further i n 
crease i n the preadsorbed amount of water to 19 .1% is a c c o m p a n i e d b y 
a decrease i n E 3 to 4030 c a l / m o l e . 
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a mg/g 

Figure 3. Adsorption isotherms of water va
por on zeolite NaX (x = 2.96) at different tem
peratures (7 ) ; densities of water in adsorbed 

state p* were calculated after Ref. 7 

Solid lines: Equation 9, WG == 0.365 cm3/gram, 
E2 = 3660 cal/mole, η = 4, aoi = 2.72 mmole/ 
gram = 49.0 mg/gram, and = 9150 cal/mole 

Circles: experimental points 

a mg/g 

too γ 

Figure 4. Adsorption isotherms of acetylene on pellets of zeolite NaA 
[experiments of the Linde Co. (9 ) ] 

Solid lines: Equation 13, W 0 = 0.172 cm3/gram, Es = 4870 cal/mole, η = 5, 
ao5 = 2.23 mmole/gram = 58.1 mg/gram, and E 5 = 8090 cal/mole 

Circles: experimental points 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

44



44. DUBININ AND ASTAKHOV Adsorption Equilibria of Vapors 79 

Examples of Description of Adsorption Equilibria on Xeolites 

W i t h the a i d of a computer , about 40 adsorpt ion systems have been 
a n a l y z e d for e q u i l i b r i u m . T y p i c a l examples are presented i n the graphs 
of F igures 1 to 4, w h e r e the so l id curves represent ca lcula ted adsorpt ion 
isotherms a n d the circles denote exper imenta l points . T h e temperatures 
are expressed i n degrees centigrade a n d pressures i n m m of H g ( t o r r ) . 
F r o m above-cr i t i ca l temperatures, for instance, n-hexane (tc = 2 3 5 ° C ) 
a n d acetylene (tc = 3 6 ° C ) , effective values have been obta ined b y extra
p o l a t i n g the l inear dependence of p* on t a c c o r d i n g to E q u a t i o n 5 for the 
temperatures ind ica ted . Ef fec t ive values of ps for t > tc were ca lculated 
b y the v a n der W a a l s equat ion, w h i c h m a y be w r i t t e n i n the f o r m ( 12 ) 

ps = Pc exp [γ (Τ - Tc)/T] (14) 

the va lue for n-hexane a n d acetylene b e i n g y = 7.00 a n d 6.61 respec
t ive ly . T h i s equat ion shows good agreement w i t h exper imenta l data i n 
the range of ps f r o m 1 a tm to pc. 

F o r a n u m b e r of systems, for instance, for carbon d iox ide a n d acety
lene i n the examples quoted , En/n ^ constant. 

T h e examples above demonstrate satisfactory agreement be tween 
the ca lcula ted results a n d the exper imental data . T h i s shows that the 
i n i t i a l approx imate assumptions are reasonable. I n most cases, the one-
t e r m E q u a t i o n 5 is appl i cab le for the descr ipt ion of adsorpt ion e q u i l i b r i a 
o n zeolites, p a r t i c u l a r l y for zeolites w i t h s m a l l voids (zeol i te L , chaba-
site, erionite, mordeni te ) for w h i c h , i n adsorpt ion of hydrocarbons , η = 
3 as a rule . T h e concept of the v o l u m e filling of micropores makes i t 
possible to describe adsorpt ion e q u i l i b r i a over sufficiently w i d e ranges 
of temperatures a n d pressures ( u s i n g f8 instead of ps) w i t h the use of 
on ly 3 exper imental ly de termined ( u s u a l l y f r o m 1 adsorpt ion isotherm 
for the average temperature) constants, W0, A , a n d n . T h e constant η 
requires o n l y a tentative est imation, since it is expressed b y an integer. 
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RECEIVED January 23, 1970. 

Synthet ic zeolites of various types differ i n the n u m b e r of cations 
i n their voids w h i c h are accessible for direct interact ion w i t h the mole 
cules adsorbed. T a b l e I lists, for t y p i c a l examples of zeolites, the numbers 
of accessible cations Na per zeoli te v o i d a n d their n u m b e r Ζ i n m m o l e / 
g r a m for d e h y d r a t e d zeolites. W h e n passing f r o m zeoli te N a A to zeolite 
L , the n u m b e r of accessible cations Ζ—i.e., the n u m b e r of adsorpt ion 
centers i n the void—decreases almost b y a factor of 10. Therefore , i n the 
case of zeoli te L , the relat ive role of interactions among cations a n d 
molecules adsorbed, convent ional ly ca l led electrostatic, w i l l be a p p r o x i 
mate ly one order lower than for zeolite N a A . I n adsorpt ion on this zeo
lite of substances w i t h s l ight ly p r o n o u n c e d n o n u n i f o r m i t y of d i s t r ibut ion 
of electron density i n molecules—for instance, saturated h y d r o c a r b o n s — 
one m a y expect that electrostatic interactions w i l l not p l a y the decisive 
role. A s a result, w e obta in the l i m i t i n g case of adsorpt ion on zeolites 
l ike zeolite L a n d erionite w i t h a weak electrostatic interact ion. 

E x a m p l e s are adsorpt ion e q u i l i b r i a on zeolite L of methane w i t h i n 
the temperature range f r o m —117° to —30° C s tudied i n a w o r k of Barrer 

Addendum 

Table I. Basic Data on Cations in Zeolites 

Si02 

AW, 

Cations per Void 

Zeolite Total Accessible 
Ν Na M mole/Gram 

N a , K - E r i o n i t e 
N a - M o r d e n i t e 
N a , K - Z e o l i t e 

N a - F a u j a s i t e 
N a , K - C h a b a z i t e 

N a A 2 
2.2-.5 

4 
6.6 
10 

6 

12 
11.4-6.9 

4 
4 
4 
9 

12 
9.4-4.9 

2 

3 
2 
2 

7.1 
5.7-2.9 

3.8 
1.7 
1.3 
0.81 
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44. DUBININ AND ASTAKHOV Adsorption Equilibria of Vapors 81 

a n d L e e ( I ) . T h i s case is also of general interest because the c r i t i ca l 
temperature of methane, — 8 2 . 5 ° C , lies i n this in terva l . 

If w e neglect the difference between electrostatic a n d dispers ion i n 
teract ion energies, then, i n accordance w i t h the concept of v o l u m e filling 
of micropores descr ibed previous ly , the equat ion of adsorpt ion of methane 
on zeol i te L w i l l be expressed b y Ref. 3 as 

a = a 0 e x p [-(Α/Ε)"] (1) 

where Ε is the characterist ic adsorpt ion energy, the exponent of E q u a t i o n 
1, η = 3 for an adsorbent w i t h fine micropores , a n d A the di f ferent ia l 
molar w o r k of adsorpt ion 

A = RT\n(fs/p) (2) 

e q u a l ( w i t h a minus s ign) to the var ia t ion i n G i b b s ' free energy. 

α 

Figure 1. Adsorption isotherms of methane on zeolite L for temperatures: 
I , -117.2°; 2, -94.8°; 3, -80.6°; 4, -61.4°; 5, -30°C fa, Cm3NTP/G; 

p, Ton) 
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A = -AG (3) 

W e take, as a s tandard reference state, the state of the b u l k l i q u i d meth
ane of the same temperature Τ i n e q u i l i b r i u m w i t h a vapor of fugac i ty 
fs. F o r supercr i t i ca l temperatures, w e assumed extrapolated effective 
values of fugac i ty fs. 

T h e i n i t i a l computa t iona l data—i.e., the characterist ic energy Ε a n d 
the l i m i t i n g adsorpt ion va lue aQ = a0°—were de termined f r o m the g r a p h 
of a s ingle exper imenta l adsorpt ion isotherm for a mean temperature , 
t0 = — 8 0 . 6 ° C , represented i n the l inear f o r m of E q u a t i o n 1: 

log a = log a0 - ( 0 . 4 3 4 / # 3 ) A 3 (4) 

0 100 BOO 580 400 Ρ 
Figure 2. Adsorption isotherms of carbon dioxide on Κ,Να-erionite for 
temperatures: 1, 20°; 2, 40°; 3, 60°; 4, 80°; 5, 100°; 6, 120°; 7, 140° 

(a, %; p, Torr) 
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44. DUBININ AND ASTAKHOV Adsorption Equilibria of Vapors 83 

W e obta ined Ε = 2350 c a l / m o l e a n d the l i m i t i n g adsorpt ion value , a0° 
= 46.8 c m 3 N T P / g , at ta = - 8 0 . 6 ° C . T h e values of a0 for other tem
peratures were ca lcula ted w i t h the use of the coefficient of thermal ex
pans ion of the adsorbate, a = 1.51 Χ 10" 3 1/deg, c o m p u t e d accord ing to 
the scheme of the D u b i n i n - N i k o l a y e v m e t h o d on the basis of the p h y s i c a l 
constants of methane (4). 

α ο = a0° exp [ — z(t — t0)] (5) 

In F i g u r e 1, the continuous curves depic t adsorpt ion isotherms ca l 
cula ted f r o m E q u a t i o n 4. E x p e r i m e n t a l points are denoted b y circles. 
T h e ca lculat ion a n d exper imenta l results are i n good agreement. A s i m 
i lar example is i l lustrated i n F i g u r e 2, s h o w i n g exper imental a n d ca lcu
lated ( f r o m E q u a t i o n 4) adsorpt ion isotherms of carbon d iox ide on 
N a , K - e r i o n i t e . T h e data used i n ca lcula t ion were Ε = 5250 c a l / m o l e a n d 
a0° = 12.4% at t0 = 8 0 ° C . T h u s , the general nature of gas a n d vapor 
adsorpt ion on zeolites at w e a k electrostatic interactions is s imi lar to 
adsorpt ion on active carbons w i t h the finest micropores (3). 

In the case of adsorpt ion i n micropores , w h e n the condi t ion of tem
perature invar iance of the characterist ic curve is f u l f i l l e d , the net differ
ent ia l molar heat of adsorpt ion, q, a n d the di f ferent ia l molar entropy of 
adsorpt ion, A S , m a y be expressed (2) as 

a n d 

Subst i tut ing into Equat ions 6 a n d 7 the values of the der ivat ive a n d A 
ca lcula ted f r o m E q u a t i o n 1, w e obta ined the f o l l o w i n g expressions for 
di f ferent ia l entropy a n d dif ferent ia l heat of adsorpt ion ( 2 ) : 

q = Ε [\ln α0/αΥ'* + ψ (In a » ~ 2 / 3 J (8) 

a n d 

A.S = - ^ (In α β / α ) - 2 / * (9) 
ο 

N o t e that the degree of filling of the l i m i t i n g adsorpt ion space is : 

0 = a/a-o (10) 
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3000 

2500 

2000 

X 
ο LsosieiLc heat 
Δ -so' φ 

α -0φΛ 

ν, - y ~" a -̂ ,<9 

Q5 / <5 

Figure 3. Dependence of net differ
ential heat of adsorption of methane, 
q, on adsorption value, a, for zeolite L 

(q, Cal/Mole, a, Mmole/G) 

QI 0,2 Q3 QÎ4 Q5 QO 
-0.5 ι . , . • 

-2 V 

Figure 4. Dependence of differential molar entropy of 
adsorption, AS, on degree of filling, Θ, for zeolite L 

(AS, e.u.) 

F i g u r e 3 shows di f ferent ia l heats of adsorpt ion of methane on zeo
l i te L . T h e circles denote isosteric heats of adsorpt ion ( 1 ). T h e other 
symbols denote di f ferent ia l heats of adsorpt ion for various temperatures 
corresponding to exper imental adsorpt ion isotherms. These heats were 
c o m p u t e d b y E q u a t i o n 8. T h e example quoted points of satisfactory 
agreement between the theoret ical a n d exper imenta l data. 

T h e g r a p h of F i g u r e 4 depicts the dependence curve of the differ
ent ia l entropy of adsorpt ion of methane on zeoli te L on the degree of 
filling, Θ. T h e curve was c o m p u t e d b y E q u a t i o n 9. A c c o r d i n g to it , tem
perature has no effect on this curve since the ca lcula ted points i n the 
range of exper imenta l adsorpt ion values for various temperatures f a l l on 
one a n d the same curve. N o t e that i n the range of fillings considered, 
the di f ferent ia l entropy of adsorpt ion varies monotonica l ly . 
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Discussion 

G . V . Tsitsishvili ( A c a d e m y of Sciences of the G e o r g i a n SSR, T b i l i s i , 
U S S R ) : T h e n e w m e t h o d of descr ipt ion of the adsorpt ion isotherms a l 
lows one, on the basis of the theory of v o l u m e filling of micropores , to 
characterize adsorpt ion on the microporous adsorbent conta in ing adsorp
t ion sites of different nature. F o r zeolites, there are approx imate ly t w o 
adsorpt ion sites: cations and f ramework . T h e existence of cations i n di f 
ferent positions must be taken into account. It is important to use the 
D u b i n i n approach to desorpt ion-adsorpt ion e q u i l i b r i u m on decat ionized 
and other forms of zeolites. W e have a lready obta ined some good results 
i n this d irect ion . 
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45 

Ultraviolet Spectroscopic Investigation of 
Molecular Adsorption and Ionization of 
Molecules Adsorbed on Zeolites 

V. I. LYGIN 

Department of Chemistry, Lomonosov University, Moscow, USSR 

A study was made of the ultraviolet spectra of benzene, 
alkyl-, amino-, and nitro-derivatives of benzene, diphenyl-
amine, triphenylmethane, triphenylcarbinol, and anthra-
quinone adsorbed on zeolites with alkali exchange cations, 
on Ca- and Cu-zeolites, and on decationized zeolites. The 
spectra of molecules adsorbed on zeolites totally cationized 
with alkali cations show only absorption bands caused by 
molecular adsorption. The spectra of aniline, pyridine, 
triphenylcarbinol, and anthraquinone adsorbed on decation
ized zeolite and Ca-zeolite are characterized by absorption 
of the corresponding compounds in the ionized state. The 
absorption bands of ionized benzene and cumene molecules 
appear only after uv-excitation of the adsorbed molecules. 
The concentration of carbonium ions produced during ad
sorption of triphenylcarbinol on Ca-zeolite and on the 
decationized zeolite depends on the degree of dehydroxyla-
tion of the zeolite. 

T T i t r a violet spectra make i t possible to establish the f o l l o w i n g : the type 
^ of the electron system i n the molecules a n d i n exchange cations of 

transi t ion elements i n zeolites w h i c h take part i n the interact ion (4, 5, 
11, 12, 25); the degree of per turbat ion of the g r o u n d a n d excited levels 
(9, 15); a n d the role p l a y e d b y the exci ted states of the molecules i n the 
molecular adsorpt ion a n d ion iza t ion of the molecules (10). I n the case of 
interact ion i n v o l v i n g charge transfer, u l traviolet spectra can be used to 
analyze the nature of the ions p r o d u c e d f r o m the adsorbed molecules , 
a n d thus the nature of the a c i d centers i n zeolites can be determined 
(7,8, 9,10). 
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I n the present w o r k , a s tudy was made of the ul t ravio le t spectra for 
a series of aromatic compounds w h i c h were either i n the molecular state 
or i n the i o n i z e d state d u r i n g adsorpt ion o n zeolites. 

Experimental 

T h e zeolites used h a d the f o l l o w i n g c o m p o s i t i o n : 

Zeolite Composition 

N a X Η ο. osNao. 97AIO4 / 2 (Si0 4 / 2) 1.48 
N a Υ Η ο. 05Na0.95 A10 4 / 2 (Si0 4 / 2) 2.3 
C u X Na 0 .58Cuo.2 2 A10 4 / 2 (Si04 / 2 )i .8 2 

C a X Ho .o4Nao.i 2 Cao . 4 2 A10 4 / 2 (Si0 4 / 2 )i . 4 9 

T h e degree of N a + exchange N a X for L i X , K X , R b X , a n d C s X was 
59, 66, 63, a n d 5 5 % , respectively. D e c a t i o n i z e d zeolites H X a n d H Y 
were p r e p a r e d b y decompos ing a m m o n i u m zeolites w h i c h h a d the f o l l o w 
i n g compos i t ion : H0.o:jNao.2i(NH4)o.76A104/2(Si04/2)i.48 a n d Ho.03Nao.22-

(NH4)o.75A104/2(Si04/2)2.3. T h e spectra were obta ined f o l l o w i n g ther
m a l treatment of the sample in vacuo i n quar tz cells at 3 0 0 ° a n d 6 0 0 ° C . 
T h e adsorpt ion of the indicator molecules was carr ied out i n the vapor 
phase. 

Samples were i r radia ted w i t h l ight f r o m a m e r c u r y l a m p . T h e spec
tra were obta ined w i t h the a i d of a s ingle-beam SF-4 spectrophotometer 
w h i c h was capable of operat ing over the wave length 220-1100 τημ. T h i s 
spectrophotometer was e q u i p p e d w i t h a d i f fus ion reflector used i n 
Refs. 8, 9, JO. 

Results 

Adsorption on Zeolites Containing Alkal i Cations. T h e spectra of 
molecules adsorbed o n zeolites conta in ing a l k a l i cations were charac
ter ized only b y the absorpt ion bands of molecules i n the molecu lar state. 
T h e smal l shift of the absorpt ion bands ( 1—2 πΐμ ) corresponding to τ τ - π * 

transitions i n the benzene molecule , i n its a l iphat i c derivat ives , a n d i n 
polynuc lear aromatic compounds can be expla ined b y the theory of the 
react ion field ( 1 ). A greater change i n the spectrum of amino-der ivat ives 
of benzene—e.g., the shift for ani l ine was 5 - 8 π\μ—was o w i n g to change 
i n the η-ττ* t ransit ion caused b y the par t i c ipa t ion i n the interact ion of the 
lone pa i r electron i n the substituent group (8, 9 ) . T h e r e d shift of the 
absorpt ion b a n d of the adsorbed nitrobenzene ( 15 πΐμ ) a n d p-ni t roani l ine 
(90 τημ) is o w i n g , according to Ref. 21, to a large per turbat ion of the 
excited electron leve l caused b y an increase i n the d ipo le moment of the 
molecule i n the exci ted state. 
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88 M O L E C U L A R SIEVE ZEOLITES II 

T h e increase i n the electrostatic potent ia l of the exchange cat ion, e/r, 
causes a n increase i n the shift of the absorpt ion b a n d ( F i g u r e 1 ) . T h e 
difference i n this dependence for p-phenylenediamine , ani l ine , and 
p y r i d i n e is o w i n g m a i n l y to the difference i n the properties of the lone 
electron p a i r of n i t rogen i n the molecules of these compounds . 

T h e spectra of the t y p i c a l a c i d catalyst indicators ( d i p h e n y l a m i n e , 
t r iphenylmethane , t r i p h e n y l c a r b i n o l ) adsorbed o n Na-zeol i tes are char
acter ized b y absorpt ion bands of adsorbed molecules i n the molecular 
state (7, 8, 9 ) . T h e observed spectral behavior is i n accordance w i t h the 
general concepts of adsorpt ion on zeolites ( 6 ) . T h e spectrum of t r i p h e n y l 
c a r b i n o l adsorbed on Na-zeo l i t e after thermal treatment i n v a c u u m at 
3 0 0 ° C ( F i g u r e 2, curve 1) is character ized b y absorpt ion bands at 260, 

Δλ 
CSX RbXKX/<aX 

\ \ ( I 
LIX m 

i 

3 

e 
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Figure 1. The dependence of 
the shift of the absorption bands 
(Αλ) on the electrostatic po
tential of the exchange cations 
(e/r), A'1, in the case of adsorp
tion of (1) aniline, (2) p-phenyl-
enediamine, (3) pyridine, (4) ni
trobenzene on LiX, NaX, KX, 

RbX, and CsX zeolites 
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4 5 . L Y G i N Molecular Adsorption and Ionization 89 

282 ΐϊΐ/Λ a n d b y a b r o a d absorpt ion b a n d w i t h a m a x i m u m at 350 m/x. T h e 
spectrum of t r i p h e n y l c a r b i n o l adsorbed o n the zeoli te after t h e r m a l 
treatment i n v a c u u m at 600 ° C contains the same bands, b u t they are of 
lesser intensity ( F i g u r e 2, curve 4 ) . T h e spec t rum of anthraquinone 
adsorbed o n Na-zeo l i te subjected to thermal treatment i n v a c u u m at 
3 0 0 ° C contains absorpt ion bands at 255 a n d 280 τημ a n d a b r o a d b a n d at 

Figure 2. The spectrum of 
the triphenylcarbinol ad

sorbed on zeolites: 

(1) NaY subjected to thermal 
treatment in vacuum at 
300°C 

(2) Sample 1 with adsorbed 
triphenylcarbinol after ul
traviolet irradiation 

(3) Sample 1 with adsorbed 
triphenylcarbinol after ad
sorption of water 

(4) NaY subjected to thermal 
treatment in vacuum at 
600°C 

(5) Sample 4 with adsorbed 
triphenylcarbinol after ul
traviolet irradiation 

(6) CaX subjected to thermal 
treatment in vacuum at 
300°C 

(7) CaX subjected to thermal 
treatment in vacuum at 
600°C 

(8) Sample 7 with adsorbed 
triphenylcarbinol after ul
traviolet irradiation 

(9) HY subjected to thermal 
treatment in vacuum at 
300°C 

(10) HY subjected to thermal 
treatment in vacuum at 
600°C 

(11) Sample 10 with adsorbed 
triphenylcarbinol after ad
sorption of water 

Adsorption on Ca-Zeolites. T h e adsorpt ion of benzene, toluene, a n d 
cumene o n C a X zeolite , as i n the case of adsorpt ion o n N a X zeolite , is 
a c c o m p a n i e d b y the appearance of absorpt ion bands characterist ic of 
molecular absorpt ion ( F i g u r e 4, curve 1 ) . B u t the adsorpt ion o n C a -
zeolite of ani l ine ( 8 ) , d iphenylmethane , t r iphenylmethane (9, 15 ) , a n d 
t r i p h e n y l c a r b i n o l is character ized b y the appearance of n e w absorpt ion 
bands. T h e absorpt ion of t r i p h e n y l c a r b i n o l at 410 a n d 440 π\μ adsorbed 
o n C a X zeolite ( F i g u r e 2, curves 6 - 8 ) are characterist ic for c a r b o n i u m 

342 ιημ ( F i g u r e 3, curve 1 ) . 

1 1 ! 
300 4OO 5OO mjti 
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90 M O L E C U L A R S I E V E Z E O L I T E S Π 

I I ι 1 L 
300 400 JOO myu 

Figure 3. Ultraviolet spectrum of 
anthraquinone adsorbed on zeolite 
subjected to thermal treatment in 
vacuum at 300°C: (1) NaY; (2) 
sample 1 with adsorbed anthra
quinone after ultraviolet irradia
tion; (3) CaX; (4) HY; (5) sample 4 
with adsorbed anthraquinone after 

ultraviolet irradiation 

ions (3, 14, 16). T h e spec t rum of t r i p h e n y l c a r b i n o l adsorbed on C a -
zeoli te w h i c h has been subjected to thermal treatment i n v a c u u m at 
600 ° C is character ized b y the appearance of the same bands, but of lesser 
intensi ty ( F i g u r e 2, curve 7 ). 

T h e shifts of the absorption bands i n the case of adsorbed anthra
q u i n o n e (255, 280, a n d 342 m/x) ( F i g u r e 3) re lat ive to the pos i t ion of 
these absorpt ion bands i n the case of n-hexane so lut ion of anthraquinone 
(250, 270, a n d 320 m/χ, respect ively) also indicates that the molecule is 
i o n i z e d (14). T h e shift of the absorpt ion b a n d for p y r i d i n e adsorbed o n 
Ca-zeo l i te (10) can be considered, a c c o r d i n g to Ref. 17, as an i n d i c a t i o n 
of the f o r m a t i o n of p y r i d i n e ions. 
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45. L Y G i N Molecular Adsorption and Ionization 91 

Adsorption on Decationized Zeolites. T h e r e is great s imi la r i ty i n the 
spectral characteristics of adsorpt ion on Ca-zeol i tes a n d o n decat ionized 
zeolites. T h e adsorpt ion of such molecules as benzene ( F i g u r e 4 ) , a n d 
cumene (10) on these zeolites is character ized o n l y b y molecular 
adsorpt ion. 

T h e spectra of ani l ine ( 8 ) , d i p h e n y l a m i n e , t r i p h e n y l a m i n e (9, 15), 
t r i p h e n y l c a r b i n o l ( F i g u r e 2) a n d anthraquinone ( F i g u r e 3) adsorbed 
either o n decat ionized zeoli te or o n Ca-zeo l i te show the presence of 
n e w absorpt ion bands caused b y ion iza t ion of these compounds o n the 
zeolite. 

The Role of Excitation in the Ionization of Molecules Adsorbed on 
Zeolites. U l t r a v i o l e t i r rad ia t ion of benzene a n d cumene (10), adsorbed 
o n Na-zeol i te , d i d not lead to the appearance of absorpt ion bands reflect-

300 400 $00 600 m 

Figure 4. Ultraviolet spectrum of benzene 
adsorbed on: (a) NaX; (b) HX; (c) CaX; 
(1) no ultraviolet irradiation and after ultra
violet irradiation for: 2a = 38; 2b — 25; 3b 

= 46; 2c = 17; 3c — 44 hours 
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92 M O L E C U L A R S I E V E Z E O L I T E S Π 

i n g i o n i z a t i o n ( F i g u r e 4a, curve 2 ) . U l t r a v i o l e t i r r a d i a t i o n of benzene 
a n d cumene adsorbed on Ca-zeol i te a n d on decat ionized zeoli te caused 
the appearance of absorpt ion bands at 450 a n d 565 τημ ( F i g u r e 4b, c ) . 
These absorpt ion bands appeared o n l y after u l t ravio le t i r rad ia t ion w i t h 
the l ight whose w a v e length corresponded to the absorpt ion molecule 
itself. T h e absorpt ion b a n d at 450 τημ is o w i n g to C 6 H 6 H + i o n a n d the 
b a n d at 565 τημ to ca t ion-radica l ( C 6 H 6 - ) + (10). T h e i r r a d i a t i o n of p y r i 
d ine adsorbed o n Ca-zeol i te a n d o n decat ionized zeoli te resul ted i n a 
series of subsequent p h o t o c h e m i c a l reactions ( 10, i n agreement w i t h Ref. 
13). T h e t r i p h e n y l c a r b o n i u m ions p r o d u c e d d u r i n g adsorpt ion o n C a -
zeoli te a n d on decat ionized zeolite d i d not undergo decomposi t ion f o l 
l o w i n g ul t ravio le t i r rad ia t ion ( F i g u r e 2 ). 

U l t r a v i o l e t i r rad ia t ion of t r i p h e n y l c a r b i n o l adsorbed on Na-zeo l i te 
was a c c o m p a n i e d b y the appearance of a w e a k absorpt ion b a n d at 460 πΐμ 
( F i g u r e 2, curve 2 ). T h i s b a n d is near the absorpt ion b a n d of t r i p h e n y l 
c a r b o n i u m i o n . U l t r a v i o l e t i r r a d i a t i o n of adsorbed anthraquinone re
sul ted i n the appearance of n e w absorpt ion bands at approximate ly 450 
πΐμ ( F i g u r e 3 ). 

The Effect of Water Adsorption on the Spectrum of Ionized A d 
sorbed Molecules. T h e adsorpt ion of water molecules on 300 ° C v a c u u m 
treated zeolite w i t h preadsorbed anthraquinone molecules h a d l i t t le effect 
i n the spectrum of anthraquinone. I n the case of adsorbed t r i p h e n y l 
c a r b i n o l , the adsorpt ion of water caused the disappearance of the bands 
characterist ic for the t r i p h e n y l c a r b o n i u m i o n ( F i g u r e 2, curves 3 a n d 11) . 
W h e n the sample was treated i n v a c u u m , the o r i g i n a l spectrum of the 
t r i p h e n y l c a r b o n i u m i o n was restored. Ana logous behavior was observed 
(19) i n the case of t r i p h e n y l c a r b i n o l adsorbed on sil ica—alumina. 

The Effect of Adsorbed Molecules on the Spectrum of the C u 2 + 

Cations in Zeolites. F i g u r e 5 shows the change i n the spectrum corre
s p o n d i n g to the transitions between d-electron levels of C u 2 + d u r i n g 
d e h y d r a t i o n of the zeolite . T h e spectrum of complete ly h y d r a t e d zeolite 
revealed a b r o a d absorpt ion b a n d w i t h a m a x i m u m at 12,100 c m " 1 . 
T h e r m a l treatment of the zeolite at 100 ° C resulted i n the appearance of 
a n e w absorpt ion b a n d at approx imate ly 15,500 c m " 1 . A f t e r v a c u u m 
treatment at h i g h temperatures, there appeared i n the spec t rum a n 
absorpt ion b a n d at 11,200 c m " 1 . T h e pos i t ion of the absorpt ion b a n d due 
to C u 2 + i n the spectrum of comple te ly h y d r a t e d zeoli te is close to that of 
the [ C u ( H 2 0 ) 6 ] 2 + complex (12,600 c m " 1 ) (2). T h i s indicates that C u 2 + 

enters the h y d r a t e d zeolite structure as an octahedral hexaquo-complex . 
T h e same conc lus ion has been reached b y other investigators (4, 18, 20) 
o n the basis of e.s.r. spectroscopic measurements of the C u 2 + cations i n 
complete ly h y d r a t e d zeolites. 
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45. L Y G i N Molecular Adsorption and Ionization 93 

Figure 5. Spectrum of CuX zeolite: (1) com
pletely hydrated zeolite; (2) after following 
thermal treatment for 3 hours at 100°C; (3) at 

200°C; (4) at 300°C; (5) at 400°C 

T h e appearance of the h igh- f requency absorpt ion b a n d after t h e r m a l 
treatment i n v a c u u m at 1 0 0 ° C ( F i g u r e 5) indicates that ions have a lower 
symmetry of coordinat ion . T h e theoret ical interpretat ion of e.s.r. spectra 
of par t ia l ly d e h y d r a t e d C u 2 + ca t ion i n zeolites is based o n the m o d e l of a 
tetragonal ly dis torted octahedral or on a square-planar m o d e l (4, 18, 
20). It is assumed that such a state can be reached as a result of the 
locat ion of the cat ion at S n sites. Because such dis tor t ion of oc tahedra l 
coordinat ion is a c c o m p a n i e d b y an increase i n the sp l i t t ing of the dx~.y

2, 
dxz, a n d dyz levels of C u 2 + ( 2 0 ) , the h igh- f requency absorpt ion at 15,500 
c m " 1 ( F i g u r e 5) m a y be caused b y transit ion to those levels. T h e assign
ment to a definite type of transi t ion of the l o w - f r e q u e n c y absorpt ion b a n d 
(11,200 c m " 1 ) , w h i c h becomes apparent i n the spectrum d u r i n g more 
r igorous d e h y d r a t i o n , requires further study. W h e n water was adsorbed 
on zeolites that h a d been d e h y d r a t e d at 4 0 0 ° C , the o r i g i n a l spectrum of 
h y d r a t e d C u 2 + cations was restored. T h e restoration of the o r i g i n a l spec
t r u m of C u 2 + ions i n the case of C u A zeolite d e h y d r a t e d at 500 ° C c a n be 
accelerated b y k e e p i n g the sample i n water vapor at 50 ° C (11). If a 
zeoli te conta in ing C u 2 + is kept i n v a c u u m at 70 ° C f o l l o w e d b y treatment 
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94 M O L E C U L A R S I E V E Z E O L I T E S II 

of N H 3 , then i n accordance w i t h the ru le of spectrochemical series (2), 
the molecules of H 2 0 i n the C u 2 + coordinat ion sphere are rep laced b y 
N H 3 molecules . I n this case, the spectrum shows the appearance of sev
era l absorpt ion bands w h i c h are characterist ic of the distorted octahedral 
s y m m e t r y of the C u 2 + coordinat ion . A t m a x i m u m replacement of H 2 0 
molecules b y N H 3 molecules , the spectrum has on ly one absorpt ion b a n d 
at 16,000 c m 1 . T h e absorpt ion b a n d of the complex [ C u ( N H 3 ) 6 ] 2 + i n 
so lut ion lies at 15,100 c m " 1 (2). 

A f t e r adsorpt ion of p y r i d i n e molecules , an absorpt ion b a n d appeared 
w i t h 2 m a x i m a of 13,300 a n d 14,200 c m " 1 . 

Discussion 

T h e spectra of i o n i z e d molecules adsorbed o n zeolites conta in ing 
a l k a l i exchange cations showed no apparent absorpt ion. F r o m this i t 
fo l lows that the surface of these zeolites is free of ac id ic centers. T h i s 
conc lus ion also agrees w i t h in f rared spectroscopic measurements (23) 
w h i c h indicate the absence of s tructural h y d r o x y l groups a n d centers of 
pro ton ic ac id i ty o n the surface of complete ly ca t ion ized zeolites con
t a i n i n g a l k a l i cations. A v e r y w e a k absorpt ion a t t r ibuted to the car-
b o n i u m i o n was observed only after ul t raviolet i r r a d i a t i o n of adsorbed 
t r i p h e n y l c a r b i n o l ( F i g u r e 2, curve 2 ) . T h i s fact m a y indicate the 
existence on the zeolite surface conta in ing a lka l i exchange cations of a 
s m a l l n u m b e r of proton-donor centers f o r m e d b y p a r t i a l decat ionat ion 
(about 3 % ) of the invest igated zeolites. 

T h e spectrum of t r i p h e n y l c a r b i n o l , adsorbed on zeolites conta in ing 
a l k a l i cations, is character ized b y the appearance of an absorpt ion b a n d 
at 350 τημ w h i c h belongs neither to molecules i n the state of molecular 
adsorpt ion nor to the t r i p h e n y l c a r b o n i u m ion . T h i s indicates that there 
are adsorbed molecules i n the same state of intermediate per turbat ion . 
T h e interpretat ion of this absorpt ion b a n d requires further invest igat ion. 

T h e dependence of the shift of the b a n d of adsorbed molecules ( F i g 
ure 1 ) o n the type of the exchange cat ion indicates that the cont r ibut ion 
of the g r o u n d a n d the exci ted levels of the molecule to the interact ion 
of cations a n d to the increase i n per turbat ion is significant. T h i s contr i 
b u t i o n increases w i t h the increase i n the magni tude of the electrostatic 
potent ia l . A s imi lar increase i n the degree of po lar iza t ion of the adsorbed 
molecules was observed i n the invest igat ion of the in f rared spectra of 
p y r i d i n e adsorbed o n zeolites conta in ing a l k a l i cations (23). 

T h e pos i t ion of the absorpt ion b a n d of p y r i d i n e adsorbed o n C u -
zeoli te (258 m ^ ) showed a greater per turbat ion than i n the case of 
adsorpt ion o n N a - a n d a lower per turbat ion than i n the case of adsorpt ion 
on Η-forms of zeolites (252 a n d 266 πΐμ, cor responding ly ) (10). 
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45. L Y G i N Molecular Adsorption and Ionization 95 

F r o m F igures 2 a n d 3, i t fo l lows that molecules w h i c h become 
i o n i z e d d u r i n g adsorpt ion on Ca-zeol i tes also become i o n i z e d d u r i n g 
adsorpt ion o n decat ionized zeolites. These results seem to indicate a 
s imi lar i ty i n the nature of proton-donor centers of this type of zeolites. 
A c c o r d i n g to the exist ing concepts (22, 24), the center of the aprotonic 
type of a c i d i t y is the t r i p l y coordinated a tom of a l u m i n u m , a n d the center 
of the proton-donor type is the h y d r o x y l groups close to the A l a tom. 
These groups are f o r m e d as a result of the react ion of the p r o t o n w i t h 
the zeolite , the proton b e i n g the decomposi t ion p r o d u c t of a m m o n i u m 
i o n d u r i n g format ion of decat ionized zeolite. S i m i l a r surface structures 
are f o r m e d as a result of dissociat ion of water molecules a c c o r d i n g to 
Ref. 23. I n the case of C a 2 + , there are cat ionic vacancies w h i c h can p r o 
duce w i t h adsorbed water the ac id ic centers of protonic types. 

T h e observed decrease i n the concentrat ion of c a r b o n i u m ions p r o 
d u c e d d u r i n g adsorpt ion of t r i p h e n y l c a r b i n o l on d e h y d r o x y l a t e d C a -
zeolite a n d o n decat ionized zeolite ( F igures 2 a n d 3 ) indicates that O H -
groups p l a y e d the d e t e r m i n i n g role i n the appearance of proton-donor 
properties of these zeolites. 

T h u s interactions i n v o l v i n g charge transfer be tween ac id ic centers 
on the surface of Ca-zeol i tes a n d decat ionized zeolites a n d the adsorbed 
molecules d e p e n d on the nature a n d the state of the molecule . These 
interactions become more p r o n o u n c e d after u l t ravio le t exci tat ion of the 
molecules. 

T h e spectra of C u 2 + cations i n zeolites show that the state of the 
exchange cations i n zeolites to a large extent depends on the type a n d on 
the concentrat ion of molecules that f o r m the coordinat ion w i t h the cat ion. 
I n the strongly d e h y d r a t e d state, the spectrum of C u 2 + is de termined 
m a i n l y b y its interact ion w i t h the oxygen atoms of zeolite f ramework . 
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Calculation o f Some Adsorpt ion Properties 

o f Zeolites by Statistical Methods 

P. BRÄUER, A. A. LOPATKIN, and G. PH. STEPANEZ 
Moscow State University, Department of Chemistry; Institute of Physical 
Chemistry, Academy of Science of USSR, Moscow 

The calculations of isotherms and heats of adsorption at 
low filling of the cavities of zeolite with adsorbed molecules 
have been carried out for the systems Ar-NaA and CH4-
CaA. Although a simple and rather crude model was used, 
it was possible to obtain results that agree qualitatively with 
the experimental data. The equilibrium distribution of mole
cules among the zeolite cavities also was studied. 

TJecause of their regular structure and the presence of more or less 
separate cavities, the zeolites offer a very convenient system for the 

application of statistical methods. In this work, an attempt has been made 
to calculate some adsorption properties of zeolites using statistical 
thermodynamics. 

Let us consider the Β cavities of a crystal of zeolite together with 
the adsorbed substance. Each cavity may contain not more than m 
adsorbed molecules. We assume that the contribution of the interaction 
energy of molecules which are. in different cavities to the total energy of 
the system may be neglected. Denoting by ns the number of cavities 
which contain s adsorbed molecules (s = 0, 1, . . . , m), we can write 
for this model the canonical partition function, Q (1, 4) 

Q(N,B,T) = Σ ^ " • ; · · < ? ' - · · · ^ (1) 
^ n0\ nil . . . nsl . . . nml 

where Ν is the total number of molecules within the zeolite cavities and 
Qs is the partition function for s molecules adsorbed in one cavity. The 
summation in Equation 1 is carried out over all distributions (n0, . . . , 
ns, . . . , nm ) which are compatible with the condition 

ni + 2n2 + . . . + sns + . . . + mnm = Ν (2) 

97 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

46



98 M O L E C U L A R S I E V E Z E O L I T E S II 

T h e g r a n d p a r t i t i o n f u n c t i o n H for this system m a y be w r i t t e n as 

Ξ = (1 + Q{k + . . . + Qs\s + . . . + Qrn^Y 

or 

Ξ = (1 + Ζ Λ + . . . + ZSV + . . . + ZJr)B (3) 

w h e r e λ = exp (μ/κΤ), ζ is the act iv i ty , w h i c h i n the case of an i d e a l gas 
is e q u a l to ρ/κΤ, a n d Zs is the configurat ion integra l for the system w h i c h 
consists of s molecules i n one cavi ty . I n the quasiclassical approx imat ion , 
w e can w r i t e for Zs. 

(4) 

w h e r e ν is the v o l u m e of the cavi ty a n d Us is the potent ia l energy of s 
molecules adsorbed i n the cavity . T h e average n u m b e r of molecules 
adsorbed b y a crysta l is g i v e n b y 

r> Ζχζ + 2Ζ2ζ2 + . . . + mZJT m 

n ι + z^ + ζ2ζ2 + . . . + zjr 
A t sufficiently l o w values of ζ, E q u a t i o n 5 m a y be w r i t t e n i n v i r i a l f o r m 

θ = Ζχζ + (2Z2 - 2ν)ζ 2 + (3Z3 - 3ΖΧΖ2 + Ζχ3)ζ3 + . . . (6) 
w h e r e θ = < N > / B . T h e quant i ty Ζχ/κΤ represents the H e n r y constant. 
T h e v i r i a l expansion for the isosteric heat of adsorpt ion also c a n be 
o b t a i n e d b y us ing E q u a t i o n 5, w h i c h w e w r i t e i n the f o l l o w i n g f o r m 

- θ + (1 - Θ)ΖΛ + . . . + (s - θ)Ζ.ζ' + . . . + (m - b)ZJT = 0 (7) 

A f t e r di f ferent iat ing this expression w i t h respect to Τ at constant 0, w e 
o b t a i n the equat ion 

Qst = RT -

(1 - θ Χ ^ Ζ χ ζ + (2 - θ ) < ί / 2 > Ζ 2 ζ 2 + . . . + (m - Q)<Um>Z,Jr 
(1 - Θ)ΖΛ + 2(2 - θ)Ζ2ζ2 + · · · + m(m - θ)Ζ™ζ- (8) 

w h e r e < I 7 S > is the average potent ia l energy of the system w h i c h con
sists of s molecules i n one cavi ty . Rearranging Series 6, w e can obta in 
ζ as a func t ion of 0, a n d insert ing this expression into E q u a t i o n 8 and 
e x p a n d i n g i n powers of θ at θ < 1, w e find 

Qst = RT - <UX> - 2 p t « U 2 > - 2 < [ / ! » θ -

3 | ^ Γ ( < [ / 3 > - 3 < £ / ι » + 
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46. B R A U E R E T A L . Adsorption Properties of Zeolites 99 

± (ztz2 - 4 ^ ) « r / 2 > - 2 < * y 1 > ) J e 2 + . . . (9) 

It is of interest also to find for this m o d e l the e q u i l i b r i u m d i s t r i b u t i o n 
of the molecules a m o n g the zeoli te cavities. F o r this purpose it is con
venient to in t roduce p8 = < n s > / B — t h e average f rac t ion of cavit ies 
conta in ing s molecules . It m a y be s h o w n that 

n _ Zst+S / 1 i\\ 

9 s ι + z1t+ + z2t+> + . . . + zmt+m y } 

Z0 b e i n g equa l to 1. H e r e t+ is the single posi t ive root of the equat ion 

- Θ + (1 - θ)Ζχί + (2 - Θ)Ζ 2* 2 + . . . + (m - b)Zmtm = 0 (11) 

C o m p a r i s o n of this equat ion w i t h E q u a t i o n 7 shows that t+ = ζ. I f Zs 

equals to ( Z / ) / s / (i.e., w e do not consider the interac t ion of adsorbed 
molecules w i t h each other even w h e n they are i n the same c a v i t y ) , w e 
obta in 

p. = (12) 

1 + x+ + + . . . + x+-

w h e r e x+ is the single posi t ive root of the equat ion 

- θ + (1 - θ)χ + (2 - θ) |j + . . . + (m - θ) = 0 (13) 

a n d χ = Zjt. A t l o w values of θ a n d h i g h values of m, D i s t r i b u t i o n 12 
reduces to the Poissons d i s t r ibut ion . T h e ps vs. θ curves at m = 6 ca l cu
la ted b y means of E q u a t i o n 12 are s h o w n on F i g u r e 1. If the degree of 
filling is very l o w , E q u a t i o n 10 m a y be used c o n t a i n i n g o n l y terms i n Zt 

andZ2 (i.e., Ps= O f o r a l l s > 2 ) . 

Calculations 

I n the present w o r k , the values of Zu Z2, <Ui> a n d <U2> for the 
systems A r - N a A a n d C H 4 - C a A were ca lculated at a n u m b e r of tempera
tures, a n d thus the corresponding coefficients i n Expansions 6 a n d 9 were 
obta ined. T h e conf igurat ion integral , Zu was ca lcula ted b y means of 
E q u a t i o n 4. T h e potent ia l energy, V\(r), was determined for the great 
n u m b e r of positions of a molecule w i t h i n the zeol i te cavi ty . T h e details 
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100 M O L E C U L A R S I E V E Z E O L I T E S II 

L O I — ι « 1 1 r 

Figure 1. Dependence of ps on θ at m = 6; the 
values of s are indicated on corresponding curves 

of ca lculat ion of Ui(r) are g iven i n Ref. 8. T h u s , it was possible to 
replace the in tegra l b y the corresponding integra l sum a n d to o b t a i n the 
va lue of Z j w i t h qui te acceptable accuracy. 

I n the calculat ions of potent ia l energy of molecules adsorbed i n the 
zeoli te cavi ty , H o w e l l ' s x-ray data (7 ) of the coordinates of cations a n d 
oxygen atoms were used. A c c o r d i n g to these data , N a + i n zeol i te N a A 
can take 1 of 3 possible posit ions near the 6-r ing w i t h the same p r o b a 
b i l i t y , a n d 1 of 4 possible posit ions near the 8-r ing. It was assumed i n 
the calculat ions that the cations of the first type are o n the 3 - fo ld axes 
a n d the cations of second type are i n the p lane of the 8-rings o n the 4 - fo ld 
axes. If i n a l l 6- a n d 8-rings there are cations, then i n each cav i ty there 
w i l l be 11 cations. T o take into account the 12th N a + a n d to ensure the 
electroneutral i ty of zeolite f ramework , a statistical w e i g h t a n d charge 
e q u a l to 12/11 were ascr ibed to each of 11 cations. These values of 
w e i g h t a n d charge were used i n the calculations of a l l constituents of 
potent ia l energy ( 8 ). 

I n the case of zeolite C a A , each elementary c e l l was assumed to 
conta in 6 C a 2 + cations. It was supposed that they o c c u p y the centers of 
6-rings i n such a w a y that the 2 u n o c c u p i e d rings w e r e o n the same 3 - fo ld 
axis. T h e c o n t r i b u t i o n of A l a n d S i atoms i n the interact ion energy has 
not been taken d i rec t ly into considerat ion. It was o n l y t h r o u g h the 
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46. B R A U E R E T A L . Adsorption Properties of Zeolites 101 

p o l a r i z a b i l i t y of oxygen atoms that this cont r ibut ion was i n v o l v e d i n 
calculat ions. Besides, i t was assumed that the extra negat ive charge of 
A 1 0 4 tetrahedra is d i s t r i b u t e d evenly a m o n g a l l oxygen atoms. 

T h e models of zeolites N a A a n d C a A used i n this w o r k were rather 
c rude ones, b u t no m o r e complete data concern ing d i s t r i b u t i o n of cations 
i n zeolites were avai lable . 

T h e average energy of interact ion of a molecule w i t h the zeolite was 
determined us ing the equat ion 

< t / i > 

F o r the ca lcula t ion of second v i r i a l coefficients i n E q u a t i o n s 6 a n d 9, 
the ac tual d i s t r i b u t i o n of the adsorpt ion potent ia l i n the cavi ty was 
rep laced b y rectangular potent ia l w e l l . T h e d e p t h of the w e l l was chosen 
i n such a manner that the f o l l o w i n g re la t ion w o u l d be correct. 

Ζλ = ^ r 0
3 expi-U/κΤ) (15) 

T h e m e a n i n g of parameters can be seen f r o m F i g u r e 2. Z± is the con
figuration in tegra l ca lcula ted as descr ibed above a n d U is a cer ta in 
effective energy. 

T h e ca lcu la t ion of Z2 was m a d e b y assuming for the interact ion of 
a molecule w i t h the zeolite a rectangular potent ia l w e l l ( F i g u r e 2 ) . F o r 

Figure 2. Rectangular potential well 
substituted for the actual potential curve 
(dashed line). The point Ο corresponds 

to the center of the cavity. 
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102 M O L E C U L A R S I E V E Z E O L I T E S II 

the interact ion of 2 molecules w i t h each other, the potent ia l of the f o l l o w 
i n g f o r m was used 

/+ 0 0 , ri2 <l 
φ0ι 2 ) = <- w, I < r 1 2 <Rol (16) 

I 0, Rol < r u 

w h e r e r12 is the distance be tween the centers of interact ing molecules . I n 
this case, Z2 m a y be expressed expl ic i t ly , a n d for the quant i ty 2Z2/Zt

2 

w e o b t a i n 

2 ê = 1 " h [(ew/KT " 1)R°3i(Ro) - e w / K T i ( 1 ) ] ( 1 7 ) 

w h e r e 

f ( * ) - i - £ ± R - ± % R > (18) 

A t w = 0, Express ion 17 corresponds to that for the hard-sphere m o d e l . 
D i f fe rent ia t ing In ( Z 2 / Z / ) w i t h respect to Τ a n d m u l t i p l y i n g the d e r i v a 
t ive b y RT2, w e o b t a i n 

<U2> - 2<U1> = 

- w exp (W/KT)1*R0H (fip) - f (1) 

1 + Z3 [(e- / K 7 T - l)Rof(Ro) - ew/KTî ( l ) ] / r 0
3 

Figure 3. Initial parts of isotherms of adsorption 
calculated at 1 = 150°K, 2 = 200°K, 3 = 250°K, 

4 = 300°K 
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46. B R A U E R E T A L . Adsorption Properties of Zeolites 103 

Table I. Values oJ 

System T,°K: 50 

A r - N a A \<UX> 2.81 
I qi 0.30 

C H 4 - C a A J<C/i> 5.30 
1 qi 2.32 

l / i > and qlf Kcal/Mole 

100 150 200 250 300 

2.64 2.51 2.43 2.40 2.38 
0.15 0.12 0.11 0.10 0.09 
5.15 5.02 4.85 4.70 4.55 
0.55 0.34 0.27 0.23 0.21 

Figure 4. Approximate dependence of p0, pi, 
and p2 on θ 

Calculation of Isotherms and Isosteric Heats of Adsorption 

I n the calculat ions b y means of E q u a t i o n s 17-19, the f o l l o w i n g 
parameters have been used. F o r A r : w = 138 c a l / m o l e , R0 = 1.85, I = 
3.16A ( 5 ) . F o r C H 4 : w = 285 c a l / m o l e , R0 — 1.60, I = 3 .35A ( 6 ) . T h e 
values of r0 were est imated f r o m ca lcula ted potent ia l curves a n d are 
assumed to be equa l to 4.30A a n d 3.81A for the systems A r - N a A a n d 
C H 4 - C a A , respectively. T h e second v i r i a l coefficient i n E x p a n s i o n 6 
changes the s ign f r o m + to — at approximate ly 2 0 0 ° Κ for the system 
A r - N a A a n d at 2 5 0 ° Κ for C H 4 - C a A . A t these temperatures, the concave 
isotherms t u r n into convex ones. F i g u r e 3 shows the i n i t i a l parts of iso
therms for the systems A r - N a A a n d C H 4 - C a A at different temperatures. 
T h e curvature of isotherms at the chosen temperatures is v e r y l o w . T h e 
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104 M O L E C U L A R S I E V E Z E O L I T E S II 

coefficient at θ i n E x p a n s i o n 9, qt = — (2Z2/Z1
2)(<U2> - 2<Ι7Λ> ), is 

a lways posit ive. Its values as w e l l as the values of <(7i> ( i n K c a l / m o l e ) 
are g i v e n i n T a b l e I. 

Distribution of Molecules Among the Zeolite Cavities 

A s m a y be seen f r o m F i g u r e 1, even i n the case w h e n adsorbed 
molecules do not interact w i t h each other, the d i s t r ibut ion of molecules 
among the cavities is v e r y i rregular . U s i n g Z± a n d Z2, the approximate 
values of p0, pi a n d p2 at l o w θ have been ca lculated b y means of E q u a t i o n 
10. T h e curves ps vs. θ for the s t u d i e d systems are g iven i n F i g u r e 4. A t 
smal l values of Θ, the d i s t r i b u t i o n differs only s l ight ly f r o m that for the 
noninterac t ing molecules (cf. F i g u r e 1 ) ; the interact ion between mole
cules manifests itself more d is t inc t ly at h igher values of Θ. 

Conclusion 

T h e isotherms a n d heats of adsorpt ion ca lcula ted for the system 
A r - N a A agree w i t h the exper imenta l data (2) quant i ta t ive ly . F o r the 
system C H 4 - C a A , w e have f o u n d i n the l i terature o n l y the heats of 
adsorpt ion (3, 8, 10). These exper imental data do not agree w e l l w i t h 
each other. Therefore , i t can be sa id o n l y that for the system C H 4 - C a A , 
the ca lculated values of isosteric heats are not i n contradic t ion w i t h the 
exper imenta l ones. Some n u m e r i c a l results of our calculat ions are g i v e n 
also i n Ref. 8. 
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Heats of Immersion of Outgassed 
Ion-Exchanged Zeolites 

R. M. BARRER and P. J. CRAM1 

Physical Chemistry Laboratories, Imperial College, London S .W. 7, England 

Heats of immersion in water have been determined for a 
number of outgassed porous crystals enriched by ion ex
change in various cations (zeolites X, Y, A, chabazite, and 
synthetic ferrierite), and for clinoptilolite and mordenite in 
their Na-forms, decationated, and in various stages of de-
alumination. Finally, heats of immersion were determined 
in NaX, NaY, NaA, and (Ca,Na) chabazite in which the crys
tals initially contained various known loadings of zeolitic 
water. From the results, the influence of the exchange cat
ions upon integal heats of sorption of water, ΔΗ, and other 
derived heats have been evaluated and discussed. 

" Q e r h a p s the most important of a l l zeol i te -sorbate complexes are those 
i n w h i c h water is the guest molecule . W a t e r is essential for the syn

thesis of zeolites a n d is present i n a l l the na tura l a n d synthetic members 
of the group, certa in of w h i c h find a p p l i c a t i o n as i n d u s t r i a l desiccants. 
A c c o r d i n g l y , as f u l l a n unders tanding as possible is n e e d e d of w a t e r -
zeol i te complexes, especial ly of the b i n d i n g energy of the water w i t h i n 
the crystals. 

In format ion about this energy has been obta ined f r o m isotherm 
measurements over a temperature range (3, 7, 8, 9), b y ca lor imetry (18, 
19), a n d b y dif ferent ia l t h e r m a l analysis ( I I ) . F r o m the isotherms a n d 
b y direc t ca lor imetry , the isosteric heats, qst, m a y be f o u n d as funct ions 
of the amount of water sorbed. H o w e v e r , some disadvantages m a y be 
associated w i t h each procedure . S u c h is the affinity be tween water a n d 
zeolites that to determine qst for smal l uptakes m a y require isotherm 
measurements at temperatures above 2 0 0 ° C . A t these temperatures, lat
tice b r e a k d o w n can take place b y side reactions i n v o l v i n g the water . 

1 Present address: Petroleum Recovery Research Institute, The Univers i ty of Calgary , 
Calgary , Alber ta , Canada . 
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106 M O L E C U L A R S I E V E Z E O L I T E S II 

Table I. Zeolites Studied 0 

Starting Materials 

N a X ( U n i o n Carb ide) 
N a Y ( U n i o n Carb ide) 
N a A ( U n i o n Carb ide) 
( C a , N a ) chabazite 
N a mordeni te ( N a - Z e o l o n , 

N o r t o n Co . ) 
Sr ferrierite ( S r D ) 

N a - r i c h c l inopt i lo l i te 

Modified Forms 

L i , K , R b , C s , M g , C a , Sr, B a , T l , a n d P b X 
L i , K , R b , C s , M g , C a , Sr , B a , T l , a n d P b Y 
L i , K , R b , C s , M g , C a , B a , and T 1 A 
L i , N a , K , R b , C s , C a , a n d T l chabazites 
Η-forms (from 2 N , 6 N , and 1 2 N H C l - t r e a t e d 

N a - Z e o l o n ) : H - m o r d e n i t e (H-Zeolon) 
L i , N a , and C a D : Η-forms (from 0.09N H C l -

treated S r D , and H D f r o m heated N H 4 D ) 
Η-forms ( from 0 . 2 5 N , 0.5N, I.ON, a n d 2.0N 

H C l - t r e a t e d c l inopti lol i te) 

° I n Tables I and I I . the representation of a zeolite as, for example, R b X , should 
not be taken to i m p l y 100% exchange of the original N a by R b . 

Secondly , ca lor imetr ic measurements f r o m the v a p o r phase m a y refer to 
n o n e q u i l i b r i u m distr ibut ions of water w i t h i n the crystals a n d t h r o u g h 
the zeol i te b e d . T h e very energetic w a t e r - z e o l i t e b o n d , especial ly for 
smaller water uptakes, means that water molecules m a y stick o n sites 
where they first l a n d . Subsequent redis t r ibut ion can be very s low o n the 
t ime scale of the experiment, p a r t i c u l a r l y at the l o w temperatures em
p l o y e d (19, 21), 2 3 ° a n d 44 ° C . F i n a l l y , the i n f o r m a t i o n d e r i v e d f r o m 
dif ferent ia l t h e r m a l analysis is qual i ta t ive or at best on ly semiquanti tat ive . 

A n alternative ca lor imetr ic procedure , w h i c h i n p r i n c i p l e m a y e l i m 
inate the redis t r ibut ion p r o b l e m of direct ca lor imetry , consists i n mea
sur ing heats of i m m e r s i o n as a func t ion of the amount of presorbed l i q u i d . 
T h e b u l b conta in ing the zeol i te a n d its presorbed water can be heated 
to a sui tably h i g h temperature to promote water m i g r a t i o n a n d then 
cooled s l o w l y to the exper imenta l temperature. T h e b u l b is b roken under 
l i q u i d water a n d the heat of w e t t i n g measured. T h i s m e t h o d has been 
used i n the present w o r k for a n u m b e r of zeolites of d i f fer ing k n o w n 
structures, w i t h different exchange ions, a n d also for i n d i v i d u a l structures 
decat ionated a n d progressively d e a l u m i n i z e d . 

Experimental 

Materials. T h e zeolites s tudied are s u m m a r i z e d i n T a b l e I. T h e uni t 
c e l l contents of the d e h y d r a t e d forms of the starting materials w e r e : 

N a X 
N a Y 
N a A 
C h a b a z i t e 
M o r d e n i t e 
C l i n o p t i l o l i t e 
Sr ferrierite 

87Na+ [87 A 1 0 2 " · 105SiO 2] 
57 (Ho.i, N a 0 . 9 ) + [ 5 7 A 1 0 2 - · 135Si0 2 ] 
12Na+ [ 1 2 A 1 0 2 - · 12Si0 2 ] 0.4 N a A 1 0 2 

1.6Na+ 4 . 4 C a 2 + [10.4 A 1 0 2 ~ · 25.6 SiO,] 
8 (Ho.i N a 0 . 9 ) + [8AIO2- · 40SiO 2 ] 
6Na+ [6AIO2- · 30SiO 2 ] 
Oxide f o r m u l a : 0.94SrO · A 1 2 0 3 · 1 2 . 3 S i 0 2 
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47. B A R R E R A N D C R A M Heats of Immersion 107 

T h e oxide f o r m u l a of Sr ferrierite o n l y is g iven because the y i e l d of this 
synthetic zeolite m a y have been less than 100% (12). There are 72 
oxygen atoms i n the or thorhombic uni t ce l l . 

T h e ion-exchanged forms of sieves X , Y , a n d A were p r e p a r e d b y 
shaking a suspension of the starting materials i n a solut ion of the appro
priate cat ion, at r o o m temperature, for more than 6 hours i n each treat
ment. A n a l a R ch lor ide solutions were used where suitable. M g , T l , a n d 
P b forms were p r e p a r e d us ing sulfate, acetate, a n d nitrate solutions, 
respectively. T h e exchanging solutions conta ined an i n i t i a l five-fold ex
cess of exchanging ion , except for R b , C s , a n d T l forms, where the i n i t i a l 
excess was about t w o - f o l d . F o l l o w i n g ion-exchange, the samples were 
w a s h e d thoroughly w i t h near ly b o i l i n g water to remove entrained salt. 
T h e entire process was repeated at least 4 times. O t h e r zeol i te modi f i ca 
tions ( ferrierites, mordenites , chabazites, a n d c l inopti lo l i tes ) were those 
prepared b y other workers i n these laboratories (4, 5, 6, 12, 24). A l l the 
samples s tudied were d r i e d overnight i n a 1 1 0 ° C oven a n d stored over 
saturated N H 4 C 1 solut ion at r o o m temperature ( 2 0 ° to 2 3 ° C ) for at least 

Table II. Saturation Water Contents, Grams per Gram 
of Hydrated Zeolite XI00 

Ion-Exchanged Forms 

Cation 
Form Zeolite X Zeolite Y Zeolite A Chabazite Ferrierite 

L i 27.8 27.6 22.1 22.0 15.6 
N a 25.8 25.9 21.5 19.5 13.4 
Κ 22.5 21.9 18.4 17.3 -
R b 19.4 20.4 14.2 13.9 -
C s 17.5 17.6 15.7 12.3 -
M g 29.3 28.1 27.2 -
C a 27.6 26.1 23.0 22.1, 21 .1 e 14.2 
Sr 25.2 25.4 — - 11.2 
B a 22.2 23.6 - - -
T l 12.3 16.7 8.7 9.5 -
P b 15.9 - - - -

Decationated and Dealuminized Forms 

Clinoptilolite1 Mordeniteb Ferrierite 

N a t u r a l 14.0 N a - Z e o l o n 13.2 0.09N H C l - t r e a t e d 15.7 
0.257V H C l - t r e a t e d 14.5 2N H C l - t r e a t e d - H D f r o m N H 4 D 
0.5iV H C l - t r e a t e d 14.3 SN H C l - t r e a t e d 
1.0N H C l - t r e a t e d 14.4 12ΛΓ H C l - t r e a t e d 17.9 
2.0N H C l - t r e a t e d 15.4 H - Z e o l o n 14.3 

a Va lue for natural (Ca, N a ) chabazite. 
h T h e fractions of A l removed i n the acid treatment are shown i n Table I V . 
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108 M O L E C U L A R S I E V E Z E O L I T E S I I 

Table III. Heats of Immersion of Cation Forms of Zeolites 

Q i , Q G E , 

Cal per Cal per 
Mole Que , Gram 

q H , q D , of Cat per Equiv. of 
Cation Cal per Cal per Water N 0 Cation 
Form Gram Gram X 10~z Unit Cells X 10~z 

Zeolite X 
L i 92.5 128.3 5.97 15.4 X 106 17.7 
N a 84.8 113.6 5.89 15.3 X 105 17.6 
Κ 71.6 92.3 5.75 13.7 X 105 15.7 
Rb, N a 60.3 74., 5.59 12.7 X 106 14.6 
C s , N a 52.8 64.o 5.43 12.6 X 105 14.5 
M g 94.7 134.x 5.8! 17.1 X 105 19.6 
C a 103.4 143.0 6.73 18.8 X 105 21.6 
Sr 94.8 126.7 6.78 19.3 X 105 22.2 

B a 80.e 103.6 6.53 17.0 X 106 19.5 
T l 21.2 24., 3.2t 7.07 X 106 8.1; 
Pb 42.4 50.2 4.7, 10.2 X 105 11.8 

Zeolite Y 
L i 63.i 87.i 4.12 10.34 X 105 18.2 
N a 6Ο.3 8I.5 4 . I 9 10.42 X 105 18.3 
Κ 52.4 67.i 4.3ι 9 . I9 Χ 105 16.1 
Rb, N a 47.2 59.4 4.16 9.12 Χ 105 16.0 
C s , N a 40.8 49.5 4.16 8.56 Χ 105 15.0 
M g , N a 87.4 121.6 5.60 15.0ι Χ 105 26.3 

C a , N a 73.3 99.3 5 .Ο4 12.29 Χ 105 21.6 

Sr, N a 69.5* 93.2 4.93 12.7! Χ 105 22.3 

B a , N a 67.3 88.2 5.13 12.98 Χ 105 22.7 

T l , N a 27.0 32.4 2.88 6.55 Χ 105 11.5 

Zeolite A 
L i 74.9 96.2 6.I1 14.8 Χ 104 12.3 
N a 73.9 94.2 6 .I9 16.3 Χ 104 13.6 
Κ 71.4 87.5 6.99 16.9 Χ 104 14.1 
Rb, N a 25.3 29.5 3.2X 6.67 Χ 104 5.56 

C s , N a 47.7 56.6 5.48 13.2 Χ 104 11.0 
M g , N a 98.0 134.5 6.49 22.2 Χ 104 18.5 
C a 83.o 107.7 6.50 18.3 Χ 104 15.3 

1.8! 

T l 19.! 20.9 3.95 8.I7 X 104 6.81 

Chabazite 
L i 73.2 93.9 5.99 21.56 X 10" 20.13 
N a 67.2 83.5 6.2i 21.47 X 104 20.0e 

Κ 52.2 63.2 5.44 16.47 X 104 15.3, 
Rb 39H 45.7 5.1χ 14.0o X 10" 13.08 

C s , C a 30.4 34.7 4.46 11.76 X 104 10.98 

C a , N a 76.7 97.2 6.56 23.56 X 104 22.0i 
C a 8O.0* 102.5 6.53 24.90 X 104 23.27 

T l 22.6 25.0 4.28 IO.87 X 104 10.1, 
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47. B A R R E R A N D C R A M H eat s of Immersion 109 

Table III. Continued 

Q i , 
Cal per 
Mole Que, 

Cal per 

Q G E , 

Cat per 
Gram 

Equiv. of 
Cation 
X ίο-* 

Cation 
Form 

Cat per 
Gram 

Q H , Q D , of 
Cat per Water 
Gram X 10~3 

No 
Unit Cells 

Zeolite D (Synthetic ferrierite) 
L i 
N a 
C a 
Sr 

40.2 3 .9 2 

35.4 4 . 1 , 
41.5 4 .5 2 

28.2 4 .0 2 

17.5 
15.9 
18.6 
13.3 

H ( from 
N H 4 + ) 

H (0.09N 
HC1) 

34.5 

34. 4 * 4 0 , 3.9 5 

2 weeks to ensure that water uptake h a d reached e q u i l i b r i u m . T h e satu
rat ion water contents, de termined b y T G A u s i n g a Stanton thermobal 
ance, are g iven i n T a b l e II . 

Outgassing. Samples were w e i g h e d out i n t h i n - w a l l e d borosi l icate 
glass bulbs of diameter ~ 0 . 8 c m , outgassed at 3 6 0 ° C for 24 hours to a 
res idual pressure <10" 5 m m of H g , a n d sealed off under v a c u u m . Sam
ples of N a X , N a Y , N a A , a n d ( C a , N a )-chabazite , conta in ing v a r y i n g 
amounts of presorbed water , were p r e p a r e d b y par t ia l r e m o v a l of water 
f r o m the saturated materials . E q u a l samples were p a r t i a l l y outgassed 
i n pairs through a c o m m o n tap at temperatures contro l led b y an o i l 
thermostat be tween 0 ° a n d 190 ° C for times between 2 a n d 12 hours. T h e 
heat of i m m e r s i o n of 1 sample was measured, a n d the res idua l water 
content of the second was d e t e r m i n e d b y i g n i t i o n at 1 1 0 0 ° C to constant 
we ight i n a P t c ruc ib le . T h e res idua l water contents of each sample were 
assumed, i n in terpret ing the heat of immers ion , to be the same. T o en
sure a n e q u i l i b r i u m dis t r ibut ion of water p r i o r to the ca lor imetr ic mea
surement, the p a r t i a l l y outgassed samples i n sealed bulbs were p l a c e d 
i n a n oven at 100 ° C for 36 hours a n d then cooled s l o w l y to r o o m tem
perature d u r i n g a p e r i o d of 6 hours. 

Calorimeter. A di f ferent ia l calorimeter , operat ing at 25.0 ° C u n d e r 
near- isothermal condit ions , was used for a l l heat measurements. S imi lar 
calorimeters, des igned for d e t e r m i n i n g heats of i o n exchange i n zeolites, 
have been descr ibed prev ious ly (5 , 6, 14, 15). T h e calorimeter was c a l i 
bra ted b y measur ing the heat of solut ion of potass ium ch lor ide i n water . 
T h e rat io of the area under the curve t raced b y the recorder p e n to the 
heat p r o d u c e d was 1.50 ± 0.04 c m 2 per calorie . N o heat c o u l d be detected 
w h e n a n e m p t y evacuated b u l b was b r o k e n under water . 
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110 M O L E C U L A R S I E V E Z E O L I T E S I I 

Errors. E r r o r s were est imated f r o m dupl i ca te measurements. T h e 
ca lor imetr ic measurements are accurate to about 4 % , the saturat ion 
water contents to 1 % , a n d the res idual water contents are r e p r o d u c i b l e 
to about 3 % , except at the lowest coverages, w h e r e the error is greater. 

Heat of Immersion and Exchange Cation. Heats of i m m e r s i o n i n 
water w e r e de termined for the outgassed cat ionic forms of the zeolites 
( T a b l e I I I ) . T h e heats g i v e n i n this table are the f o l l o w i n g : 

a. qH = calories per g r a m of h y d r a t e d zeol i te 

b . qD = ^ H
w

 = calories per g r a m of d e h y d r a t e d zeolite 

c. 0 / = — X 18.016 = calories per mole of water i m b i b e d 

d . Que = qD X WN0 = calories per A v o g a d r o N o . of uni t cells 

e. QGE = 0™L = calories per g r a m equivalent of cations 

H e r e w is the w e i g h t of water per g r a m of h y d r a t e d zeolite e q u i l i b r a t e d 
over saturated a m m o n i u m ch lor ide solut ion; wNo is the w e i g h t of a n A v o 
gadro n u m b e r of d e h y d r a t e d un i t cells of zeolite ; a n d nc is the n u m b e r 
of ca t ionic charges per un i t ce l l . T h e values of qH were d e r i v e d d i rec t ly 
f r o m the calorimeter measurements. T h e other quanti t ies are der ivable , 
assuming that a l l the water is r e m o v e d b y the outgassing at 3 6 0 ° C , a n d 
that where no direct c h e m i c a l analysis was avai lable , i o n exchange h a d 
reached the l i m i t i n d i c a t e d b y p u b l i s h e d i o n exchange isotherms (5, 6,14, 
15, 31, 33). A l l results are the average of 2 or more measurements except 
those m a r k e d w i t h an asterisk, w h e r e o n l y 1 measurement was made . 

Dealumination and Heat of Immersion. Treatments of mordeni te , 
c l inopt i lo l i te , a n d ferrieri te w i t h d i lu te a c i d i n the first instance remove 
meta l l i c cations a n d y i e l d the h y d r o g e n forms (4, 12, 13). S u c h forms 
also result b y heat ing the a m m o n i u m zeolites (24). Treatment w i t h 
stronger a c i d solutions removes increasing amounts of A l (4, 13, 26) 
( T a b l e I V ) . T h e m a r k e d effect this has u p o n qH is s h o w n i n the table. 

^Heats of Sorption as Functions of Amount Sorbed. T h e integral 
(AH) a n d di f ferent ia l (AH) heats of sorpt ion of water vapor w e r e ob
ta ined f r o m the relat ionships 

Results 

Qn0 ~ η = (η. η,) (AH - àHL) (D 
w h e r e 

a n d so 
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47. B A R R E R A N D C R A M Heats of Immersion 111 

ΔΗ + ( η . - no) = AH (2) 

H e r e q n s a n d qno are heats of i m m e r s i o n of the zeoli te i n i t i a l l y conta in ing 
ns a n d n0 moles of presorbed water per gram, a n d AHL is the molar heat 
of condensat ion of water , taken as 10.51 k c a l per mole . T h e degree of 
presaturat ion, 0, is g i v e n b y 

_ i n i t i a l water content _ ns 

saturat ion water content naat 

w h e r e n s a t is the n u m b e r of moles of water needed to saturate the in t ra -
crystal l ine free v o l u m e . Smoothed curves of qns vs. θ were d r a w n ( F i g u r e 
1 ), a n d the l o w e r l imi ts of θ chosen for the calculat ions of integra l heats 
w e r e : 

Zeol i te : N a X N a Y N a A ( C a , N a ) chabazite 
θ : 0.033 0 0.1 0.133 

T h e values of — AH a n d —AH d e r i v e d f r o m the smoothed curves of 
F i g u r e 1 are s h o w n i n F i g u r e 2. A t the lowest values of Θ, —AH is v e r y 
large but diminishes as θ increases. T h e curves for N a Y , N a A , a n d 
( C a , N a ) chabazi te flatten for h igher 0, w h i l e that for N a X has a m i n i m u m 
f o l l o w e d b y a r i s ing section. F o r N a X , the w a t e r - w a t e r self -potential 
energy, increas ing w i t h 0, m o r e than balances the d e c l i n i n g values of 
water - sorbent interactions. A f t e r saturat ion ( 0 ^ 1 ) , — AH a n d — AH 
for a l l systems w o u l d be expected to approach —AHL. 

Table IV. Heats of Immersion in Decationated and 
Dealuminized Zeolites 

q i , que , 
7c Al Kcal Cal. per 

Relative Q D , per No 
to Cal per Cal per Mole of Unit Cells 

Sample Original Gram Cram Water X 10~4 

Clinoptilolite 
O r i g i n a l 100 41.o 47.7 5.2 7 10.3, 
0.25N H C 1 58 41.3 48 .3 5.1 x 9.5 3 

0.5N H C 1 33 32.4 37. 8 4.0 8 7.3 3 

1.0N H C 1 7 27.3 31 . 9 3.4 2 6.0 7 

2 . 0 N H C 1 0 23. 6 27. 9 2.7 6 5.2 9 

Mordenite 
N a Zeolon 100 46a 53.i 6 .2 9 16.2i 
Η Zeolon 87 34. 7 40. 5 4.3 7 11.5 7 

2.0iV H C 1 49 38 . 3 * - - -
6.0N H C 1 32 36.7* - - -

12.0ΛΓ H C 1 25 34.8* 42.4 3.5 0 11.6i 
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112 M O L E C U L A R S I E V E Z E O L I T E S II 

Discussion 

Exchange Ions and Heats of Immersion. Three cat ionic forms give 
heats of i m m e r s i o n w h i c h are out of l ine w i t h other results. O n e of these 
is B a A , for w h i c h qH is o n l y 1.8 c a l per gram. T h i s f o r m can lose m u c h 
of its structure o n outgassing ( 3 2 ) , a n d the water uptake a n d heat of 
i m m e r s i o n are r e d u c e d accordingly . ( R b , N a ) A a n d ( M g , N a ) X also m a y 
lose some crysta l l in i ty d u r i n g outgassing. Rastrenenko et al. (29) f o u n d 
qH for ( R b , N a ) A to be o n l y 3 c a l p e r g r a m , w h i c h p r o b a b l y indicates 
extensive latt ice b r e a k d o w n . P l a n k (28) repor ted p a r t i a l b r e a k d o w n i n 
( M g , N a ) X a l though this was not conf i rmed b y others (16, 20, 27, 36). 
Because of the abnormal i t ies i n qH observed w i t h B a A , ( R b , N a ) A , a n d 
( M g , N a ) X , these 3 w i l l be d isregarded i n the f o l l o w i n g comparisons. 
O u r values of qH for L i , ( M g , N a ) , a n d C a forms of zeolite A are 12 to 
2 0 % lower t h a n those of Rastrenenko et al., but our va lue for Κ A is ap
p r e c i a b l y higher . H o w e v e r , w i t h the exception of K A , the trends i n qH 

are the same, a n d n u m e r i c a l differences m a y arise f r o m differences i n 
the zeolite sample. 

O f the ca t ion forms of chabazi te , Cs-chabazi te contains about 2 0 % 
of res idua l C a w h i l e the other modif icat ions should conta in less than 10% 
of this i o n (6). I n zeoli te X , the R b , C s , M g , a n d B a forms conta in about 
30, 30, 27, a n d 23 r e s i d u a l N a + ions per u n i t ce l l (14) out of a total i n our 

Figure 1. Curves of q n s vs. θ for (a) NaX, (b) NaY, 
(c) NaA, and (d) (Ca,Na)chabazite 
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47. B A R R E R A N D C R A M Heats of Immersion 113 

25h 

(a) 

AH|_ (25 C) 

to; 

- Δ Η 

- Δ Η 

-ΔΗι_ ( 2 5 ° C ) 

0-2 0-4 0 6 
θ 

0-8 0-2 0-4 0-6 0 8 
θ 

Figure 2. Curves of —AH and — Δ Η plotted against 
θ for (a) NaX, (b) NaY, (c) NaA, and (d) (Ca,Na)chab-

azite 

sample of 87 ions. O f these numbers , 16 N a + ions i n each case p r o b a b l y 
o c c u p y sites w i t h i n the hexagonal pr isms a n d thus are comple te ly sh ie lded 
f r o m water molecules . T h e remainder must have some contact w i t h water 
a n d thus m o d i f y the heat of i m m e r s i o n c o m p a r e d w i t h the h o m o i o n i c 
f o r m . I n zeoli te A , the R b , C s , a n d M g forms conta in about 29, 54, a n d 
3 3 % of N a + ions, respect ively, a l l of w h i c h c a n interact w i t h water . I n 
zeol i te Y , a l though the R b , C s , C a , Sr, B a , a n d T l forms each conta in 
about 16 N a + per u n i t c e l l ( 5 ) , these N a + ions are p r o b a b l y w i t h i n the 
hexagonal pr isms a n d i f so w o u l d not interact w i t h water or m o d i f y the 
heats of immers ion . 

T h e m a g n i t u d e of qH is d e t e r m i n e d largely b y the water content per 
gram ( T a b l e I I ), w i t h further inf luence b y the n u m b e r , size, a n d valence 
of cations a n d the f r a m e w o r k conf igurat ion. A m o n g the a l k a l i m e t a l 
c a t i o n s — e x c l u d i n g ( R b , N a ) A — t h e r e is a regular decrease i n qH a n d qD 

i n the sequence. 

L i + > N a + > K + > R b + > Cs+ 

F o r the diva lent i o n s — e x c l u d i n g B a A a n d ( M g , N a ) X — t h e order is 
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114 M O L E C U L A R S I E V E Z E O L I T E S II 

M g 2 + > Ca 2 + > Sr 2+ > B a 2 + 

w h i l e the heat of i m m e r s i o n for a g i v e n zeolite conta in ing a d iva lent 
exchange i o n is u n i f o r m l y larger than this heat i n the same zeolite con
t a i n i n g a monovalent i o n of s imi lar radius—e.g. , C a 2 + a n d N a + — d e s p i t e 
the smaller n u m b e r of d iva lent ions. T h e inf luence of charge densi ty i n 
2 otherwise i d e n t i c a l structures is seen c lear ly b y c o m p a r i n g qH or qD 

for the same exchange i o n i n zeolites X a n d Y . I n a l l cases except that 
of T l + , the heat of i m m e r s i o n is cons iderably larger i n X . F o r T l + the 
reverse is true, p r i m a r i l y because the water content of T1X is less t h a n 
that of T1Y ( T a b l e I I ) . 

T h e effect of po lar i ty of the f r a m e w o r k u p o n the heat of i m m e r s i o n 
can be s h o w n i n a more general w a y . T h e la t t i ce - forming units of the 
anionic f r a m e w o r k can be considered as ( A l ^ S i d . ^ )02

x~ w h e r e 0 < χ 
< 0.5. T h e heat of i m m e r s i o n of the N a forms of the zeolites i n k c a l per 
A v o g a d r o n u m b e r of la t t i ce - forming units ( QNo ) was p lo t ted against the 

A l 
rat io g . = x, w h i c h is a measure of the charge density ( F i g u r e 3 ). 
D e s p i t e the divers i ty of the zeol i te structures, there is a corre lat ion be
tween QNo a n d χ w h i c h shows that intracrystal l ine charge densi ty is a 
major factor i n d e t e r m i n i n g the magnitudes of these heats. W h e n χ = 0 
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47. B A R R E R A N D C R A M Heats of Immersion 115 

Figure 4. (a) q D and (b) Q x vs. ic~2 for zeolites X and Y. Open circles, X; 
closed circles, Y 

as i n a hypothe t i ca l porous crystal l ine s i l ica , QNo> obta ined b y extrapola
t ion , is very smal l . 

T h e integra l molar heat of sorpt ion of l i q u i d water into the zeolites 
at saturat ion of the intracrystal l ine v o l u m e is g iven b y — Qi i n c o l u m n 4 
of T a b l e I I I . T h e same heat, AH, for water vapor is g i v e n b y AH = 
— ((?/ + 10.51) k c a l per mole . T h i s heat is n u m e r i c a l l y larger i n zeolite 
X than i n Y for a c o m m o n cat ion, again s h o w i n g the importance of di f 
f e r ing charge densities i n otherwise ident i ca l f rameworks . Nevertheless , 
AH does not vary so greatly a m o n g the cat ionic forms of any 1 zeolite 
( T l + a n d P b 2 + excepted) , suggesting that the proport ionate ly more n u 
merous f r a m e w o r k oxygens, a n d w a t e r - w a t e r interactions, are p r i n c i p a l 
factors i n d e t e r m i n i n g such saturation heats. 

T h e integra l heat for the saturation of an A v o g a d r o n u m b e r of u n i t 
cells w i t h l i q u i d water is — Quc ( T a b l e I I I , c o l u m n 5 ) . It s trongly re
flects the size of a uni t c e l l a n d the free v o l u m e per uni t ce l l . W h e n , as 
i n a g iven cat ion f o r m of X a n d Y , these factors are the same, then Que 
shows the inf luence of d i f fer ing charge density. F i n a l l y , — QGE is the 
in tegra l heat of i m m e r s i o n per g r a m equivalent of cations ( T a b l e I I I , 
c o l u m n 6 ). It is inf luenced for a g iven zeolite b y cat ion size a n d valence 
a n d also b y the average coordinat ion n u m b e r of the ions towards water . 
A c c o r d i n g l y , QGE is larger i n zeolite Y t h a n i n X . QGE has its largest 
values i n chabazi te , suggesting a p a r t i c u l a r l y b i g cat ion c o n t r i b u t i o n i n 
this zeolite. 
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116 M O L E C U L A R S I E V E Z E O L I T E S II 

Figure 5. (a) q D and (b) Q x plotted against r c
 1 

for chabazite 

Relations between Heats and Cation Radii. F o r any c a t i o n - w a t e r 
pa i r , the i o n - d i p o l e energy should v a r y inversely as the square of the 
center-to-center distance be tween i o n a n d water molecule— i . e . , as ( r c + 
1.40 )" 2, w h e r e rc is the cat ion radius i n A a n d 1.40A is taken as the radius 
of water . A c c o r d i n g l y , correlations m i g h t be sought be tween qD, Ql9 or 
Que a n d ( r c + 1.40 )" 2 or rc~2. S u c h plots p r o v e d qua l i ta t ive ly the same 
whether (rc + 1.40) 2 or rc~2 was the abcissa. F igures 4 a n d 5 show sev
era l of the observed relations w i t h rc~2 for zeolites X a n d Y a n d for chab
azite. 

F o r a sequence of ions of the same valence i n a g iven zeolite, qD— 
( M g , N a ) X excepted—increases as rc~2 increases. W i t h QI} however , max
i m a or m i n i m a are observed w h i c h suggest at least 2 oppos ing influences. 
These i n c l u d e the extent to w h i c h the cations are recessed into a n d 
against 4-, 6-, or 8-rings of latt ice oxygens a n d hence the endothermal 
energy r e q u i r e d to detach t h e m w h o l l y or i n part w h e n solvat ion occurs. 
Secondly , they i n c l u d e the exothermal energy of i o n solvat ion b y the 
enter ing zeol i t ic water . Smal ler cations m a y be b o n d e d m u c h more 
strongly to 4- or 6-rings than large ions; they also are h y d r a t e d more 
energetical ly. T h u s , a balance is l i k e l y to be struck i n v o l v i n g numbers 
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47. B A R R E R A N D C R A M Heats of Immersion 117 

of ions loosened or detached a n d the relat ive energies of detachment 
a n d solvat ion. 

T h e plots of Cue vs. rc~2 also showed m a x i m a or m i n i m a , p r e s u m a b l y 
for the reasons g i v e n above. V a l u e s of Quc, qD, or Ç/ for T l a n d P b forms 
d i d not l ie o n the correlat ion curves of the other cations. I n T a b l e V , 
some measured values of Quc for these 2 ions i n several zeolites are c o m 
p a r e d w i t h in terpolated values f r o m the curves for the other ions of the 
same valency. T h e differences be tween exper imenta l a n d interpolated 
values of Quc can be a t t r ibuted to the greater energy for de tach ing the 
h i g h l y po lar izab le T l + or P b 2 + f r o m latt ice oxygens as c o m p a r e d w i t h ions 
of comparable r a d i i such as R b + a n d Sr 2 H , respect ively. T h e p o l a r i z a b i l i -
ties, «, i n A 3 per i o n , are 

R b + 1.5 Sr 2+ 0.9 

T1+ 3.9 P b 2 + 3.6 

T h e b i n d i n g of T l a n d P b to f r a m e w o r k oxygen m a y be p a r t i a l l y covalent 
a n d s h o u l d become m o r e energetic as f r a m e w o r k po lar i ty increases ( chab-
azite < Y < X < A ). T h e ratios i n c o l u m n 4 of T a b l e V increase i n this 
order. T h e effect considered is present i n the other heats—e.g., qD, qH— 
as seen i n T a b l e I I I . 

Influence of Dealumination. C l i n o p t i l o l i t e a n d mordenites free of 
meta l l i c cations a n d w i t h A l / S i ratios w h i c h were progressively r e d u c e d 
gave heats of i m m e r s i o n w h i c h d i m i n i s h e d w i t h the A l content ( T a b l e 
I V ) . E a c h A l a tom r e m o v e d reduces the f r a m e w o r k charge b y 1, accord
i n g to the react ion (4) 

i 

I ο 
Ο Η 

Ι θ 
H 3 + 0 + — Ο — A l — Ο h 3 H C l ( a q ) - > — O H H O — + A l C l 3 ( a q ) 

! + H 2 0 
Ο H 

I ο 
I 

Table V . Experimental and Interpolated Values of Que for 
T l - and Pb-Forms of Several Zeolites Cal per N 0 Unit Cells 

Zeolite Que, Exptl. Q u e , Interpol. Ratio 

T l chabazite 10.9 Χ 10 4 14.6 Χ 10 4 1.34 
( T l , N a ) Y 6.5 5 Χ 10 5 9.1B Χ 10 5 1.40 
T 1 X 7.1 Χ 10 5 13.0 Χ 10 5 1.84 
T 1 A 8.2 Χ 10 4 15.2 Χ 10 4 1.86 

P b X 10.2 X 10 5 19.3 Χ 10 5 1.89 
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11.8 M O L E C U L A R S I E V E Z E O L I T E S II 

T h e final p r o d u c t is a crystal l ine s i l i ca r i c h i n h y d r o x y l defects b u t hav
i n g essentially the f r a m e w o r k structure of the parent zeolite (4, 13, 3 0 ) . 
T h e defects render i t polar , b u t the electrostatic components of the heats 
of i m m e r s i o n are r e d u c e d . T h e extent to w h i c h smooth correlations are 
obta ined for qD a n d qH is s h o w n i n F i g u r e 6 for c l inopt i lo l i te a n d mor-
deni te , respect ively. E q u a l l y clear correlations be tween A l content a n d 
AH have been observed for C 0 2 i n these 2 d e a l u m i n i z e d zeolites, whereas 
for the nonpolar K r molecule , AH r e m a i n e d v i r t u a l l y independent of the 

% of original A l content 

Figure 6. (a) q D for clinoptilolite and (b) 
q H for mordenite, plotted against Al content 

relative to the original material 

A l content (4). These results a l l exempl i fy h o w f r a m e w o r k charge den
sity affects heats of sorpt ion of molecules possessing permanent electric 
moments . 

Heats for H - Z e o l o n , a c o m m e r c i a l H - m o r d e n i t e , f e l l w e l l b e l o w the 
curve for H-mordeni tes p r e p a r e d i n our laboratory. T h e procedure i n 
m a k i n g H - Z e o l o n f r o m its N a - f o r m is not k n o w n to_us. 

Differential and Integral Heats of Sorption. AH or AH can indicate 
re lat ive selectivities of zeolites for water , a n d hence their re la t ive value 
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47. B A R R E R A N D C R A M Heats of Immersion 119 

as desiccants. A t l o w water loadings, i t is the i n i t i a l heats w h i c h are 
important . A t θ = 0.1, the order of heats, —AH, is 

( C a , N a ) chabazite > 30 k c a l per mole 
N a A 30 k c a l per mole 
N a X 22.7 k c a l per mole 
N a Y 17 k c a l per mole 

F o r h i g h water loadings , in tegra l heats at the largest measured va lue 
of θ c o m m o n to a l l the zeolites m a y i n d i c a t e j t h e re lat ive usefulness as 
desiccants at such loadings . F o r θ = 0.8, —AH has the values 

( C a , N a ) chabazite 18.9 k c a l per mole 
N a A 17.7 k c a l per mole 
N a X 16.9 k c a l per mole 
N a Y 15.2 k c a l per mole 

T h i s order is the same as that of the i n i t i a l heats. Re tent iv i ty for water 
at h i g h loadings also depends u p o n the intracrysta l l ine free volumes 
w h i c h are ( J ) about 0.54 c m 3 per c m 3 for N a Y a n d N a X , a n d about 0.46 
c m 3 per c m 3 for N a A a n d chabazi te . 

A compar ison of water retent ivi ty is g i v e n i n F i g u r e 7 i n w h i c h 
0 ( N a Y ) , 0 ( N a A ) , a n d Θ(chabazite) are p l o t t e d against 0 ( N a X ) . I n each 
case, start ing w i t h saturated crystals, outgassing was c o n d u c t e d for the 
4 zeolites u n d e r i d e n t i c a l condit ions . C u r v e s s h o w n i n F i g u r e 7 are not 

O(Na-X) 

Figure 7. θ for NaY ( • ), NaA (Φ), and chaba
zite (M) plotted against θ for NaX, following 

identical outgassing conditions 
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120 M O L E C U L A R S I E V E Z E O L I T E S II 

at e q u i l i b r i u m so that factors such as crystal l i te size m a y have an i n f l u 
ence. Nevertheless , w i t h the exception of a n anomalous region for N a A 
i n the range 0.25 < θ < 0.5, the retentivit ies are i n the order expected 
f r o m the sequence of heats. 

Compar i sons of our curves of — AH vs. θ w i t h those of others are 
m a d e i n F igures 8 a n d 9. Cons iderab le differences are revealed. A p a r t 
f r o m exper imenta l diff iculties w h i c h are considerable w i t h polar , s trongly 
sorbed water discussed above, several specia l factors are signif icant : 

( a ) Samples of N a X used b y the Russ ian workers (18, 19) (curves 
I I I a n d I V , F i g u r e 8) a n d b y Barrer a n d Brat t ( 3 ) ( c u r v e I I , F i g u r e 8) 
conta ined 77 a n d 82 N a + ions p e r u n i t c e l l , respect ively, c o m p a r e d w i t h 
87 N a + ions i n our mater ia l . T h u s , the rather h igher over -a l l values of 
— Δ Η obta ined b y us are to be expected. 

( b ) D z h i g i t et al. (19) ( curve I V , F i g u r e 8) a n d Frohnsdorf f (21) 
( c u r v e I I I , F i g u r e 9 ) measured — AH b y adsorpt ion ca lor imetry . It is 

Figure 8. Comparison of curves of — Δ H vs. 
θ for the NaX-water system obtained by vari

ous workers 

Curve I. This work 
— —·— Curve II. (3) 

Curve I IL (18) 
Curve IV. (19) 

-|.|-|-|-|_|_ CurveV. (7) 
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47. B A R R E R A N D C R A M Heats of Immersion 121 

-AHL(25.°C) 
Ο 0-2 0-4 0-6 0-8 1 0 

θ 

Figure 9. Comparison of —ΔΗ vs. θ for 

(a) NaA-water 
Curve I. This work 
Curve II. (7) 

— Curve III. (21) 
- l - l - l - l - l - l - Curve IVa, NaA and Curve IVb, CaA ( 17) 
(b) (Ca,Na)chabazite-water systems 

Curve I. This work 
Curve II (8) 

·— Curves III a and b, respectively, more and 
less Ca-rich chabazites (35) 

diff icult , especial ly at l o w coverages, to ensure u n i f o r m d i s t r i b u t i o n of 
water t h r o u g h the sample. 

( c ) R e s i d u a l water contents m a y have v a r i e d o n account of d i f fer ing 
outgassing condit ions . F o r example , Frohnsdorf f outgassed at 2 0 0 ° C , 
w h i c h is a lower temperature than those used b y other workers . 

( d ) A p p l i c a t i o n of the C l a p e y r o n - C l a u s i u s equat ion to determine 
heats f r o m l o w coverage h i g h temperature isotherms w i l l y i e l d values of 
(ΔΗ — AHL) w h i c h are smaller t h a n our values because AHL changes 
w i t h t e m p e r a t u r e — ( A H L

2 8 0 ° C — AHL
25°C) = 3 k c a l per mole . 

( e ) S l ight hysteresis has been detected i n some water—zeolite iso
therms (7,26). 
C l e a r l y , i n the l i g h t of F igures 8 a n d 9, i t w o u l d be use fu l to compare 
results obta ined b y different methods on a single zeol i te sample. 
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Interpretation of Heats at Small Coverage. F r o m the shapes of 
curves of — AH vs. Θ, the first molecules of water are sorbed b y a notab ly 
exothermal process u p o n a s m a l l n u m b e r of sites. Barrer a n d Bra t t (3 ) 
suggested that these m i g h t be a f e w v e r y w e l l exposed cations. C o n s i d 
erable success was ach ieved later i n d e t e r m i n i n g the sequence of i n i t i a l 
heats for a m m o n i a a n d c a r b o n d iox ide i n various cat ionic forms of zeoli te 
X w i t h o u t assuming a b n o r m a l l y exposed cat ion sites (9 , 10). H o w e v e r , 
H a b g o o d (22) suggested recent ly h o w exposed cat ion sites m a y arise, 
thus r e v i v i n g the v i e w of B a r r e r a n d Brat t . T h e S i / A l rat io i n X exceeds 
1 so that a f e w exchange ions w i l l have posi t ive charge ba lanced b y nega
t ive charge o n oxygens located elsewhere i n the lattice. S u c h l o c a l i m 
balances expose the cat ion charge. T h i s s i tuat ion w i l l arise also i n other 
zeolites w h e r e the S i / A l rat io is nonintegral—e .g. , N a Y , ( C a , N a ) chab-
azite. T h e S i / A l rat io i n N a A is un i ty , b u t i n this structure 4 N a " ions 
m a y be associated w i t h 3 8-r ing w i n d o w s (34). T h e poss ib i l i ty therefore 
exists of at least 1 v e r y energetical ly sorb ing site per un i t ce l l . 

F o r these reasons, as a n alternative l i m i t i n g case to that considered 
b y Barrer a n d G i b b o n s (9, 10), w e consider i n i t i a l heats i n terms of iso
la ted i o n - w a t e r interactions. T h u s , energy terms of e lectr ica l o r i g i n are 
m a x i m i z e d , b u t contr ibut ions f r o m lattice oxygens are omit ted . T h e total 
in terac t ion energy, φ, be tween a water molecule a n d a n isolated i o n ( N a + 

for X , Y , a n d A , a n d C a 2 + for chabazi te ) was ca lcula ted as the sum of 
i o n - d i p o l e (φ^μ) , i o n - q u a d r u p o l e ( < £ F Q ) , p o l a r i z a t i o n (<f>P), d ispers ion 
(<f>D), a n d repuls ion (<f>R) energy terms. These are assumed to be g iven 
b y the expressions 

• _ - Ζ β μ - Q Z e ^ - è a ( Z e ) 2 —A Β 
Φ** ~ ~~~rT~ '> ~ 2 r 3 ' φ ρ = r 4 ; Φς> = ~ r r ' 

w h e r e Ζ a n d e are the i o n va lency a n d electronic charge (4.80 Χ 10" 1 0 

e.s.u. ) a n d a is the p o l a r i z a b i l i t y . μ a n d Q are the d i p o l e a n d q u a d r u p o l e 
moments of water (μ = 1.84 X 10" 1 8 e.s.u.; Q = 2 X 1 0 - 2 6 e.s.u.). T h e 
expressions for φ¥ιι, φ^, a n d φΡ refer to po int charges, dipoles , a n d q u a d -
rupoles . T h e dispers ion energy constant, A, was ca lcula ted f r o m the K i r k -
w o o d - M u l l e r expression (23, 25). Po lar izab i l i t i es , a, a n d the several 
d iamagnet ic susceptibi l i t ies , χ, a n d r a d i i , r, were taken as 

a, Cmz per Ion χ, COS units r , Cm 

N a + 0.19 Χ Ι Ο " 2 4 6.96 X 10~ 3 0 0.95 X 10~ 8 

C a 2 + 0.47 X 1 0 - 2 4 22.1 Χ 10" 3 0 0.99 X 10~ 8 

H 2 0 1.48 Χ ΙΟ" 2 4 * 21.5 Χ 10" 3 0 1.38 X 10~ 8 

1 C m 3 per molecule. 
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Table V I . Interaction Energies at r = re, Kcal per Mole" 

Ion-Water 
Pair and 
Repulsion 

+<Z>FQ Coeff. Ye, A -Φ +<Z>FQ — φρ — <t>D 

N a + - H 2 0 B1 1.80 42.5 39.4 12.0 23.2 6.2 14.3 
B2 2.33 21.8 23.3 5.4 8.1 1.5 5.7 
B, 2.13 27.0 28.5 7.1 12.1 2.3 8.8 
B, 2.33 27.5 23.3 5.4 8.1 1.5 0 

C a 2 + - H 2 0 Bi 1.80 122.5 78.7 24.2 94.0 15.7 41.7 
B2 2.37 53.8 46.0 10.6 31.1 2.5 15.2 
Bs 2.26 60.0 50.7 12.0 37.6 3.7 20.0 
B, 2.37 69.0 46.0 10.6 31.1 2.5 0 

a Molecule orientation is determined by the dipole. This makes the quadrupole 
energy endothermic (3). 

T h e repuls ion energy constant, B, the evaluat ion of w h i c h presents dif f i 
culties (9, 10 ) , was est imated i n 4 ways as fo l lows . 

( a ) B i = · r0
G w h e r e r0 is the e q u i l i b r i u m separat ion of the i o n 

a n d water molecule i n the presence of d ispers ion a n d r e p u l s i o n forces 
only ; r0 was taken as the s u m of the crysta l r a d i i of the i o n a n d the water 
molecule . 

where 

forces, 

(b) Β Α Γ « ( Z e ) » r . » g ( Z e ) r.» ( Z e W 

re> the e q u i l i b r i u m distance of separation under the inf luence of all 
is set e q u a l to r0. 

( c ) Bs = -.- ( r / ) 6 w h e r e rj is the radius of the water molecu le p lus 
A 

the radius of the ca t ion i n a h y p o t h e t i c a l nonelectrostatic environment . 
T h i s latter radius was taken as the radius of the inert gas atom h a v i n g 
the same electronic conf igurat ion ( N e , 1.60A; A r , 1 .92A) . 

( d ) T h e h a r d sphere m o d e l w i t h B 4 = oo for r ^ re a n d B 4 = 0 for 
r > re. re was again set e q u a l to r0. 

T h e m a x i m u m interac t ion energy, corresponding w i t h the e q u i l i b 
r i u m distance of separation, re, was obta ined f r o m the plots of φ = ( φ ^ μ 

+ Φ^ρ + φρ + φβ + φΛ) against r. T h e values of rc a c c o r d i n g to the 
va lue of Β taken, a n d the corresponding values of the components of φ, 
are s h o w n i n T a b l e V I . T h e values of φ a n d re associated w i t h Bx seem 
unreal is t ic , so a n average va lue for φ was ca lcula ted f r o m the other 3 
values. T h u s , the m a x i m u m energies of interact ion are: 

N a + - H 2 0 —25 k c a l per mole 

C a 2 + - H 2 0 —61 k c a l per mole 

T h e re la t ionship be tween φ a n d AH at 0 ° K is (φ — φ0) = AH w h e r e 
φ0 is the zero po in t energy. I n v i e w of the approximat ions m a d e , φ0 is 
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neglected, a n d it is assumed also that ΔΗ 298°κ == AH0oK. A t the lowest 
coverages examined, the values of AH are 

N a X θ = 0.05 Δ/7 = - 2 4 k c a l per mole 
N a Y θ ~ 0 AH = - 2 0 k c a l per mole 
N a A θ = 0.1 A i / = —29 k c a l per mole 

( C a , N a ) chabazite θ = 0.15 Δ # = — 32 k c a l per mole 

T h e heats of sorpt ion at l o w coverages for the N a - f o r m s thus are c o m 
parable w i t h the ca lcu la ted value . F o r N a X , N a A , a n d ( C a , N a ) chaba
zi te , — A H at θ = 0 p r e s u m a b l y w o u l d be somewhat greater. T h i s m a y 
expla in i n part w h y the measured heat for chabazite is substant ia l ly less 
than that ca lcu la ted for an isolated C a 2 + - H 2 0 pa i r . A further poss ib i l i ty 
is that the N a + ions i n n a t u r a l chabazi te occupy more exposed posit ions 
than the more numerous C a 2 t ions. 

T h e n u m e r i c a l l y largest exothermal t e rm at re is φρβ ( T a b l e V I ) . A 
d i rec t m e t h o d of est imating the relat ive importance of the energy c o m 
ponents (φ0 + ΦΒ + φρ) a n d (φΕβ - f Φ^) has been deve loped ( 2 ) . 
T h e i n i t i a l heats of sorpt ion for a n u m b e r of nonpolar , s t ructural ly s imple 
molecules w e r e p lo t ted against their p o l a r i z a b i l i t y , a, for a g iven sorbent. 
I n this w a y , a characterist ic curve g i v i n g the cont r ibut ion to AH f r o m 
(φο + ΦΒ + Φ ρ) as a f u n c t i o n of a was obtained. T h i s cont r ibut ion can 
be interpolated then for molecules of intermediate polar izabi l i t ies w h i c h 
also have permanent electric moments . B y difference, the cont r ibut ion 
of ( ψ ^ μ - f φ^ρ) to AH can be f o u n d . T h i s m e t h o d demonstrates again 
the dominance of the electrostatic energy components i n w a t e r - z e o l i t e 
systems, as is apparent f r o m T a b l e V I I . T h e ca lcula ted values of (φΡμ, + 
< £ F Q ) , averages for the values of B2, B 3 , a n d B 4 ( T a b l e V I ) , are —19.1 
k c a l per mole for N a + a n d —36.5 for C a 2 + a n d are reasonably near the 
ac tua l values. A s noted previous ly ( 3 ) , the f o r m u l a for φΡ appears to 
exaggerate this energy term, as seen w h e n (φΒ + ΦΒ + φρ) m T a b l e V I I 

Table VII. Contributions of (ΦΒ + ΦΒ + φρ) and of 
(Φ^μ + ΦΛ?) to Initial Values of AH 

- Δ Η , 
Kcal per 

Zeolite θ Mole 

N a X 0.05 24 
N a Y 0 20 
N a A 0.1 29 
( C a , N a ) _ 

chabazite 0.15 32 

Contributions, Kcal per Mole 

— (ΦΏ + Φκ + ΦΡ) — (φρμ + ΦΈΌ) 

2.7 
2.7 α 

_b 

5.8 

21.3 
17.3 

26.3 

° T h e same value as in the iso-structural N a X is assumed. 
6 N o characteristic curve has been constructed. 
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is cons idered a long w i t h this s u m a n d its i n d i v i d u a l components i n 
T a b l e V I . 

Conclusion 

T h i s s tudy of heats of i m m e r s i o n has s h o w n a direct re la t ion be
tween the heat, QNo, per A v o g a d r o n u m b e r of la t t i ce - forming units , (Al#, 

A l 
S i i - ^ C ^ " , a n d χ = Λ Ί for a range of zeoli te structures. T h i s i n d i -

A l -f- o i 

cates 1 general connect ion not sensitive to latt ice conf igurat ion between 
the f r a m e w o r k charge per un i t a n d the heat, QNo. Relat ions be tween the 
cat ion r a d i i a n d AH are equa l ly apparent b u t are less s imple a n d i n c l u d e 
such factors as extent of cat ion screening a n d solvation b y latt ice oxygens, 
extent of re-si t ing d u r i n g h y d r a t i o n , a n d cat ion valence, n u m b e r , a n d 
p o l a r i z a b i l i t y . H i g h i n i t i a l heats, AH, a n d the r a p i d dec l ine of AH w i t h 
increasing uptake of water are compat ib le w i t h a smal l p r o p o r t i o n of 
re la t ive ly unscreened cations. These produce i n i t i a l l y large electrostatic 
energy contr ibut ions to AH. 
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Discussion 

J . R . K a t z e r ( U n i v e r s i t y of D e l a w a r e , N e w a r k , D e l . 19711): B o u d a r t 
a n d H w a n g have considered a s imi lar p r o b l e m recently a n d have repor ted 
their results i n Ind. Eng. Chem. Fundamentals, I bel ieve. T h e y c a l c u 
la ted heats of adsorpt ion for argon adsorpt ion on type Y zeoli te i n the 
s o d i u m a n d c a l c i u m forms. T h e y then c o m p a r e d the ca lcula ted values 
w i t h exper imenta l ly de termined heats a n d f o u n d good agreement for the 
s o d i u m f o r m b u t a value w h i c h was m u c h lower than the ca lcula ted va lue 
for the c a l c i u m f o r m . F r o m this they c o n c l u d e d that the C a cat ion d i d 
not exhib i t a f u l l -\-2 charge b u t that there was charge sh ie ld ing for the 
C a cat ion r e d u c i n g the effective charge. W o u l d this not expla in the dis
agreement w h i c h y o u f o u n d for the C a f o r m y o u studied? 

P . J . C r a m : I a m not f a m i l i a r w i t h B o u d a r t a n d H w a n g ' s w o r k . W e 
bel ieve that an overestimate of the p o l a r i z a t i o n energy term contributes 
to the disagreement. 

M . M . Dubinin ( A c a d e m y of Sciences of the U S S R , M o s c o w , U S S R ) : 
I n the w o r k under discussion, the authors for the first t ime undertook an 
extensive a n d systematic invest igat ion of heats of immers ion into water 
of various zeolites i n different cation-exchange forms conta in ing v a r i e d 
amounts of preadsorbed water . O n the basis of their experiments, they 
calculate the dependence of di f ferent ia l molar heats of adsorpt ion on 
the adsorpt ion values of water . I n p r i n c i p l e , assuming that e q u i l i b r i u m 
states are reached, the curves obta ined s h o u l d co inc ide w i t h s imi lar 
curves d e t e r m i n e d ca lor imetr i ca l ly i n adsorpt ion of water vapors or w i t h 
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curves of isosteric heats of adsorpt ion. T h e authors ana lyze possible di f f i 
culties a n d shortcomings of the methods m e n t i o n e d above. These are 
m a i n l y o w i n g to extremely s low attainment of e q u i l i b r i u m states i n 
adsorpt ion of vapors of var ious substances o n zeolites, i n par t i cu lar of 
water vapors. T h i s effect results f r o m the p r o n o u n c e d energetic n o n -
u n i f o r m i t y of the adsorpt ion space of zeolites. 

I n a joint w o r k w i t h A . A . I s i r i k y a n w i t h the p a r t i c i p a t i o n of G . U . 
R a k h m a t - K a r i y e v , w e carr ied out direct measurements of di f ferent ia l 
heats of adsorpt ion of water vapors on crystal l ine a n d m o l d e d zeol i te 
N a A at 22 ° C us ing a Tian—Calvet- type calorimeter . T h e ca lor imetr ic 
insta l lat ion enabled us to measure t h e r m a l effects for each po in t of the 
adsorpt ion isotherm for a p e r i o d of 300 hours a n d more ( F i g u r e 1 ). T h e 
squares a n d circles i n the u p p e r part of the g r a p h denote our data for 

0 0,1 0,2 Q 

Figure 1. Dependence of differential 
heats of adsorption, Q a , of water vapor on 
adsorption values, a, for zeolite NaA after 
different investigators (above); the curve 
illustrates the kinetics of adsorption (be

low) 
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crysta l l ine a n d m o l d e d zeoli te N a A (2). I n the latter case, the adsorpt ion 
values are g iven per one gram of crystals conta ined i n the pellets. T h e 
reg ion of h i g h di f ferent ia l heats of adsorpt ion , w h i c h amount to a p p r o x i 
mate ly 24 k c a l / m o l e , corresponds to a degree of filling of the zeol i te voids 
of a r o u n d 0.1; i.e., a n average of 3 molecules of water per one large v o i d . 
I n the filling range f r o m 0.1 to 0.15, there is a n a b r u p t d r o p i n the differ
ent ia l heats of adsorpt ion, w h i c h vary ins igni f icant ly , however , o n further 
filling u p to about 0.8. T h e measurements of F r o h n d o r f f a n d K i n g t o n 
( 3 ) , w h i c h are denoted b y triangles i n the graph , almost co inc ide w i t h 
our data . I n their experiments, however , the most interest ing reg ion of 
s m a l l fillings b e l o w 0.1 was not s tudied. T h e curves of di f ferent ia l heats 
of adsorpt ion of a m m o n i a o n type A zeolite , w h i c h w e r e also de termined 
w i t h the a i d of a m o d i f i e d T i a n - C a l v e t ca lor imetr ic insta l la t ion a n d are 
d e p i c t e d i n F i g u r e 2 of the paper b y Sichart et al. submit ted to this 
conference ( 5 ) , are s imilar to our curve as w e l l . 

T h e curve i n the lower g r a p h expresses the dependence of the t ime 
of attainment of e q u i l i b r i u m ( i n hours ) o n filling. F o r this t ime , the 
increment of heat release i n a ca lor imetr ic experiment becomes i m 
measurably smal l . T h e g r a p h shows that for fillings of u p to 0.2, the 
t ime of at tainment of adsorpt ion e q u i l i b r i u m is f r o m 100 to 350 hours, 
the slowest kinetics of adsorpt ion b e i n g t y p i c a l of fillings of about 0.15 
corresponding, on the average, to 4 - 5 molecules of the water adsorbed 
per one large v o i d . 

I n the l ight of the results obta ined b y us, the ca lor imetr ic exper i 
ments of A v g u l et al. ( I ) (denoted b y the letter χ i n the g r a p h ) con
d u c t e d o n a calorimeter w i t h constant heat exchange a n d a m a x i m u m 
length of the " m a i n p e r i o d " of the release of the heat effect a m o u n t i n g to 
4-^5 hours for each point of the isotherm exhibit v e r y considerable d i v e r 
gencies, especial ly for the smal l - f i l l ing region. T h e isosteric heats of 
adsorpt ion of water o n zeoli te N a A ca lcula ted b y M o r r i s (4) (denoted 
b y d i a m o n d s i n the g r a p h ) are cons iderably l o w e r t h a n the ca lor imetr ic 
heats determined b y us for the entire region of fillings b e l o w 0.4, a n d the 
shape of the curve is i n qual i ta t ive contradic t ion w i t h the results con
s idered above. 

T h e inver ted triangles i n the u p p e r g r a p h denote the curve of d i f 
ferent ia l heats of adsorpt ion ca lcula ted f r o m data o n heats of i m m e r s i o n 
recorded b y V e r g n a u d et al. (6); these greatly exceed our data through
out almost the entire filling region. A n d finally, the uppermost curve 
w i t h o u t any points has been b o r r o w e d f r o m Barrer a n d Cram's paper . 
T h e heats of adsorpt ion corresponding to i t are unusua l ly h i g h , a n d the 
causes of this s h o u l d be thoroughly discussed. 

It is qui te natura l that w e consider our data the closest to the actual 
fact, a n d the conclusions f o l l o w i n g f r o m the nature of the curve obta ined 
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a n d concerning the highest interact ion energy of three m o b i l e cations of 
s o d i u m w i t h three adsorbed molecules of water a n d the favorable pos i 
t ion of these b i n a r y complexes ( H 2 0 . . . N a + ) at the w i n d o w s of zeoli te 
N a A l e a d i n g into large voids also seem to be plaus ib le . T o the f o u r t h 
( a n d last) m o b i l e ca t ion of s o d i u m , together w i t h the f o u r t h water mole
cule that has entered the v o i d , w e assign, as dist inct f r o m B a r r e r a n d 
C r a m , the intermediate region of the curve f r o m 22 to 17 k c a l / m o l e , since 
a l l the energet ical ly advantageous places at the entrance w i n d o w s are 
a lready o c c u p i e d b y the p r e c e d i n g three complexes. 

H o w e v e r , the curves of di f ferent ia l heats of adsorpt ion presented i n 
the u p p e r g r a p h a n d obta ined b y different investigators exhibi t such con
s iderable divergencies that, as it appears to me, w e s h o u l d first of a l l 
establish a m e t h o d of invest igat ion p r o v i d i n g results most closely reflect
i n g the ac tual fact, a n d o n l y then d r a w conclusions of f u n d a m e n t a l 
importance . 
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Α . V . K i s e l e v ( L o m o n o s o v State U n i v e r s i t y , M o s c o w , U S S R ) : I be
l ieve that the most important source of the differences be tween the values 
of the dif ferent ia l heat of specific adsorpt ion of water w h i c h were i n d i 
cated i n the paper b y Barrer a n d C r a m is the difference i n the cat ion 
concentrat ion i n the samples of zeoli te used. Indeed F i g u r e 1 shows 
that the heat of water adsorpt ion at smal l adsorpt ion values def initely 
diminishes w i t h the d i m i n i s h i n g of cat ion concentrat ion i n the case of 
two L i + - c o n t a i n i n g samples of zeoli te X : L i X - 1 a n d L i X - 2 ( for the c o m 
posit ions, see p . 185) . These data were obta ined b y O . M . D z h i g i t , Α. V . 
Kise lev , K . N . M i k o s , G . G . M u t t i k , a n d T . A . R a k h m a n o v a (paper ac
cepted for p u b l i c a t i o n i n Trans. Faraday Soc. ). F i g u r e 2 shows a s imi lar 
p ic ture for N a X zeolites. T h e heat of water adsorpt ion diminishes w i t h 
d r o p p i n g cat ion concentrat ion f r o m 87 N a + per uni t c e l l ( ca l cu la ted b y 
R. M . Barrer a n d P . J . C r a m f r o m heat of w e t t i n g measurements ) to 76 
a n d 75 N a + per uni t c e l l i n our samples (measured i n a calorimeter b y 
Ο. M . D z h i g i t , Α. V . Kise lev , Κ. N . M i k o s , G . G . M u t t i k , a n d T . A . 
R a k h m a n o v a ) . T h e curve for 87 cations i n F i g u r e 2,b represents the 
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130 M O L E C U L A R S I E V E Z E O L I T E S II 

22 

(2, mcteculei per caxty (i/è of urit cett) 

Figure 1. Dependence of calorimetrically meas
ured differential heat of adsorption of water vapor 
on the adsorption amount. Crossed triangles and 
circles represent the repeated runs of measure

ments. 

ρ 3 4 

Figure 2. (a) Dependence of the heat of adsorption 
of water vapor on the adsorption amount for NaX 
zeolites with different exchange cation concentra
tions, (b) Dependence of the heat of adsorption of 
CO2 on the adsorption amount for the same zeolites. 

isosteric heats de termined b y R. M . Barrer a n d B . C o u g h l a n ; curves for 
76 a n d 75 cations were d e t e r m i n e d b y N . N . A v g u l , B . G . A r i s t o v , Α. V . 
K i s e l e v , a n d L . Y a . K u r d y u k o v a : points = ca lor imetr ic measurements; 
filled curve = isosteric heats. S imi lar results ( F i g u r e s 2 a n d 3) were 
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47. B A R R E R A N D C R A M H eat s of Immersion 131 

obta ined i n the case of specific adsorpt ion of C 0 2 on the same zeolites 
(R. M . Barrer a n d R. M . G i b b o n s , Trans. Faraday Soc. 1965, 61, 948; R . M . 
B a r r e r a n d B . C o u g h l a n , " M o l e c u l a r Sieves," p . 233, Society of the C h e m 
i c a l Industry , L o n d o n , 1968; N . N . A v g u l , B . G . A r i s t o v , Α. V . K i s e l e v , 
a n d L . Y a . K u r d y u k o v a , Zh. Fiz. Khim. 1968, 42, 2678) . I n F i g u r e 3, for 

6 

4 

2 

1 2 3 4 

Figure 3. Dependence of the heat of C02 

adsorption on the adsorption amount for LiNaX 
zeolites with different exchange cation concen

trations (indicated) 

87 L i + per un i t ce l l , isosteric heats were de termined b y R. M . Barrer a n d 
R. M . G i b b o n s ; for 68 L i + -f- 6 N a + , ca lor imetr ic measurements were m a d e 
b y Ν. N . A v g u l , E . S. D o b r o v a , a n d Α. V . K i s e l e v ; for 40 L i + + 25 N a + , 
ca lor imetr ic ( points ) a n d isosteric ( filled curve ) heats were obta ined b y 
Ν. N . A v g u l , B . G . A r i s t o v , Α. V . K ise lev , L . Y a . K u r d y u k o v a , a n d Ν. V . 
F r o l o v a . I n the case of C 0 2 adsorpt ion, the ca lor imetr ic heat values 
co inc ide w i t h the isosteric. These examples c lear ly s h o w that the phys ico-
c h e m i c a l constants ca lcula ted f r o m experiments ( H e n r y constant, second 
v i r i a l coefficient, corresponding heat of adsorpt ion, etc.) are inf luenced 
b y the zeoli te structure a n d c h e m i c a l composi t ion. Therefore , i t is qui te 
necessary to indicate this compos i t ion i n the representation a n d discus
sion of the t h e r m o d y n a m i c results. U n c e r t a i n results were often obta ined 
for zeolites h a v i n g a b i n d i n g mater ia l . 
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Calorimetric Measurements of the Systems 
Zeolite-Ammonia and Zeolite-n-Heptane 
in a Range of Temperature from 0° to 300°C 

K.-H. SICHHART, P. KOLSCH, and W. SCHIRMER 
Department of Adsorption of the Central Institute of Physical Chemistry of the 
German Academy of Science, Berl in, East Germany 

Using a conduction calorimeter (improved type Tian-
Calvet), we measured the differential enthalpies of adsorp
tion —ΔH (kcal/mole) of the system zeolite NaCaA-NH3 

within a temperature range from 23° to 300°C. We observed 
a step-like dependence of the values of —ΔH from the de
gree of pore volume filling of the zeolite. This result leads 
to the assumption that certain structures are formed be
tween the NH3 molecules and the cations present in the 
zeolite cages. A drop calorimeter was used to measure the 
heat capacities of the system NaCaA zeolite—n-heptane in 
the temperature range 25°-240°C. The heat capacity shows 
a high maximum at approximately 100°C, especially for very 
small values of pore volume filling. This behavior may be 
explained by cooperation between defect structures of the 
adsorbent and configuration effects of the hydrocarbon 
chain. 

For the determination of thermodynamic adsorption parameters, we 
used a drop calorimeter to measure specific heats and a conduction 

calorimeter to measure enthalpies of adsorption. 
In general, 2 types of calorimeters are used for measurement of 

specific heats, the adiabatic heated and the drop calorimeter. We chose 
the latter type for our study of specific heats because we needed the 
enthalpy function for our thermochemical calculations. This is the in
tegral of the specific heat up to the experimental temperature, and can
not be measured directly by an adiabatically heated calorimeter. At 
higher temperatures the integration error wil l be considerable, so that 
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48. siCHHART E T A L . Calorimetric Measurements 133 

i t is better to use the d r o p m e t h o d w h i c h provides the entha lpy differ
ences direc t ly . 

T h e filled sample container is heated to temperature T . T h e n the 
sample is t h r o w n into the calor imeter at temperature TK. A f t e r a b l i n d 
test, the entha lpy difference Ητ-ΗΤκ of the invest igated substance can 
be ca lculated. 

T h e calorimeter w h i c h w e constructed has a prec is ion of 0 .02 -0 .1%. 
Measurements are possible be tween 2 5 ° a n d 1 0 0 0 ° C . T h e ca l ibra t ion con
stant r e d u c e d to 25 ° C is 2533.08 ± 0.25 J / g r d w i t h a s tandard d e v i a t i o n 
of m = 1.02 J / g r d ( 6 ) . 

W e b u i l t a c o n d u c t i o n calorimeter of the T i a n - C a l v e t type to mea
sure the heat of adsorpt ion of gases o n zeolites. F i g u r e 1 shows the 
construct ion of this calorimeter . T h e m e t a l b l o c k reaches a temperature 
constancy of 0 . 0 1 ° - 0 . 0 3 ° C . A t about 300 ° C , w e obta in the same values 
w i t h an automatic adjustment. T h e calorimeter attains a t i m e constancy 

Figure 1. Calorimeter construction 

A: Ag vessel 
B: External boundary 
C: Al block 
D: Electric heater 
E: Al cylinder 
F: 5 Al jackets 
G: Glass wool isolation 
H: Air isotàion 
I: Asbestos isolation 
K: Ceramic props 
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134 M O L E C U L A R S I E V E Z E O L I T E S II 

of 83 seconds a n d a sensit ivity of 2.12 χ 10" 4 ca l / sec m m ; the prec is ion 
is 0 .4% ( S ) . T h e di f ferent ia l heats of adsorpt ion of a m m o n i a o n zeol i te 
of the type N a C a A ( 6 6 % i o n exchange) have been measured at 2 3 ό -
3 0 0 ° C b y this calorimeter . 

F i g u r e 2 shows the results of these studies for 2 3 ° , 1 0 0 ° , 2 0 0 ° , a n d 
3 0 0 ° C . W e observed heats of adsorpt ion , 22-25 k c a l / m o l e , at the lowest 
values of a m m o n i a content a n d a decrease of this va lue to 20-21 k c a l / 
mole at one molecule of a m m o n i a per large cage. T h e heat of adsorpt ion 
remains constant at this va lue u p to the adsorpt ion of 3.5 molecules /cage . 
T h i s can be seen most d i s t inc t ly at a measur ing temperature of 200 ° C . 
B e t w e e n 3.5 a n d 4 molecules /cage , the heat of adsorpt ion decreases to 
14-15 k c a l / m o l e . 

T h e heat curves at 2 3 ° a n d 100 ° C also show these steps b u t i n this 
case the decrease of heat of adsorpt ion occurs i n the range 2.5-5 mole
cules /cage . T h e measurements at 300 ° C s h o w no steps, a n d the values 
decrease almost l inear ly f r o m 25 to 10 k c a l / m o l e . 

W e interpret these results b y assuming that the h i g h values for the 
heats of adsorpt ion per ta in to speci f ical ly active centers, such as latt ice 
holes ( 7 ) . D i e l e c t r i c re laxat ion measurements (4) a n d K M R studies (2 ) 
substantiate such conclusions. 

T h e adjacent step represented b y values of 20-21 k c a l / m o l e leads 
to the assumption that the first molecules of a m m o n i a are adsorbed at 
the 4 C a 2 + cations i n the cage. T h i s is s h o w n b y measurements of the 
adsorpt ion of a m m o n i a i n several N a X zeolites p a r t i a l l y conta in ing tran-
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48. siCHHART E T A L . Calorimetric Measurements 135 

s i t ion m e t a l cations a n d b y studies of the die lec tr ic re laxat ion of the sys
tems H 2 0 - N a C a A a n d H 2 0 - C a A (4). 

A value of 23 k c a l / m o l e ( 7 ) for the interact ion of a m m o n i a w i t h the 
C a 2 + ca t ion was ca lcula ted f r o m the energy of adsorpt ion of a m m o n i a 
on zeoli te N a C a A b y c o m m o n potent ia l methods ( analogous to Ref . 1 ). 
I n Ref . 3 other authors f o u n d several ranges of adsorpt ion w h i c h are 
accounted for b y interactions w i t h the cations. T h e interpretat ion i n our 
paper (7 ) thus is conf irmed. 

I n the transi t ion range of temperatures, no extreme d r o p is observed. 
T h i s can b e expla ined b y di f fus ional i n h i b i t i o n of the molecules w h i c h 
are adsorbed at these temperatures ( I ) . A further step fo l lows. O u r 
explanat ion for the steep slope of the heats of adsorpt ion at 3 0 0 ° C i n 
this case is that the adsorbed a m m o n i a molecules have a h i g h m o b i l i t y 
a n d do not o c c u p y fixed posit ions. These measurements have been car
r i e d out w i t h a prec is ion of ± 2 % . 

D i r e c t measurements of the heat capacit ies of the system zeoli te 
N a C a A - n - h e p t a n e have been m a d e i n the temperature range 2 5 ° - 2 4 0 ° C 
w i t h the d r o p calorimeter descr ibed above. 

I n F i g u r e 3, the heat capac i ty is s h o w n as a f u n c t i o n of temperature 
at 3 coverages, w i t h correct ion for the heat of adsorpt ion. T h e quant i ty 

20UH 

1500 

moo 

[JgrdHol] 

- -CpP-HÊpian 

40 160 240 
ΤΙΚ] 

Figure 3. Heat capacity of the system n-heptane-
zeolite NaCaA 
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136 M O L E C U L A R S I E V E Z E O L I T E S II 

of adsorbed η-heptane, a, is s h o w n i n m m o l e / g r a m zeolite. T h e heat 
capac i ty goes through a m a x i m u m between 8 0 ° - 1 2 0 ° C , r i s ing to values 
m u c h larger than can be a t t r ibuted to the p u r e η-heptane. T h i s m a x i m u m 
i n the curves was expected after h a v i n g measured isosteres of the system 
zeolite N a C a A - n - h e p t a n e ( 5 ) . T h e height of the m a x i m u m decreases 
w i t h l o a d i n g . 

T h i s effect can be expla ined only b y regard ing the system z e o l i t e -
adsorpt as a w h o l e . C e r t a i n defect structures of the adsorbent a n d a d d i 
t i o n a l conf igurat ion effects of the c h a i n of the h y d r o c a r b o n must co inc ide 
to give these results. W e are p r e p a r i n g a quant i ta t ive est imation of this 
p r o b l e m for p u b l i c a t i o n . 
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Discussion 

L. V . C . Rees ( I m p e r i a l C o l l e g e , L o n d o n ) : W h e n zeolites have i n 
creas ing amounts of po lar molecules sorbed i n them, the cations show 
a great increase i n m o b i l i t y w h e n certain l o w fillings are obta ined. Is i t 
not possible that the decrease i n the heat of sorpt ion of N H 8 at l o w iso
t h e r m temperatures represents the point where the cations loosen their 
at tachment to the f r a m e w o r k ? T h i s w o u l d be an endothermic m o v e m e n t 
of a posit ive charge f r o m the negative f ramework . A t 3 0 0 ° C , the cations 
w o u l d have sufficient thermal energy to mask this effect. 

W. Schirmer: I should suppose that the loosening process of the 
cations w o u l d take place at h i g h e r coverages, where the decrease i n heat 
of adsorpt ion is rather l o w . If this process takes p l a c e — w e took i t into 
considerat ion, too—then w e must get, for a certain range of coverage, 
an approximate ly hor izonta l part of the A vs. θ curve ( a l l the C a cations 
b e i n g e q u a l i n e n e r g y ) — a phenomenon w h i c h w e d i d not observe u n t i l 
n o w . 
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48. siCHHART E T A L . Calorimetric Measurements 137 

N . G . Parsonage ( I m p e r i a l C o l l e g e , L o n d o n ) : If one integrates under 
the curve for a = 0.0007 i n F i g u r e 3, one obtains — 6 0 k c a l / m o l e for the 
excess heat. T h i s seems to be m u c h too large for a process concerned 
w i t h p h y s i c a l sorpt ion a n d suggests that a c h e m i c a l process is i n v o l v e d . 
A t these temperatures on the sieve, a c h e m i c a l react ion w o u l d appear 
to be quite possible. W o u l d y o u agree? 

W . Schirmer: A l t h o u g h w e d i d not yet finish our invest igat ion of 
this topic , w e s h o u l d l i k e to conc lude that there must b e a c h e m i c a l reac
t ion , perhaps between some O H groups a n d the h y d r o c a r b o n molecule . 
W e shal l use other techniques ( i n f r a r e d , N M R ) to solve the p r o b l e m . 
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Low-Temperature Calorimetric Study of 
Methane in Linde 5A Sieve 

H. J. F. STROUD and N. G. PARSONAGE 

Imperial College, London, S.W. 7, England 

Heat capacities over the range 20° to 300°Κ have been 
measured for empty 5A sieve and for the same sample con
taining 2 different amounts of CH4. These measurements 
are more reliable than previous calorimetric results for sorp
tion systems in that the calorimeter is not connected by a 
metal filling tube to the apparatus at room temperature. 
Sorption isotherms and isosteric heats of CH4, C2H6, and Kr 
on the same sample have been determined from 194° to 
300°K. A Monte Carlo evaluation has been made of a "cell" 
model, assuming Lennard-Jones potentials for all interac
tions. The isotherm and qst predictions for CH4 are good, 
but the Cs vs. Τ curve fails to show the large "hump" near 
150°Κ which is the main feature of the experimental results. 

T i J " e a s u r e m e n t of Cp of the sorbed phase (Cs) provides a v e r y sensitive 
A test of theories b o t h because of the w i d e range of temperature 

w h i c h can be covered a n d because of the nature of the quant i ty itself. 
C a l o r i m e t r i c Cp measurements of sorpt ion systems always have been 

c a r r i e d out w i t h a tube connect ing the sample to the room-temperature 
parts of the apparatus ( 7 ). T h i s leads to large heat leaks a long the tube 
a n d to uncerta inty about the temperature w h i c h is to be assumed for the 
gas w h i c h is desorbed f r o m the sample d u r i n g the experiment. Studies 
have been made of the latter point ( 7 ), b u t i n the present w o r k w e have 
a v o i d e d b o t h the leak a n d the ambiguit ies b y m a k i n g the sample con
tainer a closed system, a l though this leads to v e r y considerable experi 
m e n t a l diff icult ies. C o r r e c t i o n for the heat associated w i t h desorpt ion 
into the s m a l l amount of dead-space i n the sample container was m a d e 
us ing sorpt ion isotherms d e t e r m i n e d for the same sample of zeolite . 

F o r the theoret ical treatment of the system, w e have used M o n t e 
C a r l o ( M C ) methods, w h i c h have been very successful for the m a n y -
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49. S T R O U D A N D P A R S O N A G E Methane in Linde 5A Sieve 139 

b o d y problems of fluids ( 9 ) . T h e present paper contains, as far as w e 
are aware, the first appl i ca t ion of such a technique to a sorbed phase. 

Low—Temperature Calorimetry 

Measurements were made f r o m 2 0 ° to 3 0 0 ° Κ us ing an adiabat ic 
calorimeter . Before each filling of the container, the zeoli te was b a k e d 
out for at least 1 week w h i l e p u m p i n g on the system. T h e amount of 
sorbate sealed into the p l a t i n u m - i r i d i u m sample container was deter
m i n e d gasometricalry, a n d a smal l k n o w n amount of H e also was a d d e d 
to faci l i tate thermal e q u i l i b r i u m as is n o r m a l pract ice i n low-temperature 
ca lor imetry . Since the sample container was b a k e d at Τ > 300 ° C , i t was 
necessary to use glass-coated wires a n d p y r o m e l l i t i m i d e varn ish for the 
heater of the sample container. T h e zeolite was a sample of 5 A sieve 
g iven b y U n i o n C a r b i d e C o r p . a n d h a d the compos i t ion : 0.23 N a 2 0 , 
0.77 C a O , A 1 2 0 3 , 1.89 S i 0 2 . 

Results 

R u n A : d e h y d r a t e d zeolite = 23.4338 grams, C H 4 = 0.02597 mole , 
H e = 0.00026 mole . C o n t r i b u t i o n of sorbate to heat capac i ty of sorbent 
+ sorbate was 7.7% at 5 0 ° K a n d 4 .7% at 2 5 0 ° K . R u n B : d e h y d r a t e d 
zeoli te = 23.4338 grams, C H 4 = 0.01283 mole , H e = 0.00026 mole . T h e 
average n u m b e r of C H 4 molecules per large cavi ty ( < n > ) was 1.808 i n 

Figure 1. Molar heat capacity of the sorbed CHh (C s) vs. temperature. 
Experimental results for <n> = 1.808: Exp A (+). Experimental results for 
<n> = 0.8933: Exp Β (Ο). Corresponding calculated results from the spherical 

cell model: IA and IB (for 6-12 potential), HA and IIB (for 6-18 potential). 
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140 M O L E C U L A R S I E V E Z E O L I T E S II 

R u n A a n d 0.8933 i n R u n B . A r u n w i t h the same amount of zeoli te a n d 
H e also was car r ied out. O n subtract ing the latter results f r o m those 
f r o m Runs A a n d Β a n d d i v i d i n g b y the n u m b e r of moles of methane, 
Cs, the m o l a r heat capac i ty of sorbed methane for the 2 samples, was 
f o u n d ( F i g u r e 1, E x p . A , E x p . B ) . 

T h e above Cs values are d e r i v e d f r o m measurements for w h i c h the 
i n i t i a l coo l ing was s low ( f r o m r o o m temperature to 8 0 ° K i n —40 h o u r s ) . 
F o r l o w e r temperatures the further coo l ing was faster, e.g., 8 0 ° to 5 0 ° 
or 2 0 ° K over 100 minutes . I n one set of experiments of R u n A (not i n 
c l u d e d i n F i g u r e 1 ), the sample was " q u e n c h e d " del iberate ly f r o m , ~ 3 0 0 ° 
to — 8 0 ° K i n ^ 3 0 minutes. Cp measurements were then n o r m a l u n t i l 
~ 9 8 ° K , above w h i c h large, w a r m i n g drif ts were observed (^-0.0015 d e g 
m i n u t e " 1 ) . A t 112 .6°K, the d r i f t r e m a i n e d apparent ly constant over 2 
hours. T h i s behavior is s imi lar to that f o u n d w h e n a system is " f r o z e n " 
first into a metastable state, f r o m w h i c h i t escapes w i t h evolut ion of 
energy w h e n t h e r m a l excitations become sufficiently large to p e r m i t it . 
A n estimate of the amount of f rozen- in energy was made b y heat ing a 
q u e n c h e d sample f r o m 9 6 . 6 ° K , b e l o w the temperature at w h i c h anneal
i n g occurs, to 123 .9°K, at w h i c h r a p i d e q u i l i b r a t i o n occurs. T h e amount 
of heat r e q u i r e d was c o m p a r e d w i t h the amount ca lcula ted f r o m the true 
Cp curve. T h i s gave ^ 5 . 4 0 K J ( m o l e C H 4 ) _ 1 for the f rozen- in heat. 

T h e t r i v i a l explanat ion that the " q u e n c h i n g " phenomena can be 
ascr ibed to spat ia l inhomogenei ty of the C H 4 , i n d u c e d b y the tempera
ture gradient d u r i n g cool ing , a n d subsequent relaxat ion can be dismissed 
o n the f o l l o w i n g grounds. F o r this explanat ion to be possible , i t w o u l d 
be necessary for the g r a p h of qst vs. < n > to be sharply concave to the 
< n > axis. I n fact, our measurements showed that qst was independent 
of composi t ion over the range of our isotherm measurements. Indeed, 
even i f qst vs. < n > was as c u r v e d as i t is for C 2 H 6 , i t w o u l d be v i r t u a l l y 
imposs ib le to expla in the m a g n i t u d e of our observations i n this w a y . 

I n n o r m a l experiments, us ing the s low-cool ing m e t h o d , 2 regions 
were f o u n d for w h i c h the rate of e q u i l i b r a t i o n after heat i n p u t was u n 
usual ly long . These were near 3 0 ° K (^~50 minutes ; n o r m a l , ~ 1 0 m i n 
utes) a n d at 1 5 5 ° ~ 2 0 0 ° K ( ^ 5 0 minutes ; n o r m a l , — 1 5 m i n u t e s ) . I n the 
latter reg ion , this caused a scatter i n the total Cp of u p to 0 .4%. 

Sorption Isotherm Results 

F o r < n > between 0.2 a n d 3, qst was 17.76 a n d 22.36 K J m o l e " 1 for 
K r a n d C H 4 , respect ively, these results b e i n g independent of composi t ion 
a n d temperature. F o r C 2 H 6 , on the other h a n d , the behavior was more 
complex . T h u s , be tween 2 3 0 ° a n d 2 8 0 ° K , i t was 25.19, 29.37, 32.26, a n d 
34.10 K J m o l e " 1 at < n > = 1, 2, 3, a n d 4, respect ively. 
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49. S T R O U D A N D P A R S O N A G E Methane in Linde 5A Sieve 141 

Discussion 

B a k a e v ( I ) has s h o w n h o w the G r a n d P a r t i t i o n F u n c t i o n for the 
sorbed phase m a y be expressed i n terms of the C a n o n i c a l P a r t i t i o n F u n c 
tions for single cavities conta in ing 1,2,3 . . . ,n molecules . T h e only as
s u m p t i o n necessary is that there is no interact ion b e t w e e n part icles i n 
different cavities. T h e p r o b l e m reduces itself to that of evaluat ing the 

conf igurat ion integrals , Z M = f e~u/kTd.Tn. 

Spherically Symmetric Model 

Because of the h i g h symmetry of the m a i n cavities of sieve A , i t m i g h t 
seem reasonable, i n the spir i t of the c e l l theory of l i q u i d s ( 5 ) , to assume 
that the various charged species of the zeoli te are d is t r ibuted w i t h c o m 
plete spher ica l s y m m e t r y about the center of each cavi ty . T h i s , of course, 
leads to zero electric field throughout the cav i ty a n d hence to zero con
t r i b u t i o n f r o m i o n - i n d u c e d d i p o l e a n d s imi lar forces. T h e r e m a i n i n g 
terms, d ispers ion a n d repuls ion , are assumed to be of the Lennard-Jones 
f o r m a n d are taken to be addi t ive . T h i s theory then becomes essentially 
the same as the c e l l theory of l i q u i d s , except that w e p e r m i t several 
molecules per ce l l . T h e tota l P . E . is g i v e n as ULJ = Χφ(η) + 2 t i ( r i ; ) , 

i i>j 
w h e r e φ(τι) is the P . E . for the i t h m o l e c u l e - w a l l interact ion w h e n the 
molecule is r{ f r o m the center a n d u(rij) is the P . E . for the interact ion 
be tween the i t h a n d ; t h particles . T h e dif f icult process n o w is to evaluate 
the Zn. T h e Importance S a m p l i n g M o n t e C a r l o M e t h o d (6,9) is re levant 
to this p r o b l e m , b u t i t can y i e l d values o n l y for average quantit ies such 

as < X > = fx exp ( - U L j / k T ) d r n / f exp ( —ULj/kT)drn; it does not 
give, i n par t icular , a value for the denominator itself. T o overcome this , 
w e have used a c o u p l i n g parameter m e t h o d ( 3 ) . W e introduce cut-offs 
into the potent ia l such that i f either any 2 part icles are less than r0 apart 
or any par t i c le is less than r0' f r o m the w a l l , then P . E . = oo. W r i t i n g the 
P . E . as C7(£) — UHS + éULJ, w h e r e UH8 = 0 i f a l l r 4 i ^ r0 a n d ( a - n ) 
^ ro b u t UH8 = oo otherwise, w e are interested i n U(l); or, p u t t i n g 

Zn(() =f exp (-UU)/kT)drn, w e require Z n ( l ) . I t can be s h o w n 

that l n Z w ( l ) = l n Z H ( 0 ) - f* <VLJ>è d£/kT w h e r e <ULJ>è — 

f u L J exp {-U{è)/kT)drJ/exp (-U(é)/kT)drn · Ζ „ ( 0 ) , w h i c h re
fers to the f rac t ion of a l l configurations of the h a r d spheres w h i c h are 
a l l o w e d , was evaluated n u m e r i c a l l y . <ULJ>ç, was evaluated b y the 
above M o n t e C a r l o m e t h o d for about 10 values of ξ be tween 0 a n d 1, the 
n u m b e r of t r i a l moves r a n g i n g f r o m 98,000 for 5 part icles to 46,000 for 
8 part icles . F o r cells w i t h 4 or less part ic les , the funct ions w e r e evaluated 
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142 M O L E C U L A R SIEVE ZEOLITES Π 

d i r e c t l y b y a s imple M C m e t h o d . T h e potent ia l parameters for C H 4 - C H 4 

w e r e those of Ref . 4. F o r C H 4 - 0 , the attractive potent ia l was ca lcula ted 
b y the S l a t e r - K i r k w o o d equat ion ( 8 ) , a n d the repuls ive coefficient was 
chosen so as to make the potent ia l m i n i m u m occur at the v a n der W a a l s ' 
distance. F o r the composit ions of Runs A a n d B , qst decreases f r o m 21.01 
to 20.33 K J mole " 1 over the range 100° to 3 0 0 ° K . T h e errors i n AG a n d 
AH are 1.6 a n d ^ 2 . 0 K J mole" 1 , respect ively, at 3 0 0 ° K . T h i s is 
satisfactory, as w e have not used any adjustable parameters. T h e ca l 
c u l a t e d curves of Cs vs. Τ for < n > = 1.808 a n d 0.8933 ( F i g u r e Ι , Ι Α , Ι Β ) 
are, however , c lear ly of the w r o n g f o r m . T h e peaks p r e d i c t e d near 6 0 ° Κ 
m a r k d ispropor t ionat ion l e a d i n g to a mixture of e m p t y a n d f u l l cells . 
E v e n i f this process is t h e r m o d y n a m i c a l l y favored, i t w o u l d be u n l i k e l y 
to occur at such l o w temperatures w i t h i n a reasonable t ime. A l s o s h o w n 
are the curves assuming a 6-18 potent ia l for C H 4 - C H 4 ( 2 ) , a n d corre
s p o n d i n g 6-15 potentials for C H 4 w i t h the w a l l ( F i g u r e Ι , Ι Ι Α , Ι Ι Β ) . 

T h e Spher i ca l ly S y m m e t r i c M o d e l is c lear ly unsatisfactory for pre 
d i c t i n g Cs values. Ca lcu la t ions are n o w i n progress w i t h the N a , C a , O , 
S i , a n d A l atoms treated as charged p o i n t centers of force. 

T h e s m a l l h u m p s near 6 0 ° Κ i n the exper imenta l Cs vs. Τ curves m a y 
result f r o m escape of H e f r o m solut ion i n the sorbed C H 4 . T h e r u n w i t h 
e m p t y zeol i te s h o w e d a s i m i l a r h u m p near 30 °K, w h i c h w e ascr ibed to 
desorpt ion of h e l i u m . 

Literature Cited 

(1) Bakaev, V. Α., Dokl. Akad. Nauk SSSR 1966, 167, 369. 
(2) Byrne, Μ. Α., Jones, M. R., Staveley, L. A . K . , Trans. Faraday Soc. 1968, 

64, 1747. 
(3) H i l l , T . L., "Statistical Mechanics," p . 180, M c G r a w - H i l l , N e w York, 1956. 
(4) Hirschfelder, J . O . , Curtiss, C. F., B y r d , R. B. , "Molecular Theory of Gases 

and L i q u i d s , " p. 1110, W i l e y , N e w York, 1954. 
(5) Lennard-Jones, J. E., Devonshire, A . F., Proc. Roy. Soc., Ser. A 1937, 163, 

53. 
(6) Metropolis, N., Rosenbluth, A . W . , Rosenbluth, M. N., Teller, A . H., 

Teller, E., J. Chem. Phys. 1953, 21, 1087. 
(7) Pace, E . L., "The Solid-Gas Interface," E . A . F lood, Ed., V o l . 1, C h . 4, 

Dekker, N e w York, 1966. 
(8) Pitzer, K . S., Advan. Chem. Phys. 1959, 2, 59. 
(9) W o o d , W . W . , "The Physics of Simple L i q u i d s , " Η. Ν. V . Temperley, 

J . S. Rowlinson, G . S. Rushbrooke, Eds. , C h . 5, North Hol land, Amster
dam, 1968. 

RECEIVED February 4, 1970. 

Discussion 
K . K l i e r ( L e h i g h U n i v e r s i t y , B e t h l e h e m , P a . 18015) : T h e authors 

have chosen the c e l l m e t h o d , w h i c h seems to be qui te successful i n ex-
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49. STROUD AND PARSONAGE Methane in Linde 5A Sieve 143 

p l a i n i n g propert ies of l i q u i d s i n the range of densities w h i c h adsorb ing 
molecules at tain i n the zeoli te cavities. It w o u l d be interest ing to k n o w 
whether , complementary to the M o n t e C a r l o m e t h o d used, a n a l y t i c a l 
solutions c o u l d be obta ined i n terms of p a r t i t i o n f u n c t i o n b e i n g a func 
t i o n of average density of the sorbate. S u c h solutions w o u l d have the 
va lue of ob ta in ing the i sotherm as ρ = —kT(d l o g [ p . f . ] / ô u ) r . T h e m o d e l 
suggested here w o u l d be to assign one c e l l to one molecu le w i t h i n the 
cavi ty , not to the cavi ty itself. 

N . G . Parsonage: I can see no poss ib i l i ty of o b t a i n i n g an ana ly t i ca l 
expression for the par t i t ion f u n c t i o n for cavities conta in ing several mole 
cules. F o r cells conta in ing η molecules , w e w o u l d need to integrate a 
c o m p l i c a t e d func t ion over ~ 3 n coordinates. Lennard- Jones a n d D e v o n 
shire considered o n l y the case of one molecu le per ce l l , a n d for this 
needed only one coordinate , the r a d i a l distance. E v e n so, they h a d to 
evaluate their integrals n u m e r i c a l l y . 

If one were to redefine the "ce l l s " so that each conta ined o n l y one 
molecule , then one w o u l d find great di f f icul ty since the n e w "ce l l s " w o u l d 
not correspond w i t h the rea l cavities. T h e advantage of the present treat
ment, that the cells have rea l p h y s i c a l existence, w o u l d be lost. 

H . A . Resing ( N a v a l Research L a b o r a t o r y , W a s h i n g t o n , D . C . 20390) : 
W h a t do y o u r experiments s h o w about molecu lar rotat ion? 

N . G . Parsonage: T h e exper iment does not d is t inguish be tween rota
t iona l a n d other contr ibut ions to the heat capaci ty . I n f o r m a t i o n o n ro 
tat ional f reedom must d e p e n d on a theoret ical analysis of the data . I n 
o u r treatment, w e assume that rotat ion is free over the w h o l e temperature 
range a n d so gives a cont r ibut ion of 3 / 2 R. T h i s must be w r o n g at v e r y 
l o w temperatures, b u t the evidence f r o m the rather s imi lar system meth
a n e — q u i n o l clathrate, f o r w h i c h a good analysis is avai lable , is that the 
rotat ion remains v i r t u a l l y free d o w n to 50 °K. A t this temperature , our 
treatment w i l l a l ready be f a i l i n g w i t h respect to other degrees of f r e e d o m 
because i t is c lassical a n d so does not show the q u a n t u m fall-off of the 
heat capaci ty . Pu
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Theoretical Predictions o f Equi l ibr ium 

Properties and Diffusivities of Carbon 

Diox ide in T y p e A Molecular Sieves 

R. W. H. SARGENT and C. J. WHITFORD 

Imperial College, London, England 

Equilibrium sorption isotherms, heats of sorption, and dif
fusivities have been calculated for carbon dioxide in type A 
zeolites, using an idealized model of the molecular potential 
field. Good agreement with practical results are obtained 
for heats of sorption, but results are poor for equilibrium 
isotherms, and the simple approximation used for diffusivity 
is quite inadequate. Nevertheless, useful insight is obtained 
on the basic assumptions. 

TiJ"odels of the interaction on a molecular scale between gases and 
zeolite crystals have been considered by other workers, notably 

Barrer (2-5) and Kiselev and Lopatkin (13). The results presented here 
are developed from work initiated by Dworjanyn (9) and are described 
in more detail by Whitford (19). The difficulties encountered arise from 
2 sources, lack of precise knowledge of the various types of interaction 
and the complexity of the computations required to produce results which 
can be compared directly with experiment. With the advent of powerful 
computers the second difficulty is alleviated, providing results which can 
throw light on the basic physical assumptions. Thus, calculations have 
been made of the equilibrium isotherms, the heat of sorption, and the 
self-diffusion coefficient of carbon dioxide in Ca-A and 5A molecular 
sieves. 

Molecular Potential Model 

T h e sieve structure was taken f r o m Broussard a n d Shoemaker (6). 
A l l water i n the sieve was neglected, a n d it also was assumed that a l u m i 
n u m a n d s i l i con ions contr ibuted no charge to the field; the charge of 
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50. S A R G E N T A N D W H I T F O R D C02 in Type A Molecular Sieves 145 

12e to balance t h e cations was shared e q u a l l y be tween the 48 oxygen 
atoms of the u n i t cage. T o a l l o w for cat ion m o b i l i t y , the 6 c a l c i u m ions 
of the C a - A sieve were rep laced b y 8 "pseudo- ions" w i t h appropr ia te ly 
scaled propert ies , one i n each 6-0 w i n d o w , a n d s imi lar ly , 8 composite 
N a - C a pseudo-ions w e r e used for the 5 A sieve. A f e w calculat ions s h o w e d 
that the s i l i con a n d a l u m i n u m ions cont r ibuted l i t t le to the tota l inter
act ion potent ia l , so to save c o m p u t i n g t i m e their c o n t r i b u t i o n also was 
a p p r o x i m a t e d b y treat ing t h e m as composite pseudo-ions. I n the ca lcu la 
tions, a l l the sieve ions were assumed to r e m a i n fixed i n their latt ice 
posit ions. 

T h e interact ion of the carbon d iox ide molecule w i t h the sieve i n 
cludes electrostatic, i n d u c t i o n , dispers ion, a n d repuls ion contr ibut ions . 
T h e C 0 2 molecule was assumed to be capable of free rotat ion, so that the 
di rec t iona l interactions c o u l d be averaged over a l l orientations u s i n g a 
B o l t z m a n n w e i g h t i n g factor (11); this causes the electrostatic i o n -
q u a d r u p o l e interact ion to d e p e n d on the temperature. M e a n values were 
used for the p o l a r i z a b i l i t y (a), the d iamagnet i c suscept ib i l i ty ( χ ) , a n d the 
e q u i l i b r i u m radius of the C Q 2 molecule . U s i n g vector s u m m a t i o n for the 
total electric field at the C 0 2 molecule , the total potent ia l , e ( r ) , at a g iven 
pos i t ion r is g iven b y : 

Ζ { Τ ) ^1 r , 1 2 *f r* 2 γ \ i r? ) 20kT r? K J 

H e r e Ci is the charge of the i o n i n quest ion, a n d r* ( w i t h components 
Xa,x-i2, ate) is its separation f r o m the C 0 2 molecule ; Q is the q u a d r u p o l e 
moment of the C 0 2 molecule . T h e constant Bi for the dispers ion c o n t r i b u 
t ion can be obta ined f r o m a var ie ty of e m p i r i c a l formulae (12, 14, 15, 16, 
18); that of K i r k w o o d a n d M u l l e r was selected, expressing Bt i n terms of 
the polar izabi l i t ies a n d susceptibi l i t ies of the 2 molecules , but since this 
gives a larger va lue than most other formulae , i t m a y be expected to 
overestimate the dispers ion contr ibut ion . T h e constant A4 i n the repuls ion 
t e r m was chosen to m a k e the pa i r interact ion potent ia l stationary at the 
e q u i l i b r i u m separation of the 2 molecules. E q u i l i b r i u m r a d i i , p o l a r i z a 
bi l i t ies , a n d susceptibi l i t ies were obta ined f r o m the l i terature a n d also 
ca lcula ted us ing screening constants (11); comparat ive calculat ions w e r e 
made w h e r e the data conf l ic ted, a n d the final values w h i c h gave the best 
results are g iven i n T a b l e I. 

T h e potent ia l , </>(r{, Tj), be tween 2 C 0 2 molecules has contr ibut ions 
o w i n g to repuls ion , dispers ion, a n d q u a d r u p o l e - q u a d r u p o l e in terac t ion : 

Φ (ri9 ry) = r -r 2 - ^ - ^ w · ^ 0 (2) 
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146 M O L E C U L A R S I E V E Z E O L I T E S II 

Table I. 

CO, 

P o l a r i z a b i l i t y (a c m 3 Χ 10 2 5) 26.5(5) 
M a g n e t i c suscept ib i l i tv ( - χ c m 3 Χ 10 3 0) 30.9(3) 
E q u i l i b r i u m radius (A) 2.56(3) 
Quadrupole m o m e n t (Q esu. Χ 10 2 6) 4.10(7) 
Lennard- Jones constants : σ A 4.12(11) 

ε / Κ ° K 189 (11) 

w h e r e the constants A' a n d B' are evaluated b y the same methods as 
above. 

C o m p l e t e maps of e(r) as a f u n c t i o n of the C 0 2 molecule pos i t ion i n 
the u n i t c e l l w e r e ca lcula ted for 12 temperatures r a n g i n g f r o m 173° to 
573 °K , a n d a t y p i c a l result s h o w i n g the m a p for the acd or aba faces at 
2 9 8 ° Κ is g i v e n i n F i g u r e 1. T h i s shows the open passages t h r o u g h the 
8 - 0 w i n d o w s at Β a n d the h igh- interac t ion reg ion a long the d i rec t ion of 
the 6 - 0 w i n d o w s at C . A p o i n t of interest is that the C 0 2 molecule a lways 
is exc luded f r o m the smal l cage. 

T h e maps were obta ined b y c o m p u t i n g potentials at each p o i n t of a 
g r i d w i t h spac ing a/20 ( w h e r e a = 12.31 A , the length of side of the uni t 
c u b e ) cover ing a te trahedral space l / 4 8 t h of the v o l u m e of the cube ; 
the complete m a p is obta ined b y appropr ia te rotations a n d reflections. 
T h e i o n posit ions were generated s i m i l a r l y for as m a n y cages as r e q u i r e d 
for the summations i n E q u a t i o n 1. A f e w calculat ions were m a d e of a l l 
contr ibut ions for i o n distances u p to 5.5a f r o m the C 0 2 molecule ( 1331 
cages) , but the effective range was m u c h less t h a n this. T a b l e I I gives 

Table II. Molecular Potentials at 2 9 8 ° K (Ergs Χ 1015) 

ε 
(Répul

— ε 
(Disper

— ε 
(Induc

— ε 
(Electro β 

sion) sion) tion) static) (r) 

Cage center 3.6 67.4 3.4 Χ Ι Ο " 1 0 169.6 - 2 3 3 . 4 
Center , 8-0 w i n d o w 675 457.6 0.014 414.2 - 1 9 6 . 3 
P e a k in terac t ion 

near cat ion 255.9 242.7 15.3 557.8 - 5 5 9 . 9 
R a n g e (99%) of 

in terac t ion 1.5α 2.5α 3.5α 2.5α — 

the ranges r e q u i r e d to obta in 9 9 % of the total c o n t r i b u t i o n for each type 
of interact ion, together w i t h t y p i c a l values for 3 positions of interest. 
T h e i n d u c t i o n c o n t r i b u t i o n is a lways unimportant , b u t i t is interest ing to 
note the large c o n t r i b u t i o n of the electrostatic interact ion. 
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50. S A R G E N T A N D W H i T F O R D CO, in Type A Molecular Sieves 147 

M o l e c u l a r D a t a 

0 - l / 4 

39.0/16.5(3) 
20.9(5,4,5) 

1.98(4,5) 

M C a + L 6 

3.5(4,5) 
16.6(4,5) 
1.78(4,5) 

NaCa+™ 

2.84(4,5) 
14.5(4,5) 

1.77(4,5) 

0.66 
3.76 
1.52 

POTENTJRLS JN UNITS OF 
1 .ÛE- IS ERGS PER C02 
MOLECULE AT 299 DEO. Κ 

Figure 1. Sieve potentials in the Y = Z p/ane 
American Chemical Society 

Library 
1155 16th St., N.W. 

Washiiwton. U.C. 200% 
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148 M O L E C U L A R S I E V E Z E O L I T E S I I 

Statistical Calculations of Equilibrium Properties and Diffusivities 

C o n s i d e r a large v o l u m e , V, of zeoli te crysta l consist ing of cells, each 
of v o l u m e Vc, a n d conta in ing Ν gas molecules at u n i f o r m temperature. 
T h e p r o b a b i l i t y , P ( r ^ pN) of the positions rN a n d m o m e n t a pN of the Ν 
molecules is g iven b y the canonica l d i s t r i b u t i o n 

p{rN'pN) = mnexp 
i = 1 

kT 

(3) 

w h e r e m is the mass of a gas molecule , Φ ( Γ ^ ) is the potent ia l energy, a n d 
the n o r m a l i z i n g factor ZN is the p a r t i t i o n f u n c t i o n , g i v e n b y 

N\h* 
f dp» f drN exp 

Φ ( ^ ) + Σ 11^1172™ 
i = ι 
kT 

(4) 

T h u s , the p r o b a b i l i t y , PN, of molecule Ν b e i n g i n a certa in c e l l at t ime t 
a n d passing to a g iven adjacent c e l l w i t h i n the in terva l St is g iven b y 

PN = f dp»-* dp1N dp2N f dp™ f drN~i f drN . ^ it · P(rN, pN) 
ο ν se m (5) 

w h e r e Sc is the surface of the face between the 2 cells a n d p3N is the 
component of m o m e n t u m n o r m a l to this surface. 

It is assumed that the v o l u m e V is large enough to neglect b o u n d a r y 
effects, that the gas is d i l u t e enough for o n l y t w o - b o d y interactions to be 
significant, a n d that the potent ia l f u n c t i o n is of the f o r m 

Φ ( Γ * ) = X ( e(r t.) + ΣΦ(Τ<,Τ;)} 
i = 1 j < i 

(6) 

A l s o , since the zeolite cells are a l l ident i ca l , the potent ia l e(ri) 
depends o n l y o n the pos i t ion of molecule i relat ive to the c e l l a n d not o n 
its absolute pos i t ion . W i t h these assumptions, the integrals i n E q u a t i o n s 
4 a n d 5 factorize , a n d i f the integrations over m o m e n t a are carr ied out, 
the f o l l o w i n g equations are obta ined 

7 = _L- (ΣΙλ" ψ • -, = i-J—Y* m 
N Nil™ V Vc J r é i , r ! ( J V - 2 r ) U V " \2xmkt J K J 

N - 1 

S,- U (kT\Vt (V ν0\Ν~1 / ^ (Ν - 1)!ξ Γ 

N\X™ZN ' \2%m) ' \ Vc ) ' \ r é i , r\(N - 1 - 2 r ) W r 
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50. S A R G E N T A N D W H i T F O R D C02 in Type A Molecular Sieves 149 

ΛΓ — 2 

2η y . (Ν - 1)1? \ ,ο) 
Ν/τ?οτ\(Ν - 2 - 2 r ) W ' / W 

w h e r e 

Υ0 = S exp [ - e ( r ) / * r ] · dr; S0 = f exp [ - t(r)/kT\ · dr (9) 

1 NVC 

2 F F „ 2 

(10) 
| e x p [ - ^ ] - l } . d h * . 

i-ï'rrk'i Iexp[- î(ri) ̂ î(r2)]* 

N o w i t can be s h o w n (10, p . 263) that for a d i lu te gas (ξ < < 1) the 
s u m i n E q u a t i o n 7 is approx imated adequate ly b y ( 1 + ξ)Ν, a n d the sums 
i n E q u a t i o n 8 m a y be approx imated s imi lar ly , to y i e l d the results 

Zn = m>™ ̂ vf(1 + ξ)}; 

"N = V V0 (1 + ξ) 

(kT\ ( 2r, \ 

T h e same analysis applies to a gas i n free space s i m p l y b y p u t t i n g e ( n ) = 
0, a n d the corresponding quantit ies w i l l be denoted b y the suffix G . 

It is convenient to in t roduce molar quanti t ies a n d "effective m o l a r 
densit ies" ( n ' a n d n'G ) b y the relations 

R = k Ν A] M = m Ν A) n = N/V NA 

Β = - νοξ/ν€?ι; B.= - Vo-η/ν,η; BG = - tG/nG (13) 

, = nVc/Vo , nG 

7 1 1 - Β · nVc/V0' U g 1 - BGnG 

w h e r e NA is Avogadro ' s number . F r o m E q u a t i o n s 10, 11, a n d 13 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

50



150 M O L E C U L A R S I E V E Z E O L I T E S II 

{ e x p [ - % ^ ] - l } ^ 2 

(14) 

Β · = - 2 · sr / i e x p r — * r — ' 
0 

{ e x p [ - % ^ ] - l } ^ d r 2 

(15) 

(16) 

Because of the l i m i t e d effective range of the gas interactions, the integrals 
i n E q u a t i o n s 14-16 become independent of V, a n d i n evaluat ing t h e m i t is 
o n l y necessary to take V just large enough to i n c l u d e a l l significant 
interactions. 

U s i n g Stirl ing's f o r m u l a , the def in i t ion of the H e l m h o l t z free energy: 
F = — kT In ZN, a n d s tandard t h e r m o d y n a m i c relations, several use fu l 
f o r m u l a e m a y be d e d u c e d f r o m the expression for ZN i n E q u a t i o n 12. T h e 
c h e m i c a l potent ia l ( μ ) is g i v e n b y 

T h i s expression m a y be equated to the corresponding expression for 
the gas phase to y i e l d a s imple e q u i l i b r i u m adsorpt ion isotherm 

Since the second v i r i a l coefficient, BGy of the gas is s m a l l over the 
range of the approximat ions , E q u a t i o n 18 is closely approx imated b y the 
m o r e convenient f o r m 

μ = RT In Ν Α λ 3 + RT In n] + RTBn] (17) 

n] exp {Bn}) = n ' G exp (BG n}
G) 

T h e equat ion of state for the gas is d e d u c e d i n the f o r m 

V = - = n'0 RT ^ nG RT (1 + BG nG) 

(18) 

(19) 

V = 
RT n} exp (Bn]) 

(20) 
1 + BGn} exp (Bn]) 

T h e in terna l energy of sorpt ion per mole is g iven b y : 
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50. S A R G E N T A N D W H i T F O R D C02 in Type A Molecular Sieves 151 

U - UG η , Ώ ] λ θ \ η ν ο }dB , dBG 

RT2 = (1 + Bn}) n df + n G ~dT ( ' 

a n d the heat of sorpt ion (H — HG = AH) is obta ined r e a d i l y f r o m 
E q u a t i o n s 18,19, a n d 21. 

A n "ef fus ion" f o r m u l a for the crysta l d i f fus iv i ty ( Dc ) is obta ined f r o m 
the expression for PN i n E q u a t i o n 12. T h e average absolute flux of mole
cules across the face Sc is NPN/St, w i t h a n e q u a l flux i n the opposite 
d i rec t ion at e q u i l i b r i u m . F o r sel f -dif fusion the e q u i l i b r i u m is not dis
t u r b e d , a n d if the difference i n number - f rac t ion of " l a b e l l e d " molecules 
be tween adjacent cells is Ax, the def in i t ion of diff us iv i ty y i e l d s : 

N e t flux of = NPN . Α Χ = S D C . ΝΔΧ } 

labelled molecules $t k c c Va 

w h e r e a is the center-to-center distance be tween the cells. F r o m E q u a 
tions 12, 13, a n d 22, a n d us ing the relat ions: Vc = a 3 , S c = a 2 

Dc = a* (0^J ^ (1 + Β η ' ) (1 - 2Bsn<) (23) 

Discussion of Results 

T h e r e is not space to give extensive results, b u t the m a i n results are 
s u m m a r i z e d i n T a b l e I I I , a n d representative curves are s h o w n i n F i g u r e 2. 

Because of the t w o - b o d y interact ion assumption, one w o u l d expect 
the results to be appl i cab le o n l y to d i lute systems, a probable u p p e r l i m i t 
corresponding to an average of 2 carbon d i o x i d e molecules per cage 
(about 5 w t % ). O v e r this range, the heat of sorpt ion ( — AH) is d o m i 
nated b y the first t e r m i n E q u a t i o n 21, the second order effects a m o u n t i n g 
to about 1 8 % of the total , a n d the ρ Αν t e rm never r i s ing above 8 % . A t 
h igher concentrations, the second order c o n t r i b u t i o n increases r a p i d l y , 
b u t almost exactly compensates the decrease i n the t e r m i n V0 so that AH 
remains independent of concentrat ion u p to at least 25 w t % . I n fact , 
the va lue of V0 depends c r i t i ca l ly o n 2 assumptions concern ing the m o l e c u 
lar potent ia ls : the degree of i o n i z a t i o n of the oxygen atoms a n d the 
e q u i l i b r i u m radius of the C 0 2 molecule . U s e of the " k i n e t i c " radius 
(1.65 A ) for the latter gives values of V0 too h i g h b y a factor of 10 2 4 , 
w h i l e the assumption of complete ion iza t ion gives values too h i g h b y a 
factor of about 10. T h e values i n T a b l e I I I are based o n p a r t i a l i o n i z a t i o n 
a n d an e q u i l i b r i u m radius e q u a l to the hal f - length (2.56 A ) of the C 0 2 

molecule . Barrer a n d C o u g h l a n s ( I , 8) exper imenta l results for AH 
v a r y s ignif icantly w i t h amount sorbed, b u t their values for C a - A l ie i n the 
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152 M O L E C U L A R S I E V E Z E O L I T E S II 

Table III. Summary 

T , ° C 
BGLJ, l i t e r / m o l e 
BG, l i t e r / m o l e 

a 0 = 39.0 X 10~25 cmz 

v0/vc 

B, l i t e r / m o l e 
—AH k c a l / m o l e 

a o = 16.5 χ 10~25 cm* 
Vo/Ve 

Β j l i t e r / m o l e 
BLJ, l i t e r / m o l e 
—AH k c a l / m o l e 
DC c m 2 / s e c 

30 
- 0 . 1 2 0 

0.044 

158000 
1404 
15.53 

858000 
7.47 Χ 10 4 

700 
18.66 

1.05 X 1 0 - 7 

60 
- 0 . 0 9 8 

0.048 

19300 
151 

13.97 

72160 
6291 
98.5 
16.52 

2.64 Χ Ι Ο " 7 

100 

10 100 
GAS PRESSURE ( m m . H g . abs.) 

Figure 2. Equilibrium isotherms 

Ε Experimental 
Λ Calculated (a = 39.0) 

— . — Β Calculated (a = 16.5) 
— — — C Calculated (a = 16.5 using BLJJ 

D Calculated (a = 16.5 using Β = 0) 

Numbers on curves refer to temperatures in °C 

1000 

Table IV. Effect of 

T , ° C 30 60 
-AH, k c a l / m o l e (Oa = 39.0) 15.53 13.97 

(Oa = 16.5) 18.66 16.52 
D E , cm 2 / sec (Oa = 16.5) 8.74 X 10~ 8 1.99 X 10~ 7 
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of Results 

90 120 150 190 
- 0 . 0 8 0 - 0 . 0 6 5 - 0 . 0 5 2 - 0 . 0 3 8 

0.051 0.054 0.056 0.058 

4070 1240 489 188 
39.0 13.2 5.10 1.74 
12.46 11.30 10.55 10.12 

11100 2580 805 237 
968 226 71.0 21.2 

11.2 7.30 3.08 1.18 
14.95 13.79 13.15 12.95 

5.24 X 1 0 - 7 9.15 Χ ΙΟ" 7 1.48 X 10- 6 2.60 Χ ΙΟ" 6 

range 8 to 15 k c a l / m o l e , w h i c h agrees surpr i s ing ly w e l l w i t h the theo
re t i ca l results. 

T h e value of the oxygen p o l a r i z a b i l i t y also affects the molecu lar 
potentials , b u t has a m i n o r effect o n AH ( T a b l e I V ) . H o w e v e r , i t has a 
large effect o n the e q u i l i b r i u m isotherms, as can be seen i n F i g u r e 2. 
A g r e e m e n t w i t h exper imenta l data ( J , 8) is poor w i t h b o t h values of the 
p o l a r i z a b i l i t y , a n d i t is evident that the theory predicts too large a v a r i a 
t i o n w i t h temperature i n b o t h cases. T o give a n i n d i c a t i o n of the extent 
of second-order effects, a first-order curve at 60 ° C a n d the l o w e r p o l a r i z a 
b i l i t y ( corresponding to Β = BG = 0 ) is i n c l u d e d . 

T h e molecular potentials also can be used to obta in values of the gas 
v i r i a l coefficient, BG, b u t the results i n T a b l e I I I show that this is unsuc
cessful. I n fact, a very good fit of E q u a t i o n 2 to exper imenta l values is 
obta ined over the w h o l e temperature range us ing a C 0 2 radius of 1.81 A , 
but unfor tunate ly this gives grossly h i g h values of V0, as noted above. 
Va lues of Β a n d BG were therefore reca lculated, u s i n g the Lennard- Jones 
12-6 potent ia l to replace E q u a t i o n 2, a n d the results for the lower p o l a r i z 
a b i l i t y are g i v e n also i n T a b l e I I I as BLJ a n d BGLJ. O f course, BGLJ n o w 
agrees w i t h exper imenta l values, b u t BLJ gives a m u c h smaller second-
order correct ion of the e q u i l i b r i u m isotherm ( F i g u r e 2 ) . These diff iculties 
p r o b a b l y are associated w i t h the assumption of free rotat ion of the C 0 2 

molecule ; there are almost cer ta in ly strongly preferred orientations i n 
some regions of h i g h interact ion i n the sieve-cage w h e r e the effective 

Oxygen Polarizability 

90 120 150 190 
12.46 11.30 10.55 10.12 
14.95 13.79 13.15 12.95 

3.86 X 1 0 - 7 6.62 X 10~ 7 1.56 Χ 10" 7 2.77 X 10~ 7 
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154 M O L E C U L A R S I E V E Z E O L I T E S II 

radius is the hal f - length , w h i l e i n the gas the free rotat ion results i n a 
smaller effective m e a n radius . F u r t h e r invest igat ion of this p o i n t w o u l d 
require m u c h more complex calculat ions. 

T h e s imple theory used to estimate the d i f fus iv i ty is obvious ly qui te 
inadequate , for the p r e d i c t e d values are about 10,000 t imes larger t h a n 
values obta ined b y experiment (17). O n e w o u l d expect the p r e d i c t e d 
values to be u n n a t u r a l l y l o w i n v i e w of the assumption that the ions i n 
the 8 - 0 w i n d o w do not relax to a l l o w passage of the C 0 2 molecule , b u t 
r e m a i n fixed i n their latt ice posit ions. H o w e v e r , the quest ion of prefer
ent ia l or ientat ion is p r o b a b l y even more important i n this case, a n d the 
effusion m o d e l itself is too crude a n assumption to make fur ther con
jecture profitable. 
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51 

Diffusion of Carbon Dioxide in Type 5A 
Molecular Sieve 

R. W. H. SARGENT and C. J. WHITFORD 

Imperial College, London, England 

The self-diffusion of carbon dioxide in single pellets of com
mercial type 5A molecular sieve has been studied using 
C14O2 as a tracer. Experiments were carried out at atmos
pheric pressure between +25° and -25°C. Using a simple 
model of the pellet structure, it was possible to deduce effec
tive diffusivities for both pore and crystal diffusion. Ordi
nary gas diffusion occurs in the pores; crystal diffusivities 
have values of the order of 10-11 cm2/sec. 

Diffusion in porous pellets is often the rate-limiting process in industrial 
adsorption or catalytic processes. Much useful work in this field has 

been done by Smith and coworkers (3, 5), but for molecular sieve pellets 
the situation is complicated by diffusion in the zeolite crystal itself, as 
well as through the pores formed between the crystals. Few studies have 
been made of zeolite crystal diffusion, but Barrer and Brook (1) reported 
some results on diffusion of simple gases in various cation-substituted 
mordenites, and Wilson (7) gives some indirect results from the study 
of separation of CO 2 from air using a fixed bed of type 4A zeolite pellets. 
In the present work, results have been obtained by studying self-diffusion 
of CO2 in a single pellet of type 5A zeolite under controlled conditions. 
The experimental results were fitted satisfactorily by a very simplified 
model of the pellet structure, which made it possible to deduce approxi
mate values of the self-diffusion coefficients for both pore and crystal 
diffusion. 

Experimental Apparatus and Procedure 

Full details of the experimental work are given by Whitford (6), 
and a diagram of the diffusion cell arrangement is shown in Figure 1. 
Commercial 1/8-inch diameter pellets were selected from a batch to fit 
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C02/C,402 

M A 

/ / / / 
ĈRYOSTAT LID 

/ / / 

ACETONE LEVEL 

THERMOCOUPLE SIEVE PELLET 

GLASS SPACING ROD 

HEATER 
ACETONE LEVEL 

DURING REGENERATION 

Figure 1. Schematic arrangement of the diffusion cell 

t i g h t l y into a V i r i d i a tube, c losed at one e n d w i t h the squared-off e n d 
of the pel let flush w i t h the other open end. T h i s tube was i n t u r n a close 
fit i n the closed s ide-arm of a cap i l l a ry tube T-piece , w i t h the e n d of the 
pel le t again flush w i t h the m o u t h of the s ide-arm. T h e s ide-arm was 
w o u n d w i t h an electric heater for degassing the pellet . T h e through-
section of the T-p iece was connected at its inlet to the gas prepara t ion 
a n d flow-control system a n d at its outlet to a smal l -vo lume sc int i l la t ion 
counter. T h i s counter used anthracene crystals m o u n t e d o n glass discs 
a n d v i e w e d b y a p h o t o m u l t i p l i e r ; the response t ime of the counter was 
1.3 nanoseconds. A thermostat b a t h c o u l d be ra ised to immerse the c o m 
plete test section d u r i n g a t r i a l , or l o w e r e d to a l l o w regenerat ion, w i t h 
out d i s t u r b i n g the apparatus or the thermostat temperature. A h i g h -
v a c u u m system m a d e i t possible to evacuate the test section to 10" 5 m m 
m e r c u r y absolute, b u t w h e n degassing the pel let at temperatures above 
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51. S A R G E N T A N D W H I T F O R D CO 2 in Type 5A Molecular Sieve 157 

3 0 0 ° C , the pressure d i d not f a l l b e l o w 10" 3 m m ; degassing was assumed 
to be complete w h e n these condit ions h a d been m a i n t a i n e d for 3 hours. 

A f t e r degassing, the pel let was saturated w i t h C 1 4 0 2 under the de
s i red condit ions , the v o l u m e of gas a d m i t t e d b e i n g measured accurate ly 
w i t h a gas burette. A stream of u n l a b e l l e d C 0 2 was passed t h r o u g h the 
test section, a n d b o t h count rate a n d c u m u l a t i v e count were recorded . 
A f t e r about 3 hours i n most cases, the count rate h a d d r o p p e d to the 
b a c k g r o u n d va lue ; the thermostat was l o w e r e d a n d the pel le t heated to 
3 0 0 ° C to expel the r e m a i n i n g gas, w h i c h also was counted to g ive an 
accurate end-point va lue for the total amount sorbed a n d to cross-check 
the i n i t i a l value . B a c k g r o u n d count rates were d e t e r m i n e d separately, 
a n d b l a n k runs were m a d e u n d e r i d e n t i c a l condit ions , b u t w i t h the pel le t 
tube rep laced b y a so l id glass b lank. T h i s m a d e possible measurements 
of d e a d space a n d amounts sorbed on glass surfaces, as w e l l as correc
t ion of the start-time to the t ime at w h i c h u n l a b e l l e d gas ac tual ly arrives 
at the pel let surface. 

The Pellet Model 

T h e pel let is saturated w i t h C 0 2 throughout a test r u n , b u t C 1 4 0 2 

is r ep laced g r a d u a l l y b y C 1 2 0 2 b y di f fus ion, first t h r o u g h the "pores ," 
or interstices be tween the crystals a n d b i n d e r , a n d then t h r o u g h the 
crystals themselves. T h i s is analogous to the s i tuat ion i n a fixed-bed a d 
sorpt ion process, w h e r e the crystals are analogous to the porous pellets , 
except that the transfer process i n the interstices is a di f fus ive flow rather 
t h a n a b u l k gas flow. S m i t h (5 ) considered complex de ta i l ed models 
for the various flow paths i n a fixed-bed process, b u t as there is i n e v i t a b l y 
some a p p r o x i m a t i o n i n v o l v e d i n descr ib ing the structure of the inter
stices, a m u c h s impler a p p r o a c h has been used here. 

It is assumed that each crysta l is surrounded complete ly b y gas at a 
u n i f o r m concentrat ion, w h i c h means that direct transfer be tween crystals 
is neglected a n d that a l l the crysta l surface is accessible to the gas. T h e 
2 assumptions are sel f -compensat ing, but one c o u l d expect serious errors 
i f there is signif icant crysta l -b inder agglomerat ion. It is assumed fur ther 
that a l l the crystals are u n i f o r m l y - s i z e d spheres, m a i n l y for m a t h e m a t i c a l 
s i m p l i c i t y . O f course, 5 A crystals are i n fact cubic , b u t w i t h the corners 
cut off, so that the spher ica l a p p r o x i m a t i o n is not unreasonable. T h e 
u n i f o r m size is a more drast ic assumption, w h i c h is discussed b e l o w . T h e 
dif fus ion processes i n b o t h crystals a n d pores are assumed to be governed 
b y F i ck ' s l a w . F o r the pores, an effective diff us iv i ty ( Dp ) is used, w h i c h 
can be related to the b u l k gas diff us iv i ty ( DG ) b y the re la t ion : 

D, = ( 1 ) 

w h e r e c is the pel let porosi ty a n d τ is the tortuosity. Because of the s i m -
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158 M O L E C U L A R S I E V E Z E O L I T E S II 

p i e geometry of the exper imenta l system, pore concentrat ion ( ν ) varies 
o n l y w i t h distance (x) f r o m the open e n d , a n d for self-exchange of C 0 2 

there are no t h e r m a l effects a n d the w h o l e system is i sothermal . 
W i t h these assumptions, the f o l l o w i n g equations describe the system 

Pore DiflFusion: 

C r y s t a l D i f t l s i o „ , * = „ . (β + ? £) (3, 

w h e r e : v, w are the concentrations ( m o l e / l i t e r ) of C 1 2 0 2 i n the pore a n d 
crys ta l phases, respect ively ; Dv, Dc are the corresponding effective di f -
fusivit ies ; t is t ime; a n d r is the r a d i a l coordinate ins ide a crystal . 

It is assumed that instantaneous t h e r m o d y n a m i c e q u i l i b r i u m exists 
at the crysta l surface, a n d that bo th C 1 2 0 2 a n d C 1 4 0 2 have the same 
e q u i l i b r i u m isotherm 

P o r e - c r y s t a l surface: (w)r= R = Kv (4) 

w h e r e Κ is a constant obta ined f r o m the e q u i l i b r i u m isotherm. T h e r e is, 
of course, s y m m e t r y at the center of the crystal 

t > 0 (dw/dr)r = 0 = 0 (5) 

T h e 2 b o u n d a r y condit ions for the pores are 

C l o s e d e n d : t > 0 (dv/dx)x= L = 0 (6) 

O p e n e n d : t > 0 (v)x= 0 = v0 (7) 

w h e r e v0 is the molar density ( m o l e / l i t e r ) of C 1 2 0 2 under test condit ions . 
I n i t i a l l y the pel let contains no C 1 2 0 2 , so w e have 

A t t = 0 : ν = 0, 0 < χ < L, w = 0, 0 < r < R (8) 

T h e equations were p u t i n dimensionless f o r m , u s i n g the variables 

x} = x/L; r] = r/R; v] = v/v0; w} = w/v0 [ ί ο λ 

tl = tDp/L2; Ρ = DPR2/DCL2 J W 

T h e y were so lved then for g iven F , K, a n d e b y use of finite-difference 
approximat ions , us ing the f o l l o w i n g a l g o r i t h m for each t ime-step: 
1. A s s u m e a set of values for v' = v'(x) at the e n d of the current t ime-

step. 
2. C o m p u t e crystal-surface gradients (dw'/dr')r' = 1 us ing E q u a t i o n 2. 
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51. S A R G E N T A N D W H i T F O R D CO 2 in Type 5A Molecular Sieve 159 

I 
( S E C S ) 2 

Figure 2. Curves for F = 0 

Curve: a b e d 
OP(cm2/sec) 0.005 0.010 0.015 0.020 

( S E C S ) ? 

Figure 3. Effect of Ρ 

Curve: a b c 
Ρ 0 150 600 

3. Solve E q u a t i o n 3 for w' = w'(r') for each χ at the e n d of the current 
t ime-step ( E q u a t i o n 3 becomes a set of l inear s imultaneous equations ). 

4. C o m p u t e n e w values of v' = v'(x') f r o m E q u a t i o n 4. 
5. C o m b i n e these n e w values w i t h the assumed set u s i n g the successive 

over-relaxat ion technique (4), a n d repeat f r o m step 2 to convergence. 
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160 M O L E C U L A R S I E V E Z E O L I T E S II 

T h e i n i t i a l estimate i n step 1 convenient ly can be the i n i t i a l values 
for the t ime-step, b u t s imple extrapolat ion rules can shorten the c o m p u t a 
t ion . F r o m the resul t ing solut ion, i t is easy to c o m p u t e the f rac t ion of 
C 1 4 0 2 exchanged ( E ) as a f u n c t i o n of the parameters : 

Ε = f(t\ ε, Κ, Ρ) (10) 

T h e parameter Ρ is a measure of the relat ive importance of the pore 
a n d crystal di f fus ion processes; Ρ = 0 corresponds to an inf ini te va lue 
of D 0 a n d i t is easy to see f r o m the above equations that the crystals are 
i n e q u i l i b r i u m w i t h the l o c a l pore concentrat ion a n d the exchange process 
is descr ibed b y the s imple di f fus ion equat ion 

dt ~ ε + ( 1 - ε ) # dx2 K } 

T y p i c a l solutions of this equat ion are p lo t ted i n F i g u r e 2 for a range 
of values of Dp. T h e effect of the parameter Ρ for a t y p i c a l va lue of Dp is 
s h o w n i n F i g u r e 3. 

Results 

T h r e e sorpt ion runs a n d 3 b l a n k runs were m a d e for each set of con
dit ions. A f t e r correct ion of the i n i t i a l t imes, values of cumula t ive count 
were taken f r o m the records at e q u a l increments of \/t; the sorpt ion 
values were corrected u s i n g the data f r o m the b l a n k runs a n d used 
to compute values of the f rac t ion of C 1 4 0 2 exchanged ( E ) , w h i c h finally 
were averaged over the 3 runs. T h e over -a l l scatter at tr ibutable to a l l 
causes was about 1 % on the b lank runs a n d 4 % on the sorpt ion runs. 
T h r e e t y p i c a l sets of data are g iven i n F i g u r e 4, w h e r e the circles denote 
exper imenta l points . 

I n order to compute Ε f r o m the m o d e l and plot i t against t ime (t), 
i t is necessary to have values for the parameters e, Κ, P , Dp, L. T h e d i 
mensions of the pel let tube were k n o w n accurately, a n d the tube was 
w e i g h e d before a n d after insert ing the pellets. T h u s , values for L (1.03 
c m ) a n d e (0.375) were d e t e r m i n e d direc t ly . T h e e q u i l i b r i u m constant 
(K) was ca lcula ted f r o m the exper imenta l data on the total amounts 
sorbed a n d desorbed i n each r u n . T h e results are g iven i n T a b l e I ; they 
agreed w i t h p u b l i s h e d data (2) to w i t h i n 2 % . 

H e n c e , i f values for Dp a n d Ρ are assumed, the curve of Ε vs. t can be 
c o m p u t e d f r o m the m o d e l . C o m p u t e d curves were fitted to the experi 
m e n t a l curves b y finding the values of Dp a n d Ρ w h i c h m i n i m i z e d the 
sum of squares of errors i n Ε at the exper imenta l points ; these curves 
are s h o w n as continuous lines i n F i g u r e 4. 
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51. S A R G E N T A N D W H I T F O R D C02 in Type 5A Molecuhr Sieve 161 

Température, °C 

Κ 
Ρ 
Dp, cm 2 / sec 

M e a n square error 
(29 points) 

DG, cm 2 / sec 
τ 
Dc, cm 2 / sec 

T a b l e I . 

-25 

166.3 
100.5 
0.0136 

9.05 X 10- 6 

0.0617 
1.71 

1.28 X 1 0 - 1 2 

Resul ts 

0 

167.2 
17.19 

0.0134 
1.13 X 10~ 5 

0.0675 
1.88 

7.36 X 1 0 - 1 2 

+25 

181.8 
10.0 

0.0148 
1.26 X 1 0 - 4 

0.0729 
1.84 

1.39 X 1 0 - 1 1 

Figure 4. Typical data 

Ο Experimental points 
— Computed curves 

T h e fit ob ta ined is excellent. O n l y at the highest temperature is a 
s imple di f fus ion m o d e l ( E q u a t i o n 11) adequate to describe the curve , 
a n d a l though the curves are o n l y s l ight ly s i g m o i d i n shape, the value of F 
is qui te w e l l d e t e r m i n e d b y the least-squares fitting process i n each case. 
T h e conclus ion is that crysta l di f fus ion plays a role i n d e t e r m i n i n g over -a l l 
rates of sorpt ion, a n d the effect becomes more signif icant as the tempera
ture decreases. 

F i t t e d values of Dp a n d F are g iven i n T a b l e I, together w i t h values 
of the tortuosity ( T ) d e t e r m i n e d f r o m E q u a t i o n 1. T h e tortuosity is rea
sonably constant, as it s h o u l d be for a geometr ic factor, a n d has a va lue 
t y p i c a l of beds of spheres. Therefore , i t can be c o n c l u d e d safely that the 
transport mechanism i n the pores is o r d i n a r y b u l k gas di f fus ion, a n d i n 
par t i cu lar , there is no evidence of surface di f fusion. 

T o make p r a c t i c a l use of di f fus ion results obta ined i n this w a y , for 
example i n des igning a fixed-bed separation process, i t suffices to obta in 
the rat io Dc/R2 f r o m the fitted values of F a n d Dp. T h i s rat io is charac
terist ic of the gas-zeol i te system a n d the s ize -dis t r ibut ion of the crystals 
i n the pel let , a n d to obta in the va lue of Dc itself i t is necessary to estimate 
a n appropr ia te m e a n value of R. T h i s cannot be done r igorous ly w i t h o u t 
a k n o w l e d g e of the crystal s ize -dis t r ibut ion , b u t one can infer f r o m the 
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162 M O L E C U L A R S I E V E Z E O L I T E S II 

f o r m of the m o d e l solut ion that the mean w i l l not be far b e l o w the m a x i 
m u m size; the s m a l l crystals come to e q u i l i b r i u m q u i c k l y b u t represent 
a s m a l l f rac t ion of the total adsorpt ive capaci ty . A l i m i t e d set of measure
ments b y electron microscopy i n d i c a t e d that the crystal size ranged f r o m 
about Ο.ΐμ to just above 2μ; the order of m a g n i t u d e of Dc is obta ined 
therefore b y us ing R = 1μ, a n d results based on this va lue are g iven i n 
T a b l e I. 

T h e diffusivit ies obta ined b y B a r r e r a n d B r o o k ( J ) r a n g e d f r o m 
5 Χ 10"12 c m 2 / s e c for sorpt ion of argon i n L i - m o r d e n i t e to 5 X 10~15 fo r 
n i t rogen i n Ca-mordeni te . A quant i ta t ive compar ison of results for such 
different systems is not possible , b u t cons ider ing the re lat ive effective 
sizes of the gas molecules a n d zeolite w i n d o w s , the compar ison w i t h the 
present results is not unreasonable. 
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Discussion 

C . N . Satterfield ( Massachusetts Institute of Technology , C a m b r i d g e , 
Mass . 02139): Sargent ment ioned that he f o u n d about a 102 difference 
be tween the sel f -dif fusion of COL> i n one system a n d the counter di f fus ion 
of C 0 2 a n d N 2 i n a second system. A br ie f e laborat ion of these studies 
w o u l d be interesting. 

R. W. H . Sargent: T h e C 0 2 - N 2 (or rather C 0 2 - a i r ) values were 
o b t a i n e d i n d i r e c t l y f r o m studies on a fixed-bed separation process for 
r e m o v a l of C 0 2 f r o m air. These studies were made on a b e d of pellets 
4 f t l o n g a n d 4 inches i n diameter ; two pel let sizes were used, a n d a 
range of a ir flow rates was covered at pressures f r o m 1 to 25 atm a n d 
f r o m + 1 5 ° to — 40 ° C . A l l the results were successfully p r e d i c t e d b y a 
m o d e l assuming b o t h p e l l e t - p o r e a n d intracrystal l ine di f fusion under iso
t h e r m a l condit ions ; the t w o relevant diffusivit ies were used as adjustable 
parameters to fit the exper imental break- through curves b y least squares 
for one set of condit ions at each temperature, and these values then pre-
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51. S A R G E N T A N D W H I T F O R D CO2 in Type 5A Molecular Sieve 163 

d ie ted the results for a l l other condit ions at the same temperature. A s 
w i t h the single-pellet results presented i n the paper , i t was f o u n d that 
a m o d e l assuming only one di f fus ion process was inadequate a n d the t w o 
diffusivit ies were w e l l def ined b y the fitting procedure . T h e fitted pore 
d i f fus iv i ty v a r i e d correct ly w i t h temperature a n d pressure to give a v i r 
tua l ly constant tortuosity of about 1.8 b u t the fitted crysta l d i f fus iv i ty 
di f fered f r o m the single-pellet sel f -dif fusion results b y a factor of about 
100. T h e results of these fixed-bed studies w i l l be p u b l i s h e d i n the 
Transactions of the Institution of Chemical Engineers, L o n d o n . 

J. R. Katzer ( U n i v e r s i t y of D e l a w a r e , N e w a r k , D e l . 19711) : R e g a r d 
i n g the previous question, c o u l d y o u please c lar i fy for me w h i c h of the 
t w o situations h a d the h igher di f fus ion coefficient? 

R. W. H . Sargent: T h e C 0 2 - a i r diffusivit ies were about 100 times 
h igher than the s e l f -di f fusion values, w h i c h is i n the r ight d i rec t ion b u t 
on ly par t ia l ly accounted for b y the correct ion factors g iven b y Barrer i n 
his paper . 

E. F. Kondis ( M o b i l Research & D e v e l o p m e n t , Paulsboro , N . J. 
08066) : Please describe the technique used to determine the two p a r a m 
eters i n your nonl inear m o d e l . 

R. W . H . Sargent: T h e m e t h o d used is g iven i n the Results section 
of the paper , page 160. T h e errors between the m o d e l a n d experimental 
results at 29 points were c o m p u t e d a n d the s u m of squares of the errors 
m i n i m i z e d b y adjust ing Dp a n d F us ing P o w e l l s conjugate gradient 
m e t h o d ( Computer Journal, 1964 ). 

I. Zwiebel (Worcester Po ly technic Institute, Worcester , Mass . 01609 ) : 
W h y d i d y o u assume r a p i d transport w i t h i n the pore ; specif ical ly, w h y 
d i d y o u use the steady state m o d e l i n E q u a t i o n 1? 

R. W. H . Sargent: I n the fixed-bed w o r k a lready referred to, w e d i d 
i n c l u d e the term for rate of accumulat ion i n the gas phase i n the pores 
but this was always negl ig ib le ( about 1000 times smaller ) c o m p a r e d w i t h 
the other terms. I n the later single-pellet w o r k , w e therefore omit ted 
the term f r o m the beg inning . 

R. B. Anderson ( M c M a s t e r U n i v e r s i t y , H a m i l t o n , Ontar io , C a n a d a ) : 
C o u l d the higher di f fusivi ty i n prac t i ca l adsorber be a t t r ibuted to the 
temperature of the b e d b e i n g higher than that of the gas? 

R. W. H . Sargent: T h e m a x i m u m concentrat ion of C 0 2 i n the fixed-
b e d tests was 1000 p p m a n d there was no measurable rise i n gas tem
perature a long the b e d . W e are current ly d o i n g tests w i t h m u c h higher 
C 0 2 concentrations a n d have extended the m o d e l to deal w i t h t h e r m a l 
effects. Ca lcula t ions w i t h this m o d e l for the o r i g i n a l tests conf irm that 
temperature gradients are negl ig ib le , b o t h i n the gas phase and i n the 
inter ior of the pellets. 
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Kinetics of Adsorption on A Zeolites. 
Temperature Effects 

JAMES D. EAGAN, BRUNO KINDL, and ROBERT B. ANDERSON 

Department of Chemical Engineering, McMaster University, Hamilton, Ontario 

Maximum temperatures measured in the adsorbent during 
the adsorption of nitrogen on 4A and propane on 5A zeolite, 
both at —78°C, were 15° and 50°C above the bath tempera
ture. Finite difference calculations, taking into account the 
generation and loss of heat and changes in diffusivity and 
equilibrium adsorption with temperature, reproduced the 
pertinent features of the rate and temperature data. When 
the temperature maximum occurs late in the adsorption 
process, the rate curve is drastically different from that ex
pected for isothermal adsorption. 

Q o m e rate curves for the adsorpt ion of gases on zeol i t i c molecu lar sieves 
^ have u n u s u a l shapes (5, 6). A possible cause of some of these p h e 
n o m e n a is the c h a n g i n g temperature of the sample d u r i n g adsorpt ion 
o w i n g to the heat of adsorpt ion ( 5 ) . A group of experiments has d e m o n 
strated that samples overheat substant ia l ly d u r i n g k ine t i c measurements. 
Temperatures h igher than 15 ° C above the b a t h temperature have been 
measured d u r i n g k inet ic experiments i n b o t h v o l u m e t r i c a n d g r a v i m e t r i c 
apparatuses. F i n i t e difference calculat ions , w h i c h approximate exper i 
m e n t a l results, indicate that these temperature differences do not change 
the shape of the i n i t i a l par t of the rate curve substantial ly , b u t i n some 
cases cause major changes at longer t imes. 

Experimental and Computing Methods 

C o m m e r c i a l L i n d e 4 A a n d 5 A p o w d e r s were used after evacuat ion 
at 4 5 0 ° C for 15 hours. E x p e r i m e n t s w i t h N 2 on 4 A p o w d e r w e r e m a d e 
i n a convent ional glass v o l u m e t r i c system e q u i p p e d w i t h a graduated 
burette a n d a manostat ( 3 ) . A 0.675-gram sample of 4 A p o w d e r was 
conta ined i n a spher i ca l b u l b of ins ide d iameter 12 m m . Inserted i n the 
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52. E A G A N E T A L . Kinetics of Adsorption 165 

p o w d e r was a 36-gauge c h r o m e l - a l u m e l thermocouple that passed t h r o u g h 
the top of the sample tube at a po in t above the c o l d b a t h b y a commer
c i a l g l a s s - m e t a l seal. T h e reference junc t ion was i m m e r s e d i n the c o o l i n g 
bath . 

Tests w i t h propane on 5 A were p e r f o r m e d i n a C a h n R . G . electro-
balance system. I n the gravimetr i c apparatus, the i n i t i a l d is turbance 
caused b y i n t r o d u c i n g the gas to the evacuated sample persisted for about 
6 seconds a n d adsorpt ion measurements c o u l d not be m a d e i n this p e r i o d . 
I n separate experiments, 0.3- a n d 4 - m m layers of zeolite o n the balance 
p a n were used a n d respective adsorpt ion rate curves were recorded. F o r 
the th icker layer i n another experiment , the balance p a n was s u p p o r t e d 
o n a 32-gauge thermocouple , the junct ion of w h i c h was i m m e r s e d i n the 
zeoli te ; the temperatures were d e t e r m i n e d d u r i n g a s imi lar adsorpt ion 
exper iment i n w h i c h w e i g h t changes were not measured. I n b o t h ap
paratuses, the measured temperature was p r o b a b l y not e q u a l to the ac tua l 
par t ic le temperature but i t seems reasonable to assume that they dif fer 
o n l y s l ight ly . I n a l l experiments, the coo l ing b a t h was d r y i ce -acetone 
t h r o u g h w h i c h a s l o w stream of C 0 2 was b u b b l e d to m a i n t a i n an atmos
phere of C 0 2 under a l l condit ions . 

F i n i t e difference calculat ions were made o n a C D C 6 4 0 0 computer 
to determine the effect of the temperature rise of the p o w d e r on the 
adsorpt ion rate. H e r e the part icles were assumed to be spheres of 1-mi-
cron diameter for convenience ; the ac tual sample consisted largely of 
cubes w i t h w i d e v a r i a t i o n i n size, 0.1 to 6 microns . Ca lcu la t ions i n d i 
cated that the temperatures throughout the par t ic le c o u l d be assumed 
u n i f o r m . H e a t was assumed to be r e m o v e d f r o m the surface of the 
par t ic le b y n a t u r a l convect ion . T h e largest heat transfer resistance re
sul ted f r o m s l o w c o n d u c t i o n t h r o u g h the p o w d e r . T h u s , d u r i n g adsorp
t ion , temperature gradients existed w i t h i n the sample b e d but i t was 
assumed to have a u n i f o r m average temperature w h i c h c o u l d be con
s idered the temperature of an "average" part ic le . T h e heat transfer 
characterist ics of the single part ic le were m a d e equiva lent to those of 
the ac tual sample b e d i n the f o l l o w i n g w a y : T h e t h e r m a l c o n d u c t i v i t y 
of the p o w d e r was assumed to be the same as diatomaceous earth (4), 
a n d the temperature response of the b e d was ca lcu la ted for a g i v e n 
change i n external temperature. T h e heat transfer coefficient of the single 
par t ic le was ca lcu la ted so that its coo l ing rate was the same as that of 
the average par t ic le i n the p o w d e r . T h i s va lue , 5.0 Χ 10" 8 c a l / s e c - c m 2 - ° C , 
was used i n the finite difference calculat ions. 

T h e par t ic le was d i v i d e d into 30 to 100 shells for the ca lcu la t ion a n d 
F i c k ' s L a w was assumed to h o l d . H e a t generated was taken as rate of 
adsorpt ion times the heat of adsorpt ion , a n d the latter quant i ty was as
s u m e d to be i n d e p e n d e n t of amount adsorbed. W i t h increas ing tern-
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166 M O L E C U L A R S I E V E Z E O L I T E S Π 

Table I. Parameters for Computed Rate Curves 

Heat of Activation 
Data in Adsorption, Energy, D/R2, H, 
Figure Kcal/Mole Kcal/Mole Min~l Cal/Sec-Cm2-°C 

1 5.0 5.5 5.0 Χ 10" 3 5.0 X 10~ 8 

2 8.0 3.0 0.4 5.0 X 10~ 8 

3 5.0 5.5 5.0 X 10~ 3 V a r i a b l e 

Figure 1. Adsorption of nitrogen on 4A zeolite 
powder at —78°C and 760 torr. 

Open circles denote adsorption and solid circles the 
temperature. Solid lines are computed adsorption and 

temperature data. 

perature , the di f fus iv i ty increases a c c o r d i n g to the A r r h e n i u s equat ion 
b u t the e q u i l i b r i u m amount adsorbed decreases. T h e change i n e q u i 
l i b r i u m adsorpt ion was ca lcula ted us ing the heat of adsorpt ion a n d the 
F r e u n d l i c h i sotherm w i t h pressure exponents f r o m adsorpt ion studies. 
T h e exponent of the F r e u n d l i c h equat ion was assumed to v a r y l i n e a r l y 
w i t h temperature be tween exper imenta l temperatures. 
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52. E A G A N E T A L . Kinetics of Adsorption 167 

T h e computer p r o g r a m calculates i n each t ime step a n e w concen
trat ion profi le , temperature , d i f fus iv i ty , a n d amount adsorbed at e q u i 
l i b r i u m . A t convenient intervals , the concentrat ion profi le is integrated 
us ing S i m p s o n s ru le to give the amount adsorbed. T h i s q u a n t i t y was 
d i v i d e d b y the e q u i l i b r i u m adsorpt ion at the b a t h temperature to give 
the a p p r o a c h to e q u i l i b r i u m factor Z . 

A p p r o p r i a t e values of ac t ivat ion energies a n d heats of adsorpt ion 
f r o m our laboratory or f r o m the l i terature ( 2 ) were chosen, a n d d i f f u s i v i 
ties at — 78 ° C were est imated f r o m our rate curves; these values are 
g iven i n T a b l e I. 

I n the present calculat ions, w e have a t tempted o n l y to obta in rate 
a n d temperature curves reasonably a p p r o x i m a t i n g the exper imenta l data , 
a n d no attempt was made to i m p r o v e the p r e d i c t e d results b y adjustment 
of constants. 

Figure 2. Adsorption of propane on 5A zeolite 
powder at -78°C. 

Open squares denote adsorption at 21 ton for an 0.3-mm 
layer. Open and solid circles denote adsorption and tem
peratures, respectively, at 30 ton in a 4-mm layer. Solid 

curves are calculated adsorption and temperatures. 
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168 MOLECULAR SIEVE ZEOLITES Π 

Experimental Results and Discussion 

F i g u r e 1 shows the rate of adsorpt ion of N 2 o n 4 A p o w d e r a n d 
concurrent temperature measurements. F i g u r e 2 gives the rate of a d 
sorpt ion of propane on 5 A w i t h a t h i n (0 .3 -mm) a n d a th ick ( 4 - m m ) 
layer of zeoli te on the balance p a n ; temperatures were measured i n a 
separate experiment i n the th ick layer. 

F o r n i t rogen on 4 A , F i g u r e 1, the nonisothermal rate data despite 
the heat ing c o u l d be represented reasonably b y usua l i sothermal F i ck ' s 
l a w equations ( I ) , i f D / R 2 is taken as 7.5 Χ 10" 3 m i n " 1 . T h u s , the va lue 
of D / R 2 ca lcula ted f r o m the isothermal equat ion was 5 0 % larger than 
that used to der ive the nonisothermal curve i n F i g u r e 1. H e r e the tem
perature m a x i m u m occurs at l o w amounts adsorbed, a n d the increased 
rate o w i n g to increased diffusivit ies is near ly compensated b y the de
creased e q u i l i b r i u m adsorpt ion at the observed temperatures. Propane 

TIME .(MINT2 

Figure 3. Calculated adsorption data for different 
heat transfer coefficients 
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52. Ε A G A N E T A L . Kinetics of Adsorption 169 

o n 5 A ( F i g u r e 2) was chosen as an example of a r a p i d adsorpt ion , w h e r e 
the rate a n d heat generat ion were greater. F o r the th ick sample , the 
amount adsorbed a p p r o a c h e d e q u i l i b r i u m s l o w l y c o m p a r e d w i t h the t h i n 
sample. T h e temperature m a x i m u m for the th ick sample o c c u r r e d at 0.7 
of the e q u i l i b r i u m adsorpt ion. I n this case, the adsorpt ion is r a p i d at 
short t imes because of the increased di f fus iv i ty , a n d e q u i l i b r i u m at the 
par t ic le temperature is a p p r o a c h e d at about the t ime corresponding to 
the m a x i m u m temperature. T h e amount adsorbed then increases w i t h 
t ime a n d the coo l ing of the samples— i .e . , ref lect ing increas ing e q u i l i b 
r i u m adsorpt ion. 

T h e ca lcula ted curves i n F igures 1 a n d 2 reproduce a l l of the p e r t i 
nent features of the exper imenta l rate a n d temperature data , a l t h o u g h 
there are some quant i ta t ive differences. F o r example , at longer t imes, 
exper imenta l measurements of adsorpt ion l ie b e l o w c o m p u t e d curves for 
the single part ic le . T h e ac tua l p o w d e r consisted of part icles of different 
sizes, a n d at large times the smal l part ic les , h a v i n g a l ready reached 
e q u i l i b r i u m , no longer contr ibute to the rate. C a l c u l a t e d rate curves for 
the same values of di f fus iv i ty at the b a t h temperature, ac t ivat ion energy, 
a n d heat of adsorpt ion as for n i t rogen, b u t different heat transfer coeffi
cients, are g iven i n F i g u r e 3. These curves approximate a l l of the types 
of rate curves descr ibed i n the present paper . C h a n g i n g the heat transfer 
coefficient b y a factor of 50 p r o d u c e d p r o f o u n d effects on the last par t 
of the rate curve but has v i r t u a l l y no effect on the ear ly por t ion . 

O u r data s h o w that large temperature changes can occur d u r i n g 
measurements of adsorpt ion kinet ics . W h e n the temperature m a x i m u m 
occurs ear ly i n the process, no p r o n o u n c e d effect on the rate curve is 
observed, a n d the u n w a r y experimenter m a y conc lude that his data w e r e 
ob ta ined isothermal ly . 
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Discussion 

C. N . Satterfield ( Massachusetts Institute of T e c h n o l o g y , C a m b r i d g e , 
Mass . 02139) : Recent exper imenta l results of Marget ts (Satterf ie ld a n d 
Marget t s , A.I.Ch.E. i n press; prepr int , A . I . C h . E . M e e t i n g , N o v e m b e r 
1969) are consistent w i t h the observations a n d calculat ions of A n d e r s o n . 
Marget t s s tudied the gas phase sorpt ion of C H 4 or n - C 4 H i 0 on N a -
mordeni te crystals at 25 ° C a n d pressures of about 10 to 80 torr. T h e 
ca lcu la ted effective diffusivit ies s h o w e d a m a x i m u m i n the general reg ion 
of Mi/Moo — 0.5. Ca lcu la t ions a n d exper imenta l observations i n d i c a t e d 
this was caused b y a temperature increase w i t h i n the sample, o c c u r r i n g 
d u r i n g the first f e w seconds. 

R. B. Anderson: T h a n k s for the suppor t ing evidence. 
Y. H . Ma ( W o r c e s t e r P o l y t e c h n i c Institute, Worces ter , Mass . 01609) : 

W h a t is the di f fus ion coefficient y o u obtained? C o u l d the temperature 
rise be o w i n g to the adiabat ic compression? 

R. B. Anderson: T h e heat of adsorpt ion was the cause of the tem
perature increase. T h e adiabat ic compression of gas i n t r o d u c e d to the 
evacuated sample s h o u l d l e a d to a neg l ig ib le temperature increase. 

E. F. Kondis ( M o b i l Research & D e v e l o p m e n t C o r p . , Paulsboro , N . J. 
08066 ) : W e conf i rmed some of the trends i n nonisothermal results w h i c h 
y o u report . O u r data are i n a flow system a n d hence discount the pos
s i b i l i t y of heat effects caused b y expansion of gas us ing y o u r C a h n 
instrument. 

R. B. Anderson: T h a n k s . 
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Kinetics of Ethane Sorption on 4A 
Molecular Sieve Crystal Powder and Pellets 

EDWARD F. KONDIS1 and JOSHUA S. DRANOFF 

Department of Chemical Engineering, Northwestern University, 
Evanston, Ill. 60201 

The sorption of ethane from dilute mixtures with helium by 
4A sieve crystal powder and pellets made without binder 
has been studied with a microbalance in a flow system at 
temperatures between 25° and 117°C. Results show clearly 
that intracrystalline diffusion is the rate-controlling process 
and that it is represented well by a Fick's law diffusion 
model. Transient adsorption and desorption are character
ized by the same effective diffusivity with an activation 
energy of 5660 cal/gram mole. 

'T'he objective of the work reported here was to characterize clearly 
A the kinetics of ethane sorption by 4A molecular sieves under iso

thermal conditions. Determination of the significant phenomena at work 
in adsorption and desorption is important for the basic understanding 
of the sorption process, as well as for the rational analysis and design of 
equipment for its application. The present study was undertaken to 
settle the question of the relative importance of micropore and macropore 
diffusion for one characteristic adsorbate and molecular sieve adsorbent. 

The experimental technique adopted for this work was the measure
ment of weight gain and loss as a function of time when small amounts 
of molecular sieve are exposed to gas streams of constant composition in 
a flow system. Comparison of experimental data with curves based on a 
suitable mathematical model permitted the determination of effective 
diffusivities for ethane. Equilibrium data also were obtained from these 
experiments. The present technique was chosen in preference to fixed-bed 
studies because of the increased sensitivity offered by the "single particle" 
approach. 

'Present address: Mobil Oil Corp., Paulsboro, N. J. 

171 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

53



172 M O L E C U L A R S I E V E Z E O L I T E S Π 

Experimental 

Equipment. T h e basic equipment used i n this s tudy was a m i c r o -
balance ( T h e r m o - G r a v , A m e r i c a n Instrument C o . ). It consists essentially 
of a smal l sample holder connected to a fine ca l ibra ted spr ing , the m o t i o n 
of w h i c h is f o l l o w e d b y a n electr ical transducer a n d automat ica l ly re
c o r d e d . T h e sample holder is contained i n a s m a l l borosi l icate glass vessel 
( sample tube) t h r o u g h w h i c h gas m a y be c i r cu la ted cont inuously a n d 
w h i c h m a y be heated easily to h i g h temperatures b y an e lectr ica l furnace 
for regenerat ion purposes or submerged i n a c i r c u l a t i n g o i l b a t h for tem
perature contro l d u r i n g sorpt ion experiments. T h e apparatus was c o m 
ple ted b y the a d d i t i o n of suitable equipment for gas flow measurement 
a n d control a n d system ca l ibrat ion . 

Materials. T h e gases used were research grade ethane a n d h e l i u m , 
b o t h 99.99 mole % pure . Impuri t ies i n the h e l i u m were not significant 
i n this w o r k . H o w e v e r , those present i n the ethane, p r i n c i p a l l y ethylene, 
were of some concern. T h e adsorbent was s tandard pure crystal l ine 
L i n d e 4 A molecular sieve i n p o w d e r a n d pe l l e t ized f o r m ( L i n d e L o t 
N u m b e r 441079 ). T h e c y l i n d r i c a l pellets were f o r m e d f r o m pure crystals 
i n a single pel let press a n d were 1/8 i n c h i n diameter a n d 1/16 i n c h long. 
These pellets h a d a densi ty of 1.06 g r a m s / c c ( d r y a n d regenerated) . 
S ince they conta ined no b i n d i n g clays, the pellets c o u l d w i t h s t a n d o n l y 
m i l d stress but this was not a p r o b l e m i n the present w o r k . Pellets were 
m a d e f r o m the pure crysta l p o w d e r as rece ived f r o m L i n d e a n d f r o m 
such p o w d e r after e l lutr ia t ion to remove the finer particles. Samples used 
i n sorpt ion runs ranged f r o m 0.25 to about 6 grams. 

Procedure. T h e basic pattern for these experiments consisted of 
regenerat ion of the absorbent sample f o l l o w e d b y adsorpt ion a n d desorp
t i o n runs. Regenerat ion was accompl i shed b y heat ing the sample to 
5 5 0 ° C (at a rate of 2 0 ° C per m i n u t e ) a n d m a i n t a i n i n g i t at that tempera
ture under a h e l i u m purge u n t i l a stable w e i g h t was reached (about 1 
h o u r ) . T h e sample was a l l o w e d then to cool to r o o m temperature after 
w h i c h the sample tube was submerged i n the constant-temperature b a t h 
a n d brought to b a t h temperature w h i l e s t i l l under h e l i u m purge . T h e 
w e i g h t of the sample was m o n i t o r e d cont inuously d u r i n g this process to 
assure the absence of contaminat ion . A n adsorpt ion experiment was 
in i t ia ted b y r e p l a c i n g the h e l i u m stream b y a pre-set mixture of ethane 
a n d h e l i u m . W h e n the sample was saturated w i t h ethane at the experi 
m e n t a l condit ions , a desorpt ion experiment was car r ied out b y r e p l a c i n g 
the feed gas b y pure h e l i u m . D e s o r p t i o n was c o n t i n u e d u n t i l the sample 
w e i g h t re turned to its i n i t i a l value . 

Exper iments were p e r f o r m e d at 2 5 . 2 ° , 7 3 . 8 ° , a n d 116.8 ° C , w i t h 
ethane concentrat ion i n the feed gas of 2, 4, a n d 8 v o l u m e % , a n d at 
atmospheric pressure. T h e recorded traces were corrected to account 
for b u o y a n c y a n d d r a g a n d converted to plots of w e i g h t ga in a n d loss 
vs. t ime. 

Spec ia l care was r e q u i r e d to e l iminate a n u m b e r of undes i red effects 
u n c o v e r e d i n p r e l i m i n a r y experiments. These i n c l u d e d sample contami
n a t i o n f r o m impuri t ies i n the ethane, w h i c h was e l iminated b y p l a c i n g a 
s m a l l amount ( about 200 m g ) of 4 A sieve i n the base of the sample tube. 
T h i s mater ia l , w h i c h was regenerated automat ica l ly each t ime a long w i t h 
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the sample , d i d not interfere w i t h the m a i n sorpt ion experiments b u t d i d 
p e r m i t r e p r o d u c i b l e operat ion of the system. I n a d d i t i o n , the problems 
of i n i t i a t i n g a sharp step change i n gas compos i t ion i n the sample tube 
a n d the e l i m i n a t i o n of gas phase mass transfer effects w e r e solved b y 
care fu l redesign of the sample tube a n d a n annular sample holder , a n d 
ver i f ied b y a series of experiments at various gas flow rates a n d 
composit ions. 

0.2 0.6 1.0 1.4 
Log e of Crystal Size 

Figure 1. Log-normal size distributions for 4 A 
crystals 

Crystal Size Measurement. T h e size d i s t r i b u t i o n of the sieve crystals 
used also was measured i n some aux i l i a ry experiments. T h i s was done b y 
first suspending the sieve sample ( c rys ta l p o w d e r or crushed pel lets) i n 
a s o d i u m h y d r o x i d e solut ion ( to h e l p disperse the eas i ly- formed crysta l 
agglomerates) a n d then e x a m i n i n g the solut ion w i t h a ca l ibra ted o p t i c a l 
microscope at a magni f i ca t ion of 5000. A b o u t 250 particles p i c k e d at 
r a n d o m o n a sl ide were measured for each sample. T h e particles , w h i c h 
have a shape somewhere b e t w e e n that of a sphere a n d a cube , were 
treated as cubes w i t h the length of a side e q u a l to 2a microns . 

M o r e complete details of e q u i p m e n t a n d exper imenta l techniques 
are presented b y K o n d i s ( 7 ) . 
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Results and Discussion 

Crystal Size Distribution. T h e measured crysta l size d i s t r i b u t i o n 
f o l l o w e d a l o g - n o r m a l f o r m , suggested as characterist ic for most smal l 
part icles b y H e r d a n (6). F i g u r e 1 shows results obta ined w i t h the 4 A 
crys ta l p o w d e r a n d w i t h the 2 types of pellets f o r m e d f r o m it . H e r e a n d 
b e l o w , the L i n d e crysta l p o w d e r as rece ived, the pe l l e t ized p o w d e r , a n d 
the pellets f o r m e d f r o m the e lutr ia ted p o w d e r w i l l be referred to as 
C P R , C P S , a n d E C P S , respect ively. C l e a r l y , the p e l l e t i z i n g process d i d 
not affect the size d i s t r i b u t i o n of the o r i g i n a l mater ia l . F u r t h e r m o r e , the 
e lutr ia ted particles do have a somewhat larger average size. 

F o r analysis of sorpt ion data , the particles were represented as 
spheres w i t h radius e q u a l to the h y d r a u l i c radius of the particles . F o r 
cubes, this leads to an equivalent spher ica l radius e q u a l to one-half the 
l ength of the cube side or a. T h e w e i g h t average radius m a y be f o u n d 
f r o m the previous data a n d the re la t ion a m o n g w e i g h t a n d n u m b e r aver
age r a d i i a n d the s tandard dev ia t ion of the d i s t r i b u t i o n g iven b y H e r d a n 
( 6 ) . 

In ag = In ag
} — 3 (In σ 0 ) 2 (1) 

T h e results are l i s ted i n T a b l e I. 
Sorption Kinetics. T h e adsorpt ion a n d desorpt ion data were ana

l y z e d i n terms of a m o d e l based o n the f o l l o w i n g m a i n assumptions. 
M i c r o p o r e di f fus ion w i t h i n the sieve crystals is the rate-control l ing proc
ess. D i f f u s i o n m a y be descr ibed b y F i c k ' s l a w for spher ica l par t ic le 
geometry w i t h a constant micropore di f fus iv i ty . T h e h e l i u m present i n 
the system is inert a n d plays no direct role i n the sorpt ion or d i f fus ion 
process. Sorpt ion occurs u n d e r i sothermal condit ions . Sorpt ion e q u i l i b 
r i u m is m a i n t a i n e d at the crysta l surface, w h i c h is subjected to a step 
change i n gas composi t ion . These assumptions l e a d to the f o l l o w i n g re la
t i o n for the amount of ethane adsorbed or desorbed b y a single part ic le 
as a f u n c t i o n of t ime ( C r a n k , 4 ). 

Q - Qo 
Qi - Qo = 1 - 6

n Ç 1 ^ v e x p V " " ^ " 7 (2) 

T h e corresponding solut ion for a c u b i c part ic le w i t h sides 2a i n l e n g t h 
is i n v e r y close agreement w i t h E q u a t i o n 2, dev ia t ing at most b y a f e w 
per cent. 

Table I. Average Crystal Particle Size 

Sample Weight Average Radius (Microns) 

C P R , C P S 1.39 
E C P S 1.60 
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53. K O N D i s A N D D R A N O F F Kinetics of Ethane Sorption 175 

Exper iments w e r e first p e r f o r m e d us ing sieve pellets conta in ing a n 
i m b e d d e d thermocouple a n d w i t h gas concentrations u p to 10% ethane. 
These s h o w e d temperature variat ions of less t h a n 0.5 ° C d u r i n g sorpt ion, 
thus conf i rming the i sothermal assumption. 

Thereafter , the exper imental data were fitted to the above m o d e l 
equat ion b y a g r a p h i c a l superposi t ion technique. T h e data a n d m o d e l 
curve w e r e p lo t ted separately as f rac t ion adsorbed or desorbed against 
the l o g of the square root of t ime. T h e exper imenta l curve was m o v e d 
h o r i z o n a l l y u n t i l the best fit was obta ined, thereby d e t e r m i n i n g the ap
propr ia te va lue at Dc/a2. T h i s m e t h o d uses a l l of the data , as opposed 
to some approaches based o n the values at early times w h i c h have been 
used b y others (1,2,5). It was a p p l i e d easily i n this w o r k because of the 
excellent agreement of the m o d e l w i t h the data obta ined. 

F i g u r e 2 presents results for pure crysta l pellets ( C P S ) at 7 3 . 8 ° C , 
w h i c h are t y p i c a l of a l l the data obta ined. C l e a r l y , the m o d e l provides 
an excellent fit to these data , w i t h the same di f fus iv i ty a p p l y i n g to b o t h 
adsorpt ion a n d desorpt ion runs. T h e r e is some sl ight d e v i a t i o n at early 
t imes, b u t this is w e l l w i t h i n l imits of exper imenta l error. Results at 
other temperatures a n d w i t h a l l 3 adsorbent types show the same k i n d of 
m o d e l fit. 

T h e corresponding values of Dc/a2 are presented i n T a b l e I I a n d are 
p lo t ted against temperature o n the A r r h e n i u s p lot i n F i g u r e 3. T h r e e 
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176 M O L E C U L A R S I E V E Z E O L I T E S I I 

Table II. Dc/a2 Values Determined from Experimental Data 

Concentration? Adsorption Desorption 
Run Adsorbent Temp., °C Vol. % Cycle Cycle 

9 C P S 73.8 4 7.84 7.84 
10 C P S 73.8 2 8.41 7.84 
11 C P S 73.8 8 7.84 7.84. 
12 C P S 116.8 2 22.1 20.3 
13 C P S 116.8 4 26.0 22.1 
14 C P S 116.8 8 23.0 23.0 
19 C P S 25.2 4 2.40 2.56 
20 C P S 25.2 2 2.25 2.40 
21 C P S 25.2 8 2.72 2.40 
2 1 A C P S 73.8 8 7.84 — 
30 C P S 25.2 4 2.72 — 
31 C P S 25.2 4 2.56 2.56 
33 C P R 25.2 4 2.10 2.40 
34 C P R 25.2 8 2.40 2.40 
36 C P R 73.8 4 7.29 7.29 
37 C P R 73.8 8 7.29 8.40 
38 C P R 116.8 4 21.2 22.1 
39 C P R 116.8 8 22.1 22.1 
44 E C P S 25.2 4 1.56 1.56 
45 E C P S 25.2 8 1.69 1.69 
53 E C P S 73.8 4 5.11 5.11 
54 E C P S 73.8 8 5.11 5.3 
55 E C P S 116.8 4 15.2 15.2 
56 E C P S 116.8 8 13.7 13.7 

° Concentration for adsorption cycle. For desorption cycle, concentration is zero. 

p r i n c i p l e results are apparent f r o m these data. F i r s t , there is essentially 
no difference between the values of Dc/a2 ob ta ined f r o m adsorpt ion or 
desorpt ion experiments, i n d i c a t i n g that the same mechanisms are at w o r k 
i n b o t h processes. Secondly , the fact that i d e n t i c a l results are obta ined 
w i t h pure crysta l p o w d e r a n d pellets m a d e f r o m that p o w d e r indicates 
that Dc/a2 is independent of over -a l l par t ic le size a n d therefore that 
microp ore or crystal d i f fus ion is the rate-control l ing process. F i n a l l y , the 
values for the e lutr iated crysta l pellets are l o w e r b y a factor of 1.44 
c o m p a r e d w i t h the other results. T h u s , the di f fus ion measurements i m p l y 
that the value of a for these pellets is 1.2 times the average radius for 
the pure crystals. T h i s compares qui te favorab ly w i t h the measured 
radius rat io of 1.15 i n d i c a t e d b y the data of T a b l e I, thus p r o v i d i n g 
fur ther conf i rmat ion of the m o d e l . 

T h e effect of the crysta l size d i s t r i b u t i o n o n these results was invest i 
gated us ing the observed d i s t r ibut ion func t ion . T h e p r e d i c t i o n of the 
m o d e l for the average part ic le radius was c o m p a r e d w i t h a p r e d i c t i o n 
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53. KONDis A N D D R A N O F F Kinetics of Ethane Sorption 177 

w e i g h t e d a c c o r d i n g to the d is t r ibut ion . T h e results s h o w e d neg l ig ib le 
difference over the entire range of interest, thus v a l i d a t i n g the use of a n 
average part ic le radius . 

T h e DC values f o u n d i n this w o r k m a y be c o m p a r e d w i t h the va lue 
of 4.8 χ 10" 1 2 c m 2 / s e c repor ted p r e v i o u s l y b y B r a n d t a n d R u d l o f f ( 3 ) , 
w h o s tudied ethane sorpt ion b y 4 A crystals at 22.9 ° C b u t i n the absence 
of h e l i u m carrier gas. T h e present data at 2 5 . 2 ° C indicate ( for a n average 
radius of 1.39 microns ) that DC is 4.6 Χ 10" 1 2 c m 2 / s e c , i n excellent agree
ment w i t h the earlier w o r k . H o w e v e r , the act ivat ion energy repor ted 
b y B r a n d t a n d R u d l o f f was 7.4 K c a l / m o l e , as c o m p a r e d w i t h the va lue 
of 5.66 K c a l / m o l e f o u n d here. 

E q u i l i b r i u m D a t a . F i n a l l y , e q u i l i b r i u m isotherms were establ ished 
f r o m the measurements m a d e i n this study. These are p l o t t e d i n F i g u r e 
4. C l e a r l y , the results indicate the isotherms to be essentially l inear except 
at 25.2 ° C . Subsequent w o r k at h igher ethane concentrations has con-

20 

10 

- 5 

2\ \ D c . 

\ \ ^ ° 2 
3.22 exp(-5660/RT) 

-1 • 2.23 exp(-5660 /RT)^\ N # 

• CPR 
Ο CPS 
Δ ECPS 

2.5 3.0 3.5 

Ι / Τ χ I03 ( ° K ) " 1 

Figure 3. Arrhenius plot for experiments micropore 
diffusivity data 
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178 M O L E C U L A R S I E V E Z E O L I T E S II 

firmed that the isotherms f o l l o w the u s u a l L a n g m u i r f o r m . A s expected, 
data for a l l 3 adsorbents show the same e q u i l i b r i u m behavior . T h e heat 
of adsorpt ion was determined f r o m these a n d more complete e q u i l i b r i u m 
data (7 ) a n d f o u n d to be 7.04 K c a l / m o l e . 

Conclusions 

T h e results i n this s tudy have demonstrated c lear ly that the rate of 
adsorpt ion a n d desorpt ion of ethane at l o w concentrations o n 4 A m o l e c u 
lar sieves i n the absence of b i n d e r is contro l led b y intracrystal l ine d i f f u 
sion of the ethane. F u r t h e r m o r e , the di f fus ion process m a y be charac
ter ized b y F ick ' s l a w a n d an effective d i f fus iv i ty dependent on ly o n 
temperature, a n d appl i cab le to b o t h adsorpt ion a n d desorpt ion. I t m a y 
be expected, therefore, that such micropore d i f fus ion also determines the 
rates of ethane sorpt ion w i t h c o m m e r c i a l 4 A pellets conta in ing c lay 
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53. KONDis A N D D R A N O F F Kinetics of Ethane Sorption 179 

binders since the same microporous structure s h o u l d exist i n these 
adsorbents. 
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Nomenclature 

a = Ef fec t ive crysta l radius , c m 
a9 = N u m b e r average part ic le size, c m 
ag' = W e i g h t average part ic le size, c m 
Dc = Intracrystal l ine d i f fus iv i ty , c m 2 / s e c 
Q = A v e r a g e ethane content of adsorbent, g r a m s / g r a m of so l id 
Ço = I n i t i a l average ethane content of adsorbent, g r a m s / g r a m of 

so l id 
Ç i = F i n a l average ethane content, g r a m s / g r a m of so l id 
t = T i m e , sec 
σ 9 = S tandard dev ia t ion of size d i s t r ibut ion , c m 
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Discussion 

D . M . Ruthven a n d K. F . Loughlin ( U n i v e r s i t y of N e w B r u n s w i c k , 
F r e d e r i c t o n , Ν. B . , C a n a d a ) : T h e data of K o n d i s a n d Dranof f i l lustrate 
a n u m b e r of important points re la t ing to the p r o b l e m of ca lcu la t ing d i f 
fus ion coefficients f r o m sorpt ion curves. F o r the analysis of sorpt ion 
curves, the crystal size d i s t r i b u t i o n should be expressed o n a w e i g h t (or 
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180 M O L E C U L A R S I E V E Z E O L I T E S II 

v o l u m e ) f rac t ion basis. T h e type A zeoli te crystals are c u b i c a n d b y 
p l o t t i n g the c u m u l a t i v e v o l u m e f rac t ion 

di 

Σ Ni 
di = 0 

\ 

t Σ Nid-' , 
\di = 0 I 

against crysta l diameter di o n ar i thmetic p r o b a b i l i t y paper , i t m a y b e 
s h o w n that the crysta l size d i s t r i b u t i o n data of K o n d i s ( 1 ) are w e l l repre
sented b y a n o r m a l d i s t r i b u t i o n f u n c t i o n w i t h m e a n crysta l size 2μ = 
2.70 m i c r o n a n d s tandard dev ia t ion 2σ = 1.08 m i c r o n ; s = μ / σ = 2.5. 
S i m i l a r crysta l size d i s t r i b u t i o n data were obta ined b y R u t h v e n a n d 
L o u g h l i n (2) for L i n d e 5 A zeolite . 

F i g u r e 1 shows the t y p i c a l sorpt ion curve presented b y K o n d i s a n d 
D r a n o f f ( r u n 11) together w i t h the theoret ical curve for u n i f o r m spher ica l 
part ic les , ca lcula ted f r o m E q u a t i o n 2 of the preceding paper , u s i n g the 
value D/a2 = 7.84 χ 10"4 sec" 1. T h e dev ia t ion of the exper imenta l points 
f r o m the theoret ical curve is c lear ly apparent . B y s u m m i n g the c o n t r i b u 
tions of the i n d i v i d u a l size fractions of particles i t m a y be s h o w n that, 
for a system of c u b i c particles w i t h an approximate ly n o r m a l d i s t r i b u t i o n 
of size ( o n a weight or v o l u m e f rac t ion bas i s ) , the proper expression for 
the sorpt ion curve is g iven b y ( 2 ) : 

W = 
512s 

κ /7Γ~ Σ Σ υ 
π V2% ΐ = ι m = i η=\ y = o 

s 
{ τ* Dt I 

e x p { - y 2 s 2 ( y - l ) 2 · — · [(2Z - l ) 2 + (2m - l ) 2 + (2n - l)*]\dy 
{ W μ 2 J 

w h e r e W = 

Q* = 

D -

M- = 

S = 

(21 - l ) 2 (2m - l ) 2 (2n - l ) 2 

I-SL 

M a s s of sorbate adsorbed or desorbed d u r i n g t ime t 

M a s s of sorbate adsorbed or desorbed as t —> oo 

D i f f u s i o n coefficient 

M e a n hal f side of c u b i c part ic le 

σ 
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53. K O N D I S A N D D R A N O F F Kinetics of Ethane Sorption 181 

TIME (seconds) 

Figure 1. Sorption curve for ethane in 4A zeolite; data of Kondis (Run 11) 

W h e n the value of s is k n o w n f r o m measurements of crys ta l size d i s t r i 
b u t i o n , this expression m a y b e evaluated n u m e r i c a l l y to g ive W as a 
f u n c t i o n of Dt/μ2. T h e va lue of D/μ2 m a y then be obta ined b y m a t c h i n g 
the exper imenta l data to the theoret ica l curve . 

W h e n this analysis is a p p l i e d to the data of r u n 11, w i t h s = 2.5, a 
va lue of Ό/μ2 = 10.7 Χ 10" 4 sec" 1 is obta ined, c o m p a r e d w i t h the va lue 
Ό/μ2 = 7.84 X 10" 4 sec" 1 ob ta ined f r o m the equat ion for u n i f o r m spher i 
c a l part ic les . 

T h e corresponding theoret ical curve is s h o w n i n F i g u r e 1. It is 
apparent that this curve fits the exper imenta l data w e l l , whereas the 
theoret ica l curve ca lcula ted assuming a m e a n equivalent spher ica l radius 
gives o n l y a rather poor fit. I n this type of system i n w h i c h there is 
present a significant range of crysta l sizes, the assumption of a m e a n 
equivalent spher ica l radius is a rather poor a p p r o x i m a t i o n w h i c h can l e a d 
to significant errors i n the ca lcula ted diffusivit ies . 

Literature Cited 

(1) Kondis, E . F., P h . D . thesis, Northwestern University, 1969. 
(2) Ruthven, D. M., Loughl in , K . F., Chem. Eng. Sci., in press. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

53



182 M O L E C U L A R S I E V E Z E O L I T E S I I 

E . F . K o n d i s a n d J . S. D r a n o f f : W e agree w i t h L o u g h l i n a n d R u t h -
v e n that crysta l shape a n d size d i s t r ibut ion are i m p o r t a n t considerations 
for adsorpt ion o n zeolites. M o r e o v e r , w e have p r e v i o u s l y evaluated their 
effects i n our w o r k . D r . K o n d i s has p o i n t e d out at this s y m p o s i u m a n d 
elsewhere ( I ) that for our exper imenta l data a n d for our m e t h o d of 
o b t a i n i n g the di f fus ion coefficients, these t w o parameters caused about 
a 10 to 2 0 % var ia t ion i n Ό Jo?. W e accepted this var ia t ion as b e i n g 
w i t h i n the accuracy of our results. L o u g h l i n a n d R u t h v e n i n their F i g u r e 
1 s h o w that b y account ing for size d i s t r i b u t i o n a n d shape they obta in a 
var ia t ion of 3 5 % i n Dc/a2. H o w e v e r , they used a different technique to 
obta in the di f fus ion coefficient. M o r e o v e r , their m e t h o d of presentat ion 
accents a m u c h different p o r t i o n of the data . 

I n F i g u r e 1 w e s h o w a compar i son of our data a n d m e t h o d of analy
sis w i t h that of L o u g h l i n a n d R u t h v e n us ing the same coordinate system 
as presented i n our paper at this s y m p o s i u m . It is qui te obvious that 
the m o d e l used b y L o u g h l i n a n d R u t h v e n gives a m u c h poorer fit to the 
exper imenta l data over the first 5 0 - 6 0 % sorbed or desorbed. I n fact , 
their m o d e l requires Ό J α2 7 Χ 10" 4 sec" 1 to fit the data i n this reg ion 
(not 10.7 Χ 10" 4 sec" 1 as s h o w n i n their F i g u r e 1 ) . T h e i r m e t h o d gives a 

1 2 3 4 5 7 10 20 30 

t 1 / 2 ( s e c . 1 / 2 ) 

Figure 1. A comparison of the experimental data and model fit of Kondis 
and Dranoff with the proposed model of Loughlin and Ruthven 

Experimental Data of Kondis & Dranoff 
Ο Run 11 Adsorption Data 
φ Run 11 Desorption Data 
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better fit p r i m a r i l y over the last 1 0 % of the sorpt ion or desorpt ion c u r v e 
(see their F i g u r e 1 ) . H o w e v e r , w e have caut ioned against the use of 
the data i n this reg ion ( I ) because s m a l l amounts of contaminat ion i n 
the ethane gas can shift this p o r t i o n of the sorpt ion curve qui te m a r k e d l y . 

W e have also ca lcu la ted the va lue of Dc/a2 u s i n g the y/t m e t h o d of 
B a r r e r (2 ) as another check of o u r data . B y this m e t h o d , Dc/a2 is about 
7 X 10~4 sec" 1, w h i c h is i n fa i r agreement w i t h our result of 7.84 Χ 10" 4 

sec" 1 but also differs m a r k e d l y f r o m the L o u g h l i n a n d R u t h v e n result. I n 
this case, i t is qui te obvious the m e t h o d of analysis b y L o u g h l i n a n d 
R u t h v e n complete ly ignores the first 5 0 % of the adsorpt ion or desorpt ion 
curve . H a d they cons idered this data reg ion to be e q u a l i n impor tance to 
the t a i l e n d of the adsorpt ion or desorpt ion curve , they w o u l d have ob
ta ined a va lue of Dc/a2 w i t h i n 1 0 - 2 0 % of our value . 

Literature Cited 

(1) Kondis, E. F., P h . D . dissertation, Northwestern University, 1969. 
(2) Barrer, R. M., Trans. Faraday Soc. 1949, 45, 358. 

J. D . Sherman ( U n i o n C a r b i d e , T a r r y t o w n , Ν. Y . 10591) : H o w w e r e 
the pe l le ted crysta l samples prepared? I n y o u r i n t r o d u c t i o n , y o u m e n 
t ioned a desire to compare y o u r results for binderless forms w i t h results 
for c l a y - b o n d e d pellets. H a v e y o u i n d e e d m a d e such comparisons, a n d 
c o u l d y o u comment o n your results? 

E . F . Kondis: Samples were careful ly p r e p a r e d i n a single pel let press. 
Binderless pellets s h o w values of Dc/a2 r o u g h l y 6 to 8 times greater than 
c o m m e r c i a l l y m a d e pellets w i t h b inder . D e t a i l e d exper imenta l results 
( to be p u b l i s h e d i n Ind. Eng. Chem. Proc. Design Develop.) a t tr ibute the 
reason for the change i n Dc/a2 to h igh- temperature s teaming of the 4 A 
crystals. M i c r o p o r e di f fus ion remains the rate-control l ing process. 
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Heats of Adsorption on X-Type Zeolites 
Containing Different Alkali Metal Cations 

N. N. AVGUL, A. G. BEZUS, and O. M. DZHIGIT 

M. V. Lomonosov State University of Moscow and Institute of Physical 
Chemistry, USSR Academy of Sciences, Moscow 

Heats of adsorption of ethane, ethylene, and water on LiX, 
NaX, KX, RbX, and CsX zeolites as well as heats of adsorp
tion of the homologous series of n-alcohols C1—C4 on NaX 
zeolite have been investigated. The contribution of specific 
interactions to the total energy of adsorption of ethylene on 
zeolites decreases from LiX to CsX. The curves of the heat 
of adsorption of water have a wavelike form, especially for 
KX zeolite. At small filling, the heat diminishes from LiX 
to CsX zeolite but at intermediate fillings it goes through 
a maximum for KX. The increments of the heat of adsorp
tion for the CH3, CH2, and OH groups in investigated 
homologous series are constant. 

T f the molecules w i t h ττ-bonds or polar f u n c t i o n a l groups— i .e . , the mole-
**· cules of Β a n d D groups according to classif ication (14, 18)—are 
adsorbed o n zeolites, they interact strongly w i t h the exchange cations 
(12, 13, 16). T h e va lue of this a d d i t i o n a l c o n t r i b u t i o n to the tota l inter
ac t ion energy depends o n the type, charge, radius , a n d concentrat ion of 
the exchange cations, degree of decat ionizat ion , type of zeol i te , a n d 
structure of adsorbed molecules . T h e par t i cu lar facets of the structure 
that are important are the nature of the ττ-bonds, the va lue a n d loca l iza 
t i o n of d i p o l e a n d q u a d r u p o l e moments , a n d the presence of a free 
electron p a i r i n the adsorbed molecule . I n this w o r k , w e have invest i 
gated the changes of the heats of adsorpt ion of ethane, ethylene, a n d 
water on X - t y p e zeolites conta in ing a l k a l i cations, as w e l l as the changes 
of heats of adsorpt ion i n a homologous series of η-alcohols o n N a X zeol i te . 

184 
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Experimental 

T h e compos i t ion of the zeolites s tudied , w h i c h were k i n d l y s u p p l i e d 
b y S. P . Z h d a n o v , is s h o w n i n T a b l e I. D i f f e r e n t i a l heat of adsorpt ion of 
water was measured w i t h an i sothermal constant heat exchange ca lor ime
ter (17) at 23 ° C . T h e heat of adsorpt ion of the alcohols was measured 
w i t h a var iant of this calorimeter ( 1 ). T h e heat of adsorpt ion of ethane 
a n d ethylene was d e t e r m i n e d f r o m isosteres. T h e zeolites w e r e pretreated 
b y evacuat ing at 4 0 0 ° C for 30 hours. 

Table I. Composition of X - T y p e Zeolites Studied 

Degree of 
Zeolite Composition Decationization, % 

L i X - 1 L i o . 5 4 N a 0 . 3 3 ( A 1 0 2 ) · ( S i 0 2 ) i . « 13 
L i X - 2 L i 0 . 9 i N a 0 . 0 8 ( A l O 2 ) · ( S i 0 2 ) i . » 1 
N a X - 1 N a o . 9 4 ( A 1 0 2 ) · ( S i 0 2 ) i . 3 8 6 
N a X - 2 N a 0 . 9 7 ( A l O 2 ) . ( S i 0 2 ) i . 4 8 3 
K X K 0 .66Nao . 2 6 (A10 2 ) · (Si0 2 )i .8i 8 
R b X Rb 0 .eiNao.29(A10 2 ) · (S i0 2 ) i . 8 i 8 
C s X Cs 0 . 5 5 Nao . 37 (A10 2 ) · ( S i0 2 ) i . 3 4 8 

Results and Discussion 

T h e heats of adsorpt ion of ethane a n d ethylene at zero coverage are 
presented i n T a b l e I I . These heats are ob ta ined b y means of the v i r i a l 
equations (12 ) . T h e heats of adsorpt ion of ethylene exceed those of 
ethane because of specific interactions (7,8). A s the dimensions a n d 
p o l a r i z a b i l i t y of the ethane a n d ethylene molecules are s imi lar , the energy 
of nonspecif ic interact ion of these molecules w i t h the zeol i te surface must 
be approx imate ly e q u a l (6). Therefore , the differences of the heats of 
adsorpt ion of ethane a n d ethylene, AQ, o n the same zeoli te is cons idered 
to be approx imate ly the c o n t r i b u t i o n of the specific in terac t ion of the 
7r-bonds of ethylene w i t h the corresponding cat ion. T h e values of these 
differences for a l l systems s tudied are presented also i n T a b l e I I . 

Table II. Heats of Adsorption, Qu of Ethane and Ethylene 
on X-type Zeolites and Their Differences, AQ 

C ^ l i
A

o n Qh Real/Mole \ r\ r\ 
Radii, ^ L A Q = Q C 2 # 4 , - Q ( 

Zeolite r, A C2H, C2H, Real,'Mole 

L i X - 1 0.78 5.5 8.9 3.4 (7,8) 
N a X - 2 0.98 6.2 9.2 3.0 (7,8) 
K X 1.33 6.4 7.8 1.4 
R b X 1.49 6.6 7.8 1.2 
C s X 1.65 6.7 7.7 1.0 (7,8) 
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186 M O L E C U L A R S I E V E Z E O L I T E S I I 

T h e energy of nonspecif ic interact ion of ethane a n d other saturated 
hydrocarbons (4, 9, 11) increases f r o m zeol i te L i X to C s X . Converse ly , 
the energy of specific interact ion, AQ, of ethylene decreases sharply as 
ca t ion r a d i i r are increased. T h e character of dependence AQ o n r are 
s h o w n i n F i g u r e 1. I n this figure, the s imi lar dependence o n r of the 
energy of specific interact ion of n i t rogen w i t h L i X , N a X , a n d K X zeolites 
also is represented. I n the last case, the c o n t r i b u t i o n A C is d e t e r m i n e d 
f r o m the differences of heats of adsorpt ion of n i t rogen a n d argon. S i m i l a r 
results were obta ined earl ier for ethers ( 9 ) . U n f o r t u n a t e l y , the zeolites 
used were of different degrees of decat ionizat ion . T h e influence of 
decat ionizat ion o n adsorpt ion is b e i n g s tudied separately. 

Figure 1. Dependence of the contribution of the specific interaction, A Q , 
in total heat of adsorption of ethylene and nitrogen on cation radius r (ob

tained together with B. G. Aristov, Z . Sedlachek, and Pham Quang Du) 

T h e heats of adsorpt ion of water b y zeolites are m a i n l y caused b y 
specific interact ion (4). T h e water molecules can interact specif ical ly 
w i t h the exchange cations, w i t h negat ively charged oxygen f r a m e w o r k 
of zeoli te a n d w i t h each other. T h e heats of adsorpt ion of water on 
zeolites conta in ing a l k a l i cations are s h o w n i n F i g u r e 2. These curves 
have a w a v e l i k e f o r m w h i c h is p a r t i c u l a r l y p r o n o u n c e d for K X zeol i te 
(10). P r o b a b l y there are several energet ical ly different groups of sites 
of specific adsorpt ion i n the cavities of zeolites, the sites of any par t i cu lar 
group b e i n g energet ical ly s imi lar . 

A t s m a l l values of a, adsorpt ion p r o b a b l y takes place m a i n l y o n 
cations o c c u p y i n g S m sites. T h e heat of adsorpt ion of water i n this 
reg ion decreases f r o m L i X to C s X i n agreement w i t h the order of sequence 
of the heats of h y d r a t i o n of these ions. T h i s indicates that the interact ion 
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54. A V G U L E T A L . Heats of Adsorption on X-Type Zeolites 187 

is m a i n l y be tween water a n d cations. W i t h increas ing coverage, adsorp
t i o n p r o b a b l y takes p lace m a i n l y o n cations o c c u p y i n g S n sites. I n this 
reg ion , the heat of adsorpt ion of water is greatest o n K X zeolite . K + is 
the first ca t ion w h i c h cannot be p l a c e d i n the plane of the s ix -membered 
oxygen r i n g at the S n site a n d is d i sp laced to a great extent into the large 
cavi ty . T h e par t i cu lar f o r m of the curve of the heat of adsorpt ion vs. 
amount adsorbed p r o b a b l y is connected w i t h this p e c u l i a r i t y of the K + 

cation. A s the size of exchange cations increases f r o m K + to C s + , the 
c o n t r i b u t i o n of water—cation interact ion a n d the energetical differences 
of locat ion of these cations o n sites S n a n d S n i i n zeolite become smaller . 

Figure 2. Heats of adsorption of water vapor on zeolites 
LiX-2, NaX-1, KX, RbX, and CsX (obtained together with 

Κ. N. Mikos and T. A. Rakhmanova) 

Therefore , the heat of adsorpt ion of water o n the C s X zeoli te prac t i ca l ly 
does not d e p e n d o n coverage. T h e last " w a v e s " of the curves s h o w n i n 
F i g u r e 2 are re lated to the filling of the centra l part of the large cavities 
b y the format ion of m u t u a l h y d r o g e n bonds as i n Ref. 15. 
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188 M O L E C U L A R S I E V E Z E O L I T E S II 

T h e dependence of the di f ferent ia l heats of adsorpt ion of n-alcohols 
b y zeol i te N a X o n adsorpt ion l eve l a is s h o w n i n F i g u r e 3. T h e i n i t i a l 
values are v e r y large (20-26 k c a l / m o l e ) . Therefore , at r o o m temperature , 
i t is di f f icul t to determine the heat of adsorpt ion of alcohols at smal l 

Figure 3. Heats of adsorption of η-alcohol vapors on zeolite NaX-2 (ob
tained together with E. S. Dobrova) 

coverages. T h e heat of adsorpt ion of m e t h a n o l decreases w i t h increas ing 
a i n the low-coverage reg ion (2,3). T h i s curve is t y p i c a l for strong spe
cif ic adsorpt ion of s m a l l molecules w i t h the N a X zeolites (16). I n the 
homologous series of η-alcohols, the decrease of heats of adsorpt ion at 
l o w coverage becomes smaller a n d the heat of adsorpt ion of 1-butanol 
does not d e p e n d to any large extent on a. It is connected w i t h increas ing 
lateral interact ion be tween the h y d r o c a r b o n chains of adsorbed mole 
cules, as i n the case of hydrocarbons (9, 11). 
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54. A V G U L E T A L . Heats of Adsorption on X-Type Zeolites 189 

3 ^ 5 6 7 
Hi 

Figure 4. Dependences of the heats of adsorption, Q , of n-alco-
hols (%), ethers perfiuoroalkanes ( 0 ), and n-alkanes (Δ) on 
zeolite NaX on the number of the carbon atoms, n , in their 

molecules 

Table III. Increments, q, of the Heats of Adsorption 
of Different Functional Groups 

Functional Groups q, Κcal/Mole 

C H 3 i n n-alkanes 3.2 
C H 2 i n n-alkanes 2.3 
C H 2 i n ethers 2.3 
C H 2 i n alcohols 2.5 
0 i n ethers 10.0 
O H i n n-alcohols 15.2 
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190 M O L E C U L A R S I E V E Z E O L I T E S II 

I n F i g u r e 4, the dependences of the heat of adsorpt ion o n n u m b e r 
of the c a r b o n atoms, n, i n a molecule for the homologous series n-alkanes 
( 9 ) , perf luoroalkanes ( 5 ) , ethers (9 , 11), a n d η-alcohols o n the zeolite 
N a X are s h o w n . A l l data i n F i g u r e 4 a n d T a b l e I I I relate to a = 1 
molecule per cavity. I n each case, there is a l inear dependence of Q o n n . 

It was possible to obta in the increments of the heat of adsorpt ion , q, 
for the C H 3 a n d C H 2 groups f r o m the heats of adsorpt ion of the n-alkane 
series ( 9 ) . T h e increments for the e thers Ο a n d alcohol's O H groups 
were ob ta ined b y c o m p a r i n g the heats of adsorpt ion of the p a r t i c u l a r 
n-alkane w i t h those of the ether a n d a lcohol , respect ively, h a v i n g the 
same va lue of η ( F i g u r e 4 ) . These increments are presented i n T a b l e I I I . 
T h e y are def ined more precise ly i n compar i son w i t h (16). T h e incre
ments of the heats of adsorpt ion on N a X zeolite for f u n c t i o n a l groups 
conta in ing oxygen a n d ni t rogen (16) are v e r y large because of the specific 
interactions of lone electron pairs of the oxygen a n d ni t rogen atoms w i t h 
cations of the zeolite . T h e increments of the a l cohol h y d r o x y l group are 
p a r t i c u l a r l y large o w i n g to the a d d i t i o n a l interact ion w i t h a zeol i te 
t h r o u g h the h y d r o g e n a tom of this group. 

Conclusion 

D e t e r m i n a t i o n of the heats of adsorpt ion of substances of different 
structure demonstrates the dependence of the interact ion energy w i t h 
a zeoli te o n the type of the exchange cat ion as w e l l as o n the structure 
of the adsorbed molecule . It is possible to evaluate the heat of adsorpt ion 
of a c o m p l i c a t e d molecule b y means of the increments of the f u n c t i o n a l 
groups f o r m i n g this molecule . These measurements are s t i l l needed for 
molecules w i t h b r a n c h e d chains, w i t h ττ-bonds, a n d w i t h conjugated 
bonds on zeolites of different structure a n d composi t ion . 
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Discussion 

Α. V . Kiselev ( L o m o n o s o v State U n i v e r s i t y , M o s c o w , U S S R ) : F i g 
ure 1 shows that the difference i n positions of a l k a l i cations i n sites Su a n d 
S n i changes v e r y m u c h f r o m L i + to K + a n d to a less extent f r o m K + to C s + . 
T h i s i l lustrates the difference i n the electrostatic field d i s t r i b u t i o n w h i c h 
produces the difference i n the heats of adsorpt ion of water i n d i c a t e d o n 

Figure 1. Scheme of the arrangement of the cations Li+, K+, and Cs+ at 
S/j sites (hatched circles) and S / 7 / sites (filled circles). The other projection 
of that part of the lattice of the KX zeolite containing a six-membered oxygen 
ring as well as a model of a water molecule are also shown on the same scale 

(indicated). 
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192 M O L E C U L A R S I E V E Z E O L I T E S II 

F i g u r e 2, p . 187. It seems that the intermediate " w a v e " o n the heat of 
adsorpt ion vs. amount of adsorpt ion curve for K X zeol i te is connected 
w i t h the change i n the d i s t r i b u t i o n of water molecules i n the zeolite c a v i 
ties. A deta i led discussion of these results is g iven i n the paper b y Ο. M . 
D z h i g i t , Α. V . K i s e l e v , Κ. N . M i k o s , G . G . M u t t i k , a n d T . A . R a k h m a n o v a , 
accepted for p u b l i c a t i o n i n Trans. Faraday Soc. 
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Counterdiffusion of Liquid Hydrocarbons in 
Type Y Zeolites 

CHARLES N. SATTERFIELD and JAMES R. KATZER1 

Massachusetts Institute of Technology, Cambridge, Mass. 

The nature of the cations present in a zeolite can have a 
marked effect upon the rate of intracrystalline counterdif
fusion, as shown by studies with several selected aromatic 
hydrocarbons in a series of ion-exchanged forms of the type 
Y zeolite. For 1-methylnaphthalene diffusing from type Y 
into bulk cumene, the desorptive diffusion coefficients vary 
by 2 orders of magnitude over different ion-exchanged forms 
in the order: 

NaY < CaY < SK-500 < CeY < HY 
The results are interpreted in terms of the size of the diffus
ing molecule and the effect of the cation upon the pore size 
of the zeolite. Counterdiffusion of the molecules studied 
occurs readily in the various forms of type Y zeolite, but 
molecule-molecule interactions between the counterdiffus-
ing molecules have a pronounced effect upon the diffusion 
rate. 

Τ η most appl icat ions of zeolites, i t is necessary for molecules to be able 
-*· to diffuse into or out of their fine pore structure, a n d i n m a n y of these 
appl icat ions , p a r t i c u l a r l y catalysis, the counterdi f fus ion of at least 2 
different k inds of molecules occurs . T h e rates of these di f fus ion proc 
esses can have a p r o f o u n d effect u p o n the apparent ac t iv i ty a n d selec
t i v i t y of zeol i t i c catalysts (21 ) a n d u p o n such characteristics as dispers ion 
a n d sharpness of separation i n the use of zeolites i n separation a n d 
pur i f i ca t ion processes. T h e state of k n o w l e d g e of intracrystal l ine d i f fus ion 
i n zeolites is r e v i e w e d b y Barrer i n a paper for this s y m p o s i u m (4). L i t t l e 
is k n o w n about u n i d i r e c t i o n a l d i f fus ion i n zeolites of substances of indus-

1 Present address : University of Delaware, Newark, Del. 
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194 M O L E C U L A R SIEVE Z E O L I T E S II 

t r i a l interest such as hydrocarbons , a n d no i n f o r m a t i o n seems to be 
avai lable o n counterdi f fus ion except for the sel f -dif fusion of water (4, 5). 
L i m i t e d i n f o r m a t i o n is avai lable o n di f fus ion i n zeolites w h e n contacted 
w i t h a l i q u i d ( I , 2, 3, 19) a n d apparent ly none i n the type X a n d Y 
zeolites, w h i c h are of importance i n catalysis. 

T h e pore structure of type Y is descr ibed , for example, b y B r e c k a n d 
F l a n i g e n ( 9 ) . It consists essentially of a three-dimensional array of large 
cavit ies w i t h a diameter of about 12 A interconnected b y pore apertures 
w i t h diameters of about 8 A . These dimensions v a r y s l ight ly w i t h the 
S i / A l rat io i n the zeolite a n d the n u m b e r a n d k inds of cations present. 

T h e m a i n objective of this s tudy was to determine the counterdi f fu
s ion characteristics of selected l i q u i d hydrocarbons—benzene , cumene, 
1-methylnaphthalene, a n d 2 -e thy lnaphtha lene—in several ion-exchanged 
forms of the type Y zeoli te a n d thus to b e g i n to p r o v i d e a n unders tanding 
of the role w h i c h di f fus ion m a y be p l a y i n g i n various appl icat ions of 
zeolites. T h i s is a part of the larger, theoret ical p r o b l e m of unders tanding 
the physics of molecu lar m o t i o n ins ide pores w i t h diameters w h i c h 
a p p r o a c h the diameter of the molecules di f fus ing i n them. 

Experimental Materials and Methods 

M a t e r i a l s U s e d . T h e N a Y zeoli te a n d a n ion-exchanged f o r m of i t , 
SK-500 , were s u p p l i e d b y U n i o n C a r b i d e C o r p . , L i n d e D i v i s i o n , i n the 
f o r m of u n c a l c i n e d p o w d e r . T h e SK-500 ( L o t N u m b e r 12506-39) is a 
rare e a r t h - a m m o n i u m exchanged type Y zeoli te a n d h a d not been act i 
va ted prev ious ly or c a l c i n e d i n its preparat ion . T h e ca lcula ted u n i t ce l l 
f o r m u l a was 

(Re 3+) 8 . 8 ( N H 4
+ ) 2 i . i (Na+) 8 . 3 [ ( Α 1 0 2 ) 5 5 . 7 ( S i 0 2 ) 1 3 6 . 3 ] Z H 2 0 

A c c o r d i n g to the analysis s u p p l i e d b y L i n d e , the rare earths were pre
d o m i n a n t l y l a n t h a n u m . A n independent s o d i u m analysis agreed w i t h 
that s u p p l i e d b y L i n d e . 

T h e N a Y zeolite p o w d e r ( L o t N u m b e r 12, 119-69) h a d a ca lcula ted 
f o r m u l a of 

N a 5 7 [ ( Α 1 0 2 ) β 7 ( S i 0 2 ) 1 3 5 ] · Z H 2 0 

T h e N a Y was d i v i d e d into 4 equa l port ions. O n e of these was used as 
s u p p l i e d ; the other 3 were ion-exchanged to either the c a l c i u m , c e r i u m , 
or a m m o n i u m f o r m . I o n exchange was carr ied out b y a c o m b i n a t i o n 
batchwise—continuous procedure at about 80 ° C w i t h a large excess of 
exchange solut ion. These were prepared f r o m reagent grade chlorides 
a n d c o m p r i s e d 5 w t % C e C l 3 , 10 w t % C a C l 2 , or 10 w t % N H 4 C 1 , respec
t ive ly , i n d i s t i l l e d water . A f t e r exchange, the zeolites were w a s h e d w i t h 
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55. S A T T E R F i E L D A N D K A T Z E R Counterdiffusion of Hydrocarbons 195 

d i s t i l l e d water u n t i l no trace of the ch lor ide i o n appeared i n the w a s h 
water . T h e degree of exchange based o n the n u m b e r of s o d i u m cations 
rep laced per un i t ce l l was 8 9 % for C a Y , 9 7 % for N H 4 Y , a n d 7 0 % for 
C e Y . T h e l o w degree of exchange for c e r i u m p r o b a b l y resulted f r o m the 
i n a b i l i t y of the h y d r a t e d c e r i u m i o n to enter the sodalite units t h r o u g h 
the s ix -membered oxygen rings a n d replace the 16 s o d i u m cations per 
uni t c e l l res id ing there (22). 

A f t e r the s tandard act ivat ion procedure (descr ibed b e l o w ) , the N a Y 
a n d SK-500 r e m a i n e d h i g h l y crystal l ine. T h e degree of c rys ta l l in i ty as 
observed b y J . F . C h a r n e l l at the M o b i l O i l C o . e q u a l l e d the m a x i m u m 
f o u n d there for other samples of each zeolite. N e i t h e r sample conta ined 
apprec iable amorphous matter (26). T h e benzene sorpt ion capaci ty after 
i o n exchange a n d act ivat ion of each of the type Y zeolites was essentially 
the same a n d equa l to the value reported for N a X ( 8 ) , fur ther i n d i c a t i n g 
that these procedures d i d not result i n any m a r k e d changes i n the crysta l 
structure. H o w e v e r , use of a s l ight ly larger molecule such as t r i e thy l -
amine w o u l d have been a more c r i t i ca l test. 

T h e di f fus ion characteristics of a h y d r o c a r b o n can be affected mark
e d l y b y traces of impur i t ies , so considerable care was devoted towards 
obta in ing a n d m a i n t a i n i n g materials of highest avai lable p u r i t y . Several 
sources of s u p p l y were examined for each mater ia l , a n d the a v a i l a b i l i t y 
of a par t i cu lar c o m p o u n d i n h i g h p u r i t y was a cr i ter ion i n the choice of 
diffusants. E a c h h y d r o c a r b o n was examined for impur i t ies b y gas chro
m a t o g r a p h y a n d then stored i n the dark over a mixture of freshly act i 
va ted 4 A a n d 13X zeolite pellets. T h e benzene, f r o m F ischer , was th io-
phene-free a n d 99.944 mole % pure , the o n l y measurable impur i t ies 
b e i n g methylcyc lopentane a n d an u n k n o w n c o m p o u n d of h igher molec
u lar weight . T h e cumene was f r o m M a t h e s o n , C o l e m a n a n d B e l l a n d 
was 99.953% pure , w i t h the o n l y measurable i m p u r i t y b e i n g a trace of 
benzene. B o t h subst i tuted naphthalenes were f r o m C o l u m b i a O r g a n i c 
C h e m i c a l s C o . T h e 2-ethylnaphthalene ( 2 - E N ) was 99.92 mole % pure 
a n d conta ined o n l y 1 i m p u r i t y appear ing before the 2 - E N peak a n d a 
second i m p u r i t y some distance b e y o n d the 2 - E N peak. T h e 1-methyl-
naphthalene ( 1 - M N ) was 99.39 mole % pure a n d conta ined 3 impuri t ies 
appear ing before the 1 - M N peak a n d 1 appear ing after it . N o attempt 
was m a d e to i d e n t i f y these impuri t ies . 

Apparatus and Procedure. T h e zeolite i n the f o r m of single crystals 
was act ivated to remove water , a n d also a m m o n i a i n the case of the S K -
500 a n d N H 4 Y , f r o m the pore structure. T h e ac t ivat ion was carr ied out 
b y s l o w l y heat ing the zeolite spread out i n a layer about 5 m m th ick to 
5 0 0 ° C at 0.5 ° C per minute either i n a v a c u u m or i n a stream of p r e d r i e d 
air ( to ta l ac t ivat ion t ime = 18 h r ) . T h e SK-500 was a lways act ivated 
i n a n air stream, whereas a l l other zeolites were act ivated i n a v a c u u m . 
T h e N H 4 Y thus act ivated is converted to a n H Y f o r m . A f t e r ac t ivat ion , 
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196 M O L E C U L A R S I E V E Z E O L I T E S II 

the zeoli te was saturated f r o m the v a p o r phase w i t h the h y d r o c a r b o n 
whose desorpt ive di f fus ion rate was to be measured, saturat ion condit ions 
b e i n g such that essentially complete saturat ion was achieved. W i t h 
benzene a n d cumene, the saturat ion was carr ied out at r o o m temperature , 
whereas w i t h 1-methyl a n d 2-ethylnaphthalene, the temperature was 
46 ° C because of their l o w v a p o r pressure. 

E a c h di f fus ion r u n was car r ied out i n a n apparatus consist ing of a 
s t i rred, 500-ml M o r t o n flask i n a constant temperature b a t h ( ± 0 . 2 ° C ) . 
A t zero t ime, the zeolite saturated w i t h the des ired h y d r o c a r b o n was 
p l a c e d i n the s t i rred flask w h i c h conta ined a k n o w n quant i ty of a second, 
l i q u i d h y d r o c a r b o n . Samples of about 1 m l were r e m o v e d f r o m the s t i rred 
flask at prede termined t ime intervals b y a h y p o d e r m i c needle a n d syringe, 
a n d the zeoli te was i m m e d i a t e l y r e m o v e d f r o m the mix ture b y f o r c i n g 
it through a M i l l i p o r e filtering uni t . Precautions were taken to ensure 
that the sample w i t h d r a w n was representative of the m i x t u r e i n the flask 
(14). T h e compos i t ion of the h y d r o c a r b o n phase was de termined b y gas 
chromatography. 

T h e desorptive di f fus ion process was assumed to f o l l o w F ick ' s second 
l a w i n spher ica l geometry. D i f f u s i o n can occur i n 3 dimensions i n this 
pore structure, a n d electron micrographs s h o w e d that the part icles 
were near ly spher ica l i n shape. T h e exper imenta l results were fitted to 
the solut ion of the d i f fus ion equat ion for the proper i n i t i a l a n d b o u n d a r y 
condit ions (4, 10, 12, 14, 20), a n d po in t values of D e f f , the effective d i f f u 
s ion coefficient, w e r e d e t e r m i n e d for the i n i t i a l p o r t i o n of the data a n d at 
25, 60, a n d 7 5 % of the a p p r o a c h to e q u i l i b r i u m . Deta i l s are g i v e n b y 
K a t z e r (14). T h e rat io of the va lue at 2 5 % of e q u i l i b r i u m to that at 
7 5 % gives a measure of the degree of departure f r o m F ick ' s l a w . T h e 
type Y zeolite particles h a d a rather n a r r o w part ic le size d i s t r i b u t i o n , 
w i t h three-fourths of the part icles f a l l i n g i n the range of part ic le diameter 
of 0.65 to 1.25 microns . T h e ar i thmet ic m e a n radius of 0.55 m i c r o n was 
used for the characterist ic d i f fus ion length i n the di f fus ion equat ion . 
T h e r e was no discernible difference be tween the par t i c le size d i s t r i b u t i o n 
of the N a Y a n d that of the SK-500. 

Results and Discussion 

C o u n t e r d i f f u s i o n of cumene a n d 1 - M N occurred r e a d i l y i n type Y 
zeolite , as s h o w n b y several studies. T h e 1 - M N is select ively adsorbed 
relat ive to cumene ; thus, w h e n the zeol i te was i n i t i a l l y saturated w i t h 
cumene a n d p l a c e d i n 1 - M N , essentially 100% of the cumene di f fused 
out ; b u t w h e n the zeolite was saturated w i t h 1 - M N a n d p l a c e d i n cumene, 
o n l y about 7 4 % of the 1 - M N di f fused out. T h e same e n d point was also 
reached w h e n SK-500 saturated w i t h cumene was p l a c e d i n a mix ture 
of 1 - M N a n d cumene i n the p r o p e r rat io. T h i s selective adsorpt ion e q u i 
l i b r i u m va lue was essentially independent of temperature a n d , except for 
the c e r i u m f o r m of type Y , was independent of the nature of the ca t ion 
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55. S A T T E R F i E L D A N D K A T Z E R Counterdiffusion of Hydrocarbons 197 

Figure 1. Diffusion rates from SK-500 into 
cumene 

w i t h i n the structure. T h i s behavior is i n direct contrast to the system 
of b e n z e n e - c u m e n e i n H - m o r d e n i t e , i n w h i c h counterdi f fus ion of benzene 
a n d cumene does not r e a d i l y occur i n the H - m o r d e n i t e pores (14). 

Diffusion Coefficients. F i g u r e 1 presents d i f fus ion rates f r o m SK-500 
of cumene into benzene a n d of 1 - M N a n d 2 - E N into cumene. T h e curves 
show the r e p r o d u c i b i l i t y of the data a n d the effect of temperature a n d 
of the nature of the counterdi f fus ing species u p o n the d i f fus ion rate. 
T a b l e I summarizes ca lcula ted effective diffusivit ies i n SK-500 f r o m these 
a n d other runs. T h e rate of d i f fus ion of benzene or cumene f r o m SK-500 
into the opposi te h y d r o c a r b o n was too r a p i d to a l l o w a n accurate m e a 
surement to be made , a n d the q u o t e d va lue of 1.4 Χ 10" 1 1 c m 2 / s e c is a n 
approx imat ion . L a r g e r molecules such as the subst i tuted naphthalenes 
diffuse out of type Y m u c h more s lowly . T h e rate of d i f fus ion of 1 - M N 
at 0 ° or 2 5 ° C ( in to cumene) is of the r ight order of m a g n i t u d e to a l l o w 
the effects of ca t ion exchange to be discerned readi ly . T h e exper imenta l 
results ind ica ted , as d i d also mass transfer calculat ions (14), that mass 
transfer rates f r o m the par t ic le surface to the b u l k l i q u i d w e r e a n i n s i g 
nif icant resistance a n d therefore that d i f fus ion w i t h i n the type Y zeoli te 
particles themselves is the ra te -contro l l ing step. Zeol i te crystals t e n d to 
agglomerate i n m a n y l i q u i d s , b u t d i f fus iona l resistance t h r o u g h the macro-
pores be tween the crystals i n a n agglomerate was apparent ly negl ig ib le . 
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198 M O L E C U L A R S I E V E Z E O L I T E S II 

T a b l e I . D e s o r p t i v e D i f f u s i o n 

Saturated 
Compound Zeolite 
Desorbing Placed In Temp., °C 

C u m e n e Benzene 8 
1 - M N C u m e n e 25 
1 - M N C u m e n e 8 
1- M N C u m e n e 0 
2- E N C u m e n e 8 
2 - E N C u m e n e 0 

A t the s t i r r ing rate of about 600 r p m , v i s u a l observations i n c l u d i n g the 
rate of sett l ing after s t i r r ing i n d i c a t e d that the agglomerates w e r e less 
t h a n 0.1 m m i n size, a n d for this size essentially complete interchange 
t h r o u g h the macropores w i l l occur i n a t i m e m u c h less t h a n that r e q u i r e d 
for the d i f fus ion effects observed here. F u r t h e r m o r e , there seemed to be 
no apprec iab le effect of the nature of the h y d r o c a r b o n o n degree of 
agglomerat ion , a l t h o u g h i t h a d a m a r k e d effect o n the d i f fus ion rates. 

F i g u r e 2 presents d i f fus ion rates f r o m N a Y of cumene into benzene 
or into 1 - M N . These a n d other results were used to calculate the d i f f u 
s ion coefficients repor ted i n T a b l e II . Tables I a n d I I show that the 

Figure 2. Cumene diffusion rates from 
NaY into benzene 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

55



55. S A T T E R F I E L D A N D K A T Z E R Counterdiffusion of Hydrocarbons 199 

Coefficients f r o m S K - 5 0 0 

DEFF X 10l\ Cm2/Sec 

Mt/Mœ Mt/Mœ = Mt/M«> = M t/M <x> = 
-> 0 0.25 0.60 0.75 D0.2S/D{ 

~ 1 4 0 
16.6 16.6 16.5 14.2 1.17 

4.31 4.06 3.07 2.66 1.52 
3.09 2.96 1.72 1.12 2.64 

40.3 40.3 40.3 39.2 1.03 
23.8 23.8 22.8 21.1 1.13 

desorpt ive d i f fus ion coefficients for cumene di f fus ing into benzene v a r y 
b y over 3 orders of m a g n i t u d e be tween the forms of type Y represented 
b y N a Y a n d SK-500. L i k e w i s e , for 1 - M N di f fus ing into cumene, the 
coefficient varies b y near ly 2 orders of magni tude be tween N a Y a n d H Y . 

E x c e p t for situations i n w h i c h the di f fus ion rate was very r a p i d , the 
m a x i m u m d e v i a t i o n i n the di f fus ion coefficients was about 1 0 % . T h e 
ratio D 0 25/^0.75 is the rat io of the effective d i f fus ion coefficient at Mt/M^ 
= 0.25 to that at 0.75. R u d l o f f (20) has s h o w n that for a part ic le size 
d i s t r i b u t i o n he s tudied i n w h i c h 8 5 % of the particles f e l l w i t h i n a range 
i n w h i c h the part ic le diameter v a r i e d b y a factor of 2 — s l i g h t l y narrower 
t h a n our d i s t r i b u t i o n for type Y (14)—the ratio of the effective d i f fus ion 
coefficient ( that observed for the group of part ic les) at Mt/M» = 0.25 
to that at Mi/Moo = 0.75 is 1.20. T h e va lue of the rat io for these 2 
Mi/Mo, points (D0.25/D0.75) for SK-500 as f o u n d here is close to this va lue 
(except for the low-temperature r u n ) , w h i c h indicates that our desorp
t ive d i f fus ion studies w i t h SK-500 fit the F i c k ' s l a w di f fus ion m o d e l f a i r l y 
w e l l . T h e same is true for those w i t h H Y a n d C e Y , b u t the deviat ions 
f r o m idea l i ty become quite large for those w i t h C a Y a n d N a Y ( see T a b l e 
I I ) . It is apparent that F i ck ' s l a w is f o l l o w e d m u c h more closely w h e n 
faster d i f fus ion rates are b e i n g measured, whether the faster rate is caused 
b y a h igher temperature or b y the par t i cu lar c o m b i n a t i o n of diffusant 
a n d f o r m of zeolite . P l a u s i b l y , w h e n the size of the d i f fus ing molecules 
is v e r y close to the size of the passageways, a very sl ight degree of i r r e g u 
lar i ty of structure or sl ight var ia t ion i n the l o c a l degree of interact ion 
be tween diffusant molecule a n d zeolite can have a m a r k e d b l o c k i n g effect. 
F o r those situations i n w h i c h the di f fus ion rate is qui te rapid—e.g., 2 - E N 
desorpt ion f r o m SK-500 at 0 ° a n d 8 ° C a n d 1 - M N at 2 5 ° C — t h e va lue of 
Mt/Mao at the first data point was qui te h i g h , resul t ing i n forced i n a c c u 
racies i n D0.25 a n d therefore i n D0.25/D0.75. 

Effec t of C a t i o n i n Zeol i te . T h e di f fus ion coefficients for 1 - M N into 
cumene for the ion-exchanged zeolites v a r y b y about 2 orders of m a g 
n i t u d e f r o m N a Y to H Y i n the f o l l o w i n g order : 
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N a Y < C a Y < S K - 5 0 0 < C e Y < H Y 

T h e change i n the nature of the cations w i t h i n the zeoli te structure is 
u n d o u b t e d l y the cause of this large var ia t ion i n the di f fus ion rate. T h e 
impor tant s t ructural parameters, b o n d lengths, a n d b o n d angles are es
sent ial ly the same for d e h y d r a t e d N a Y (13), rare earth faujasite ( 1 7 ) , 
a n d h y d r o g e n faujasite (16). O l s o n (15) reported significant variat ions 
i n the latt ice parameters of C a X , variat ions w h i c h s h o u l d result i n a re
d u c e d pore diameter ; a n d the type X zeol i te undergoes a significant 
r e d u c t i o n i n the effective pore diameter u p o n c a l c i u m exchange a n d 
act ivat ion. H o w e v e r , B r e c k a n d F l a n i g e n (9 ) f o u n d that the type Y 
zeol i te does not undergo a s imi lar r e d u c t i o n i n the effective pore size 
u p o n c a l c i u m exchange a n d act ivat ion. It thus appears that even for 
C a Y the extent of change i n the s t ructura l parameters is smal l . 

I n d e h y d r a t e d N a Y , the p o p u l a t i o n parameter of N a i n the type I I 
sites is 0.947 (13). There is therefore 1 s o d i u m cat ion rest ing i n almost 
every s ix -membered r i n g of the free hexagonal faces of the sodali te units 
( type I I sites) a n d p r o b a b l y p r o t r u d i n g into the m a i n sorpt ion cavi ty 
near the pore aperture. T h e presence of such cations c o u l d h i n d e r the 
di f fus ion of molecules t h r o u g h the pore apertures a n d result i n a di f fus ion 
rate less t h a n i t w o u l d be w i t h o u t the cations. I n d e h y d r a t e d c a l c i u m 
faujasite, the type I I sites have a p o p u l a t i o n parameter of 0.50 (18) : that 
is , about one-half as m a n y c a l c i u m cations as s o d i u m cations are present 
i n posit ions w h i c h pro t rude into the m a i n sorpt ion cavities near the pore 
apertures. Since c a l c i u m has approx imate ly the same cat ion radius as 
s o d i u m , this s h o u l d result i n a r e d u c e d resistance to di f fus ion through 
the pore apertures a n d a n increased di f fus ion rate, as f o u n d . Rare earth 
cations exchanged into the type Y zeolite move into the sodalite cages 
u p o n act ivat ion (17, 23). If complete exchange has occurred , the m a i n 

Table II. Desorptive Diffusion Coefficients 

Zeolite 
Compound 
Diffusing 

Saturated 
Zeolite 

Placed In Temp., °C 

N a Y 
N a Y 
N a Y 
N a Y 
N a Y 
N a Y 
C a Y 
C e Y 
H Y 

C u m e n e 
C u m e n e 
C u m e n e 
C u m e n e 
1 - M N 
1 - M N 
1 - M N 
1 - M N 
1 - M N 

Benzene 
Benzene 
Benzene 
1 - M N 
C u m e n e 
C u m e n e 
C u m e n e 
C u m e n e 
C u m e n e 

8 
25 
45 
25 
25 

0 
0 
0 
0 
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55. S A T T E R F i E L D A N D K A T Z E R C ounter diffusion of Hydrocarbons 201 

pore structure of the type Y zeoli te s h o u l d be free of a l l rare earth cations, 
thus p e r m i t t i n g d i f fus ion to occur more r a p i d l y a n d more easi ly t h a n 
w h e n cations are present. T h e N H 4 Y u p o n heat ing becomes H Y , a n d i t 
is reasonable to assume that the h y d r o g e n cations do not p r o t r u d e far 
out into the pore structure since they p r o b a b l y b o n d qui te closely a n d 
t ight ly to the f r a m e w o r k atoms a n d are s m a l l i n size. T h e y thus s h o u l d 
not great ly obstruct the d i f fus ion of molecules . 

T h e exper imenta l results are expla ined w e l l i n terms of the above 
considerations concern ing structure. F o r 1 - M N desorbing into cumene, 
the d i f fus ion coefficients i n N a Y are about one-tenth those for SK-500 , 
w h i c h contains m a i n l y h y d r o g e n cations a n d rare earth cations, a n d the 
ac t ivat ion energy for di f fus ion f r o m N a Y is cons iderably h igher t h a n 
that for d i f fus ion f r o m SK-500. F o r C a Y , the di f fus ion coefficients are 
over 5 times those for N a Y . F o r the rare earth exchanged Y i n w h i c h 
a l l of the rare earth cations s h o u l d have m o v e d f r o m the m a i n pore 
structure, the di f fus ion coefficients are m o r e t h a n 5 times greater t h a n 
those for C a Y , a n d N H 4 Y ( H Y ) shows a n even greater rate of di f fus ion . 

SK-500 contains p r e d o m i n a n t l y h y d r o g e n cations, a n d i t is not clear 
w h y the di f fus ion coefficients i n i t w e r e m u c h less than i n C e Y or H Y . 
A l l the other forms of Y were p r e p a r e d f r o m the same b a t c h of N a Y , 
whereas the SK-500 was f r o m a different ba tch , so b a t c h variat ions m a y 
have been significant. B a r r y a n d L a y (6, 7) have s h o w n that the p o s i 
t ions of cations w i t h i n the structure of X a n d Y zeolites d e p e n d u p o n the 
relat ive proport ions a n d types of other cations w i t h i n the structure a n d 
u p o n the p r i o r ac t ivat ion condit ions . S ince the C e Y , H Y , a n d SK-500 
each h a d a different cat ion balance, this c o u l d have caused the rates to 
differ. A l t h o u g h the SK-500 was act ivated i n a stream of p r e d r i e d air 
rather than i n a v a c u u m as were the other zeolites, this p r o b a b l y was 

from N a Y and Ion-Exchanged Zeolites 

DEFF X 10l\ Cm2/Sec 

Mt/M. 
-> 0 

Mt/M* = Mt/M- = 
0.25 0.60 

Mt/M oo = 

0.75 DQ. 2 δ / Α ) · 7 5 

0.126 
1.25 
4.73 
0.489 
2.95 
0.360 
1.84 

10.7 
20.0 

0.101 
0.983 
4.68 
0.392 
2.91 
0.242 
1.32 

10.7 
20.0 

0.0553 
0.374 
3.39 
0.075 
2.22 
0.105 
0.718 
9.98 

17.1 

0.0406 
0.289 
2.31 
0.016 
1.80 
0.079 
0.608 
8.13 

10.6 

2.49 
3.40 
1.98 

24.2 
1.62 
3.07 
3.04 
1.32 
1.87 
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not a signif icant var iable . D i f f u s i o n coefficients v a r i e d b y only 2 0 % for 
1 - M N di f fus ing f r o m SK-500 into cumene w h e n it was act ivated accord
i n g to the 2 different procedures a n d saturated at 100° rather than 46 ° C . 
T h e cations i n the type Y zeoli te do not affect great ly the effective pore 
diameter as d e t e r m i n e d b y adsorpt ion capacities ( 9 ) , b u t di f fus ion rates 
are p r o b a b l y extremely sensitive to s l ight variat ions i n structure w h e n 
the d i f fus ing molecule is near ly the same size as the m i n i m u m pore 
aperture. 

Effect of Nature of Diffusing Molecule. T h e data i n T a b l e I also 
a l l o w compar i son to be m a d e of the effect of the nature of the d i f fus ing 
molecu le o n the intracrysta l l ine di f fus ion coefficient. Benzene diffuses 
f r o m SK-500 into cumene as r a p i d l y as does cumene into benzene. T h e 
large variat ions i n the di f fus ion coefficient for benzene, 2 - E N , a n d 1 - M N , 
each into cumene, seem to be caused b y the var ia t ion i n the c r i t i ca l d i a m 
eter of the desorbing molecule . T h e ca lculated va lue for benzene a n d 
cumene is 6.29 A , that of 2 - E N is 6.96 A , a n d that of 1 - M N is 7.70 A (14) 
based o n b o n d lengths, b o n d angles, a n d i o n i c r a d i i . O t h e r methods of 
ca l cu la t ion w i l l give s l ight ly different values, but the order remains the 
same. H o w e v e r , some factors other t h a n c r i t i ca l diameter seem to be 
i n v o l v e d . I n SK-500 at 8 ° C , cumene diffuses into benzene m u c h more 
r a p i d l y t h a n does 1 - M N into cumene, yet i n N a Y at 2 5 ° C (or 8 ° C ) 
cumene diffuses into benzene more s l o w l y than does 1 - M N into cumene 
at 2 5 ° C (or even 0 ° C ) (see Tables I a n d I I ) . S m a l l amounts of i m p u r i 
ties i n the 1 - M N m a y interact i n a different fashion w i t h different forms 
of Y sieve to give rise to various b l o c k i n g effects. 

Activation Energies. T a b l e I I I lists ac t ivat ion energies f r o m A r r h e -
nius plots of values of D e f f ca lcula ted f r o m the i n i t i a l rate or at Mt/Mx 

= 0.60. T h e considerable deviat ions f r o m F ick ' s l a w that exist i n some 
cases are reflected i n a considerable var ia t ion i n ca lcula ted ac t ivat ion 
energy for different port ions of the desorpt ion process, so one must be 
cautious i n in terpret ing the values obta ined. Substances sorbed i n zeolites 
exhib i t somewhat l i q u i d - l i k e propert ies , b u t i t is apparent that the act i 
v a t i o n energies here are m u c h h igher than those for b u l k l iqu id-phase 
di f fus ion. F u r t h e r , the highest ac t ivat ion energies are f o u n d w i t h the 
systems h a v i n g the lowest di f fus ion rates, w h i c h w o u l d be expected w i t h 
a h i g h l y restr icted f o r m of di f fus ion. T u a n g et al (24) have reported 
the heat of adsorpt ion of cumene v a p o r o n N a Y to be 19.3 k c a l / m o l e , 
w h i c h indicates a value of about 11 k c a l / m o l e for l i q u i d . S ince the 
ac t ivat ion energy for desorptive d i f fus ion of cumene is cons iderably 
greater than the heat of adsorpt ion, corrected to l iqu id-phase condit ions , 
this aga in suggests that the ac t ivat ion energy observed reflects p r i m a r i l y 
a d i f fus ion process rather than one of desorpt ion. 
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Table III. Activation Energies 

Activation Energy, Κcal/Mole 

Zeolite Diffusing System 

S K - 5 0 0 1 - M N into cumene 
S K - 5 0 0 2 - E N into cumene 

N a Y C u m e n e into benzene 
N a Y 1 - M N into cumene 

M\lMoo-Initial Mt/M*> = 0.60 

11.3 db 1.5 15.0 ± 1.5 
9.95 11.3 

17.4 19.8 
13.8 19.4 

Other Comments. C h e n g ( I I ) has recently s h o w n that the rate of 
sorpt ion of pure , l i q u i d cumene into freshly act ivated N a Y is extremely 
r a p i d even at —15 ° C . Sorpt ion e q u i l i b r i u m was essentially achieved b y 
C h e n g i n less than 30 seconds at —15 ° C , whereas i n this s tudy more t h a n 
1 week was r e q u i r e d for desorptive counterdi f fus ion to reach e q u i l i b r i u m 
( cumene desorbing f r o m N a Y into benzene at 8 ° C ) w h i c h is equivalent 
to a ratio of the d i f fus ion coefficient for sorpt ion to that for the desorptive 
counterdi f fus ion of cumene greater than 2000. T h i s va lue is m u c h larger 
than the rat io of the ca lcula ted di f fus ion coefficient for the adsorpt ion 
of water to that for the self -diffusion of water i n chabazite , reported b y 
Barrer a n d F e n d e r (5 ) to be 38, a n d it therefore appears that there is 
no re la t ion between the rate of adsorpt ion a n d that of counterdif fusion. 
T h i s large r e d u c t i o n i n the rate f r o m pure sorpt ion to counterdi f fus ion 
was also f o u n d for 1 - M N a n d appears to be the result of large interac
tions be tween the counterdi f fus ing molecules. T h i s hypothesis is fur ther 
suppor ted b y the fact that the rate at w h i c h the preadsorbed h y d r o c a r b o n 
desorbs is affected b y the nature of the species di f fus ing into the pore 
structure ( counterdiff us ing to i t ) . T h i s is c lear ly s h o w n b y the 2 n d a n d 
4 th entries i n T a b l e I I , i n w h i c h a l l condit ions were the same except for 
the h y d r o c a r b o n into w h i c h the zeol i te saturated w i t h cumene was 
p laced . T h e same effect occurred w i t h cumene di f fus ing f r o m SK-500. 
T h i s behavior is contrary to K n u d s e n di f fus ion, i n w h i c h each flux is 
independent . It is also different f r o m n o r m a l surface di f fus ion, for w h i c h 
W h a n g (25) has s h o w n that the flux i n one d i rec t ion is independent of 
the flux i n the opposite d i rec t ion for s imple molecules surface di f fus ing 
on 9 6 % si l ica glass. 

Conclusions 

T y p e Y zeolite has a m u c h more open pore structure than most other 
zeolites, b u t counterdi f fus ion t h r o u g h its pore structure of s m a l l aromatic 
hydrocarbons can s t i l l be qui te s low a n d depends strongly u p o n the na
ture of cations present. C o u n t e r d i f f u s i o n i n the type Y zeol i te appears 
to b e m o d e l e d best as d i f fus ion over p e r i o d i c h i g h energy barriers w h i c h 
are the pore apertures jo in ing the supercages. T h e ac t ivat ion energy is 
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204 MOLECULAR SIEVE ZEOLITES II 

that r e q u i r e d for a molecu le to j u m p t h r o u g h the pore aperture f r o m 
one supercage to another. T h e presence of cations near these pore 
apertures increases the resistance to d i f fus ion t h r o u g h them, increasing 
the he ight of the energy barr ier a n d resul t ing i n s lower counterdi f fus ion 
rates a n d h igher ac t ivat ion energies. T h e nature of the species d i f fus ing 
i n one d i r e c t i o n great ly affects the flux of the species counterdi f fus ing to 
it . T h e i n i t i a l presence of molecules w i t h i n the zeol i te pore structure 
impedes the d i f fus ion rate of a second substance b y orders of m a g n i t u d e 
b e l o w those observed w h e n the pore structure is i n i t i a l l y empty . 

T h e ramifications of these findings are m a n y . U n l i k e K n u d s e n d i -
fus ion , the rate of d i f fus ion i n one d i rec t ion is affected m a r k e d l y b y the 
opposi te flux. A d s o r p t i o n or desorpt ion measurements cannot b e used 
to approximate counterdi f fus ion rates; these must be d e t e r m i n e d i n d e 
pendent ly . T h e y are a f u n c t i o n of the nature of the zeoli te , the t y p e 
of ca t ion w i t h i n the pore structure, a n d the nature of the counterdi f fus ing 
species. 
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Nomenclature 

di f fus ion coefficient at Mt/Mx = A 

Deff = effective d i f fus ion coefficient, c m 2 / s e c 
2 - E N = 2-ethylnaphthalene 

Mt = gram-moles of mater ia l d i f fused out of zeoli te 
at t ime t 

Moo = gram-moles of mater ia l d i f fused out of zeoli te 
after infinite t ime 

1 - M N = 1-methylnaphthalene 
t = t ime, sec 

Literature Cited 

(1) Aleksandrov, G. G., Larionov, O . G , Chmutov, Κ. V., Russ. J. Phys. 
Chem. 1967, 41, 805. 

(2) Aleksandrov, G. G., Larionov, O . G., Chmutov, Κ. V., Yudilevich, M . D., 
Russ. J. Phys. Chem. 1967, 41, 807. 

(3) Aleksandrov, G. G., Larionov, O . G., Chmutov, Κ. V., Russ. J. Phys. 
Chem. 1967, 41, 1107. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

55



55. SATTERFIELD AND KATZER Counterdiffusiou of Hydrocarbons 205 

(4) Barrer, R. M . , ADVAN. CHEM. SER. 1971, 102, 1. 
(5) Barrer, R. M . , Fender, B. E . F. , J. Phys. Chem. Solids 1961, 21 (112), 1. 
(6) Barry, T. I., Lay, L . Α., J. Phys. Chem. Solids 1968, 29, 1395. 
(7) Barry, T. I., Lay, L. Α., Nature 1965, 208, 312. 
(8) Breck, D. W., J. Chem. Educ. 1964, 41, 678. 
(9) Breck, D. W., Flanigen, Ε. M . , "Molecular Sieves," p. 47, Society of 

Chemical Industry, London, 1968. 
(10) Carman, P. C., Haul, R. Α., Proc. Roy. Soc., Ser. A 1954, 222, 109. 
(11) Cheng, C. S., M.I.T., Cambridge, Mass., personal communication, 1969. 
(12) Crank, J., "The Mathematics of Diffusion," Oxford University Press, Lon

don, 1956. 
(13) Eulenberger, G. R., Shoemaker, G. P., Keil, J. G., J. Phys. Chem. 1967, 

71, 1812. 
(14) Katzer, J. R., Ph.D. Thesis, M.I.T., Cambridge, Mass., 1969. 
(15) Olson, D. H . , J. Phys. Chem. 1968, 72, 4366. 
(16) Olson, D. H . , Dempsey, E., J. Catalysis 1969, 13, 221. 
(17) Olson, D. H. , Kokotailo, G. T., Charnell, J. F. , J. Colloid Interface Sci. 

1968, 28, 305. 
(18) Pickert, P. E . , Rabo, J. Α., Dempsey, E . , Shoemaker, V., Proc. Intern. 

Congr. Catalysis, 3rd, Amsterdam, 1964 1965, 1, 714. 
(19) Roberts, P. V., York, R., Ind. Eng. Chem., Process Design Develop. 1967, 

6, 516. 
(20) Rudloff, W. K., Ph.D. Thesis, I.I.T., Chicago, Ill., 1965. 
(21) Satterfield, C. N., "Mass Transfer in Heterogeneous Catalysis," M.I.T. 

Press, Cambridge, Mass., 1970. 
(22) Sherry, H . S., J. Colloid Interface Sci. 1968, 28, 288. 
(23) Smith, J. V., Bennett, J. M . , Flanigen, Ε. M., Nature 1967, 215, 241. 
(24) Tuang, Ho Chi, Romanovskii, Β. V., Topchieva, Κ. V., Piguzova, L . I., 

Kinetics Catalysis 1967, 8, 594. 
(25) Whang, Η. Y., Sc.D. Thesis, M.I.T., Cambridge, Mass., 1961. 
(26) Wise, J. J., Mobil Oil Corp., Paulsboro, N. J., personal communication, 

1968. 

RECEIVED February 13, 1970. 

Discussion 

L. V . C . Rees ( I m p e r i a l C o l l e g e , L o n d o n ) : H a v e y o u s tudied c o u n -
terdif fusion i n X w i t h exchange of N a + b y C a 2 + ? I f not, c a n y o u give a n 
explanat ion for the r e d u c t i o n i n the effective w i n d o w size i n C a X c o m 
p a r e d w i t h that of N a X ? 

J. R. Katzer: N o , w e have not s tudied counterdi f fus ion i n the t y p e 
X zeol i te , b u t I a m n o w i n the process of d o i n g so. T h e effect appears 
to be p r o d u c e d b y the cations w i t h i n the pore structure a n d rest ing near 
the pore apertures. O l s o n ( O l s o n , D . H . , / . Phys. Chem. 1968, 72, 4366) 
i n d i c a t e d that s t ructural variat ions o c c u r r e d i n the C a X f o r m w h i c h care
f u l examinat ion shows c o u l d reduce the pore aperture. H o w e v e r , he has 
recent ly i n d i c a t e d ( O l s o n , D . H . , personal c o m m u n i c a t i o n , 1970) that 
the pore aperture remains essentially the same u p o n exchange f r o m the 
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s o d i u m to the c a l c i u m f o r m . T h e effect must therefore be the result of 
the cations w i t h i n the structure b l o c k i n g the pore . N o t e that there are 
more c a l c i u m cations i n the X than i n the Y zeol i te because of the l o w e r 
S i / A l rat io . N i v i k o v a et al. (Kolloidn. Zh. 1967, 29, 573) have s h o w n that 
d i f fus ion i n C a X is s lower than i n N a X . 

Ο. M . Fuller ( M c G i l l U n i v e r s i t y , M o n t r e a l , Q u e b e c , C a n a d a ) : W h a t 
w e r e the methods y o u used to determine that the resistance to mass 
transport b e t w e e n the crysta l a n d the fluid was negl ig ible? 

J. R. Katzer: F i r s t variat ions i n s t i r r ing speed h a d no effect u p o n 
desorpt ion rate, b u t this w o u l d p r o b a b l y not have a n effect for part icles 
this s m a l l unless they agglomerated seriously. O b s e r v a t i o n i n d i c a t e d 
that they d i d not d o so. T h e large span of rates observed, the v e r y h i g h 
ac t ivat ion energies (e.g., 10-20 k c a l / m o l e ) , a n d the fact that system 
changes such as changing the zeol i te ca t ion f o r m or the h y d r o c a r b o n type 
p r o d u c e d m a r k e d changes i n the d i f fus ion rate observed a l l i n d i c a t e d 
that mass- transfer l imitat ions between the par t ic le surfaces a n d the b u l k 
l i q u i d were not ra te - l imi t ing . F u r t h e r m o r e , mass- transfer calculat ions 
assuming that the particles f o l l o w e d the streamlines of flow s h o w e d mass 
transfer f r o m the part ic le surfaces to the b u l k l i q u i d was not rate-
l i m i t i n g , the ca lcula ted rate of mass transfer b e i n g greater than 1000 times 
the fastest rate observed. 

P. E . Eberly, Jr. (Esso Research Laborator ies , B a t o n Rouge , L a . 
70821 ) : I n eva luat ing dif fusivit ies , one f requent ly finds that the parame
ters D a n d Mx interact . T h u s , b y changing M » , one can affect the value 
of D. I n y o u r results c o m p a r i n g the var ious forms of Y zeoli te , c o u l d 
changes i n M œ have affected the d i f fus iv i ty values? 

J. R. Katzer: T h e answer is no. T h e amount of preadsorbed h y d r o 
c a r b o n w h i c h desorbed f r o m the presaturated zeol i te at e q u i l i b r i u m , M » , 
was constant at a va lue of 73 ± 2 % of the i n i t i a l l y preadsorbed h y d r o 
c a r b o n i n a l l cases except for the c e r i u m f o r m , for w h i c h the va lue was 
6 4 % of the i n i t i a l l y preadsorbed mater ia l . T h u s , the changes i n w e r e 
not large enough to p r o d u c e significant effects i n Deti va lue . F u r t h e r m o r e , 
the M x used was the true e q u i l i b r i u m v a l u e as d e t e r m i n e d exper imental ly 
i n a l l cases, a n d thus the va lue of Dett f o u n d s h o u l d be the same as that 
w h i c h s h o u l d also be f o u n d i f the r u n condit ions were changed for a 
g i v e n zeol i te such that at e q u i l i b r i u m the va lue of M x was i n d e e d c h a n g e d 
f r o m its previous value . 

R. M . Barrer ( I m p e r i a l C o l l e g e , L o n d o n ) : I n counterdif fusion sys
tems such as y o u have examined, the v o l u m e flow of C o m p o n e n t 1 into 
the crystals is not necessari ly e q u a l to the v o l u m e flow of the d i s p l a c e d 
C o m p o n e n t 2 into the external solut ion, because the degree of filling of 
the crystals m a y change w i t h compos i t ion of the sorbed fluid. T h u s , for 
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55. S A T T E R F i E L D A N D K A T Z E R Counterdiffusion of Hydrocarbons 207 

p a r t i a l l y filled crystals, b o t h flows s h o u l d be measured, a n d t w o d i f fus ion 
coefficients are i n v o l v e d . 

J. R. Katzer: W e were concerned w i t h the quest ion of e q u a l v o l u m e 
rates of flow d u r i n g counterdi f fus ion b u t d i d not attempt to measure the 
t w o flow rates; this w o u l d be extremely dif f icul t i n a f ree ly a n d qui te 
r a p i d l y counterdi f fus ing system as was the case here. N o t e , however , 
that the tota l v o l u m e flow i n each d i rec t ion s h o u l d have been essentially 
the same unless there were some strange p h e n o m e n a w h i c h o c c u r r e d at 
intermediate compos i t ion because i t was f o u n d that the v o l u m e of p u r e 
c o m p o u n d sorbed at saturat ion based o n the l i q u i d densi ty at sorpt ion 
temperature was essentially the same for a l l components s tudied here. 

R. B. Anderson ( M c M a s t e r U n i v e r s i t y , H a m i l t o n , O n t a r i o , C a n a d a ) : 
Does the d i f fus iv i ty v a r y w i t h " d r i v i n g force?" F o r example , suppose a 
sieve filled w i t h a n aromatic is p l a c e d i n a large amount of nonaromat ic 
h y d r o c a r b o n ? 

J. R. Katzer: I do not be l ieve that the d i f fus iv i ty w o u l d v a r y w i t h 
" d r i v i n g force" to any larger extent t h a n the var ia t ion w i t h Mt/M^ w h i c h 
w e observed i n this w o r k a n d noted i n the paper . T h i s c o u l d easily be 
c h e c k e d b y start ing w i t h the zeoli te pore structure e q u i l i b r a t e d w i t h a 
mix ture of the t w o hydrocarbons i n v o l v e d a n d then measur ing the ap
p r o a c h to e q u i l i b r i u m for this system as was done i n the above w o r k . 
It w o u l d not be possible to change the h y d r o c a r b o n type o n the outside 
a n d effect on ly a change i n the d r i v i n g force because, as w e have c lear ly 
s h o w n i n this paper , the rate of d i f fus ion out of the structure is h i g h l y 
dependent u p o n the nature of the h y d r o c a r b o n di f fus ing into the zeol i te . 
P l a c i n g the saturated zeolite into a nonaromat ic h y d r o c a r b o n changes 
the nature of the h y d r o c a r b o n di f fus ing into the structure i n a d d i t i o n to 
poss ib ly a l ter ing the d r i v i n g force. 

D . M . Ruthven a n d K. F. Loughlin ( U n i v e r s i t y of N e w B r u n s w i c k , 
F r e d e r i c t o n , Ν. B . , C a n a d a ) : W e w o u l d l ike to re-emphasize the signif i 
cance of the effects of crysta l size d i s t r i b u t i o n i n the analysis of sorpt ion 
curves. T h e variat ions i n d i f fus iv i ty w h i c h are repor ted i n this p a p e r 
show precise ly the t rend w h i c h is to be expected i f the effect of c rys ta l 
size d i s t r i b u t i o n is considered. W e feel sure that i f crysta l size d i s t r i b u 
t ion measurements are avai lable , i t s h o u l d be possible to obta in the cor
rect values of d i f fus iv i ty us ing the type of analysis w h i c h w e presented 
i n our comment o n the paper of K o n d i s a n d Dranoff . 

J. R. Katzer: Y o u are correct i n your statement; as w e i n d i c a t e d i n 
our paper , the crystal l i te size d i s t r i b u t i o n is responsible for the ma jor i ty 
of the var ia t ion f o u n d for SK-500 under most condit ions . H o w e v e r , y o u r 
a p p r o a c h w o u l d not e l iminate a l l of the var ia t ion f o u n d i n the systems 
s tudied here a n d is a smal l correct ion relat ive to the far more significant 
variat ions f o u n d i n the systems s tudied. 
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208 M O L E C U L A R S I E V E Z E O L I T E S I I 

J. D . Sherman ( U n i o n C a r b i d e C o r p . , T a r r y t o w n , Ν. Y . 10591) : T h e 
heat of adsorpt ion ( A i / a d s ) of interest is for h i g h degrees of filling a n d is 
for the difference be tween the AH's of different molecules at h i g h degrees 
of filling. Interpretat ion can be fac i l i ta ted b y compar i son of E d i f f a n d 
Af/ads— i e., the ac t ivat ion energies for di f fus ion a n d heats of adsorpt ion 
for a series of pairs of counterdi f fus ing species. 

J. R. Katzer: T h i s comment is i n response to a comment b y P a u l 
E b e r l y n o t i n g that the rates observed increase i n zeolites e x h i b i t i n g a 
h i g h e r heat of adsorpt ion. H o w e v e r , K h u d i e r et al. (Bull. Acad. Set. USSR, 
Div. Chem. Set. 1968, 4, 694) f o u n d the di f ferent ia l heat of adsorpt ion 
of C 6 H 6 o n H Y to be l o w e r t h a n that o n N a Y over the entire range. I n 
response to the first po int of the above comments , I do t h i n k that heats of 
adsorpt ion for l o w degrees of filling are p r o b a b l y also of importance here 
because a f e w molecules adsorbed o n sites e x h i b i t i n g a h i g h heat of 
adsorpt ion (s t rong adsorpt ion) c o u l d great ly affect the di f fus ion rate. 
Y o u r second comment , however , is w e l l taken. 

D . P. Roelofsen ( T e c h n o l o g i c a l U n i v e r s i t y , D e l f t , N e t h e r l a n d s ) : T h e 
sequence of the invest igated molecular sieves r e g a r d i n g increas ing desorp
t i o n velocit ies is r o u g h l y s imi lar to the expected sequence of decreasing 
adsorpt ion affinities of the sieves for these large aromatic compounds . 
F o r instance, N a Y , w i t h its exposed cations i n S I H sites, w o u l d be ex
pec ted to adsorb naphthalenes stronger than C a Y w i t h its sh ie lded cations 
i n S η posit ions. Therefore , I w o u l d l ike to suggest that the differences 
i n desorpt ion velocit ies m a y be p a r t l y expla ined b y the differences i n 
affinities of the sieves for the di f fus ing molecules . These differences c o u l d 
be s tudied , for instance, b y measur ing the adsorpt ion e q u i l i b r i a of a d i lu te 
solut ion of a subst i tuted naphthalene i n a saturated h y d r o c a r b o n solvent 
a n d the different sieves. 

J. R. Katzer: There s h o u l d be no cations i n the type I I I sites y o u 
refer to i n the d e h y d r a t e d f o r m of either the N a Y or C a Y zeoli te . Y o u r 
comments o n di f fus ion rates b e i n g affected b y adsorpt ion affinity is a very 
v a l i d one, however , a n d Barrer has a l ready noted i n this conference that 
the stickiness of water is impor tant to its d i f fus ion rate. I t h i n k that there 
is no quest ion b u t w h a t sorbate-zeol i te interactions of the nature y o u 
p o i n t out a n d others have a very large effect o n the d i f fus ion rate a n d 
s h o u l d be s tudied i n more deta i l . 
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Multicomponent Adsorption Isotherms on 
Hydrogen-Mordenite 

JAMES I. JOUBERT and IMRE ZWIEBEL 

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

Adsorption isotherms of oxygen, nitrogen, carbon dioxide, 
and sulfur dioxide on hydrogen-mordenite were measured at 
several temperatures in the range of 0°-100°C. The SO2 

and CO2 had considerably greater affinity for the adsorbent 
than the O2 and N2. Using the pure-component data, multi-
component isotherms were predicted and compared with 
experimental results. The more strongly adsorbed species 
completely overwhelm the lesser adsorbed components ( e.g., 
SO2 vs. N2). Wherever 2 species of approximately equal 
affinity are adsorbed (e.g., CO2 + SO2), the temperature 
sensitivity of the individual components influences the ex
tent of the competition. 

* ^ p h e l i terature contains a re la t ive ly meager amount of m u l t i c o m p o n e n t 
•*· adsorpt ion data for inorganic gases. T h e early l i terature was s u m 

m a r i z e d b y Y o u n g a n d C r o w e l l ( 8 ) , a n d since then, the b u l k of the 
p u b l i s h e d data has dealt w i t h mixtures of organic vapors or i n o r g a n i c 
adsorbates at l i q u i d ni t rogen temperatures. 

M o t i v a t e d b y the air p o l l u t i o n combat , our research was d i rec ted at 
the components m a k i n g u p a s imulated exhaust gas, n a m e l y n i t rogen, 
oxygen, c a r b o n d iox ide , a n d sul fur d iox ide . T h e experiments w e r e re
str icted to the 0 ° - 1 0 0 ° C range at 1 a t m absolute pressure. 

F i r s t , pure-component isotherms were measured. A s a consequence 
of p r e l i m i n a r y screening i n w h i c h such adsorbents as several c o m m e r c i a l 
grade 5 A sieves, 13X sieve, H - m o r d e n i t e a n d act ivated c a r b o n were c o m 
pared , the h y d r o g e n f o r m of mordeni te was selected as the adsorbent for 
the m u l t i c o m p o n e n t experiments. T h i s dec is ion was based u p o n capac i ty , 
select ivity, a n d d u r a b i l i t y cr i ter ia , since p r a c t i c a l a p p l i c a t i o n u n d e r rather 
severe condit ions was one of the objectives. 
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210 M O L E C U L A R SIEVE ZEOLITES II 

Experimental 

T h e apparatus used is a modi f i ca t ion of the e q u i p m e n t e m p l o y e d b y 
L e w i s et al. (6). F o r p u r e components , i t is a constant-volume uni t ; for 
gas mixtures , i t operates at constant total pressure (near ly constant v o l 
u m e ). It ut i l izes a n interna l rec i rcu la t ion device to expose the adsorbent 
cont inuous ly to a gas mixture of approx imate ly k n o w n compos i t ion , a n d 
thus a v o i d l o c a l i z e d concentrat ion variat ions w h i c h c o u l d arise as a result 
of differences i n the diffusivit ies of the various species. 

T h e pure-component isotherms were de termined b y a d m i t t i n g suc
cessive increments of adsorbate in to the chamber a n d measur ing the 
pressures. F o r the m u l t i c o m p o n e n t measurements, the system pressure 
is m a i n t a i n e d constant b y a manostat. W h i l e e q u i l i b r a t i o n takes place , 
the gas is c i r c u l a t e d i n a loop conta in ing the adsorpt ion chamber a n d a 
large reservoir w h e r e the concentrat ion is approx imate ly constant. A t 
the terminat ion of the experiment , the adsorpt ion chamber is isolated, 
a n d the final compos i t ion i n the reservoir is measured b y w i t h d r a w i n g a 
sample a n d a n a l y z i n g i t w i t h a mass spectrometer. T h e n , b y desorbing, 
measur ing the total amount of desorbate, a n a l y z i n g i t , a n d correct ing 
for the v o i d space gas content, the des ired adsorbed phase quanti t ies 
are obta ined. 

T h e adsorbents are act ivated in vacuo b e l o w 10" 5 torr at 3 5 0 ° - 4 0 0 ° C 
for 16 hours. Desorpt ions are carr ied out b y repeatedly connect ing the 
adsorpt ion chamber to a n evacuated vessel f r o m w h i c h the desorbate is 
col lec ted i n a m i x i n g chamber . Desorpt ions u s u a l l y are car r ied out at 
the adsorpt ion temperature, a n d completeness of r e m o v a l is checked b y 
m a t e r i a l balance ; i t is usua l ly w i t h i n 2 % . Occas iona l ly , to speed u p the 
procedure , desorptions m a y be carr ied out at e levated temperatures. 

T h e h y d r o g e n - m o r d e n i t e ( u n i t c e l l ; h y d r a t e d H 8 A l 8 S i 4 o 0 9 6 · 2 4 H 2 0 ) 
used i n this s tudy was p r o v i d e d b y the N o r t o n C o . , Worces ter , Mass . , i n 
the f o r m of 1 /16- inch pellets fabr ica ted w i t h o u t a b inder . T h i s mater ia l 
is character ized b y p a r a l l e l 12-membered rings of s i l i c a - a l u m i n a tetra-
h e d r a f o r m i n g pores w i t h effective diameters of 7 - 9 A ; smaller cavities 
occur i n the wal l s of the large channels. M o r d e n i t e has repor ted B . E . T . 
surface area of 400 to 500 m 2 / g r a m ( 3 ) ; synthesis a n d other characteris
tics of this mater ia l are descr ibed w e l l elsewhere ( I , 5 ) . 

Correlations 

W h i l e u l t imate ly the objective of our project w i l l be the theoret ical 
analysis of the behavior of complex mixtures , at this po int w e o n l y can 
correlate our results w i t h prev ious ly d e v e l o p e d m u l t i c o m p o n e n t models . 
W i t h the object ive of p r e d i c t i n g the total amount adsorbed a n d the a d 
sorbed phase compos i t ion f r o m no more t h a n pure-component data , o n l y 
a f e w specia l ly selected systems have been used i n previous exper imenta l 
programs to v e r i f y the various models . H e n c e , these relat ionships, w h i c h 
usua l ly were d e r i v e d f r o m theoret ica l considerations, have not been 
tested sufficiently yet. T h u s , they a l l can be classified as e m p i r i c a l models , 
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56. JOUBERT AND z w i E B E L Multicomponent Adsorption Isotherms 211 

especial ly as they have been m o d i f i e d to make t h e m r e a d i l y a p p l i c a b l e 
(2, 4, 6,8). 

Corre la t ions w i t h the m o d e l based o n t h e r m o d y n a m i c pr inc ip les 
d e v e l o p e d b y M y e r s a n d Prausni tz (7), hereafter referred to as the i d e a l 
so lut ion m o d e l , are presented i n this paper . T h e m o d e l is based u p o n 
the assumption that Raoult 's l a w is a p p l i c a b l e to the adsorbed phase, a n d 
the spreading pressure of the mixture a n d those of the p u r e components 
are set e q u a l at the same surface coverage. U n l i k e some of the other 
models , this one does not require that the pure components adhere to 
any specific pure-component behavior . H e n c e , for example , the S 0 2 , 
w h i c h was correlated b y the L a n g m u i r equat ion, a n d C 0 2 , w h i c h best 
fitted the F r e u n d l i c h equat ion, c o u l d be c o m b i n e d r e a d i l y i n p r e d i c t i n g 
mixture characteristics. T h i s m o d e l c o u l d be extended to h igher cover
ages t h a n any of the other relat ionships; however , the present w o r k is 
restr icted to the l o w coverage range. F i n a l l y , this w o r k presents adsorp
t i o n data o n inorganic adsorbates w i t h w i d e l y different characteristics 
i n complex mixtures. 

Results 

Pure Components. Pure -component isotherms were measured for 4 
gases, oxygen, n i t rogen, carbon d iox ide , a n d sul fur d iox ide . T h e first 3 
exhib i ted reversible sorpt ion, w h i l e the S 0 2 showed a rather b r o a d 
hysteresis loop. 

Re la t ive ly speaking, the affinity of the h y d r o g e n - m o r d e n i t e is great
est for the S 0 2 , then i n decreasing order the C 0 2 , N 2 , a n d 0 2 f o l l o w . 
T h i s can be expla ined b y differences i n the electronic configurations of 
these adsorbates; no " s i e v i n g " w o u l d be expected i n any of these systems 
since the molecular diameter of these gas molecules is w e l l b e l o w the 
p u b l i s h e d pore diameters. T h e sorpt ion of a l l the species is l i k e l y to be 
p h y s i c a l , since the ca lcula ted isosteric heats are a l l b e l o w 5 k c a l / m o l e . 

T h e oxygen a n d ni t rogen exhib i ted s imi lar characterist ics; they were 
b o t h correlated w e l l b y the F r e u n d l i c h isotherm. T h e i r s imi lar molecular 
structure m i g h t account for this, w i t h differences i n their p o l a r i z a b i l i t y 
b e i n g the major reason for their relat ive adsorbabi l i ty . 

T h e C 0 2 a n d S 0 2 , h a v i n g c r i t i c a l temperatures of 31 .1° a n d 1 5 7 . 2 ° C , 
respect ively (vs. — 1 1 8 . 8 ° C for 0 2 a n d —147.1 ° C for N 2 ) , are m o r e 
l i k e l y to adsorb b y the so-cal led m u l t i l a y e r mechanism, a n d hence, i n the 
reg ion of the current experiments exhibi t cons iderably h igher capacit ies 
than the 0 2 a n d N 2 — a s m u c h as 15 times higher . I n the exper imenta l 
region, the C 0 2 isotherms c o u l d be correlated b y the F r e u n d l i c h equa-
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212 M O L E C U L A R SIEVE Z E O L I T E S II 

Table I. Correlation of Pure-Component Isotherms 

Ρ in torr, W in mmol/gram 

Temp., °C 0° £5° 36° 56° 78° 100° 

O x y g e n ; W = KPm 

Κ Χ 10 4 7.44 
m 0.909 

3.31 
0.943 

2.62 
0.946 

1.52 
0.970 

1.42 
0.924 

0.824 
0.950 

N i t r o g e n ; W = KPm 

Κ Χ 10 4 17.4 
m 0.841 

7.56 
0.870 

5.28 
0.891 

2.55 
0.936 

1.78 
0.919 

0.836 
0.977 

C a r b o n D i o x i d e ; W = 
Κ X 10' 5.51 
m 0.257 

= KPm 

3.70 
0.277 

2.17 
0.341 

1.13 
0.405 

0.491 
0.492 

0.220 
0.565 

S u l f u r D i o x i d e ; W = 
b Χ 10 3 11.95 
Wm 4.18 

WmbP/(l + bP) 
9.13 8.28 
3.90 3.78 

7.02 
3.48 

6.80 
3.00 

5.80 
2.66 

S 0 2 PRESSURE ( torr) 

Figure 1. S02 adsorption isotherms 

t i o n , a l t h o u g h there w e r e some deviat ions at l o w pressures. T h e S 0 2 

data seemed to be fitted best b y the L a n g m u i r equat ion . A t t e m p t s to fit 
the other p u r e components to the L a n g m u i r equat ion or the B . E . T . equa
t i o n were not successful ; hence, the m i x e d L a n g m u i r m o d e l or the B . E . T . 
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56. JOUBERT AND zwiEBEL Multicomponent Adsorption Isotherms 213 

0.51 ι \ ι 1 1 1 1 I I 

N 2 PRESSURE (torr) 

Figure 2. N2 adsorption isotherms 

mixture m o d e l was not used i n this w o r k . T h e results of these p u r e -
component correlations are s u m m a r i z e d i n T a b l e I. 

M u l t i - C o m p o n e n t . O n l y a representative select ion of the m a n y pos
sible combinat ions of m u l t i c o m p o n e n t e q u i l i b r i a i n v o l v i n g the 4 gases 
used i n the current p r o g r a m is presented i n this paper . 

F i r s t , the effects of the l i g h t l y adsorbed component o n the more 
s trongly adsorbed species are v i e w e d . N o signif icant effect was p r e d i c t e d , 
a n d this was conf i rmed exper imental ly . F i g u r e 1 i l lustrates the amount 
of S 0 2 adsorbed. T h e S 0 2 - N 2 b i n a r y system h a r d l y deviates f r o m the 
p u r e S 0 2 i sotherm. O n the other h a n d , a v e r y strong reverse effect was 
predic ted . A s s h o w n i n F i g u r e 2, the presence of S 0 2 s igni f icant ly reduces 
the amount of n i t rogen adsorbed. T h i s is qui te p r o n o u n c e d even at the 
very l o w S 0 2 p a r t i a l pressures w h e r e the amounts adsorbed of the 2 p u r e 
components is approximate ly equal . S i m i l a r behavior has b e e n observed 
i n the C 0 2 - N 2 a n d C 0 2 - 0 2 b i n a r y systems. 

T h e S 0 2 - C 0 2 system is a b i t more interest ing ( F i g u r e 1 ) ; here the 
compet i t ion for adsorpt ion sites is more intense, a n d deviat ions f r o m the 
pure-component curves is far more significant. W i t h a n increase of t e m 
perature, the select ivi ty for S 0 2 is greatly increased, so m u c h so that 
a r o u n d 30 ° C a reversal occurs a n d S 0 2 becomes the pre fer red species. 
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214 M O L E C U L A R S I E V E Z E O L I T E S II 

0.51 1 1 1 1 1 1 1 r 

900 

N 2 PRESSURE (torr) 

Figure 4. N2 adsorption isotherms atO°C 

T h i s is apparent ly because of the temperature dependence of the various 
components ; the C 0 2 is m u c h more affected than any of the other c o m 
ponents tested. 
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It c a n be noted f r o m Y - X diagrams ( F i g u r e 3 ) that w i t h increased 
temperatures the n i t rogen adsorpt ion select ivi ty is decreased w i t h respect 
to S 0 2 . S i m i l a r decrease i n select ivity was n o t e d for the C 0 2 w i t h respect 
to the S 0 2 . T h i s is encourag ing w i t h r e g a r d to a i r p o l l u t i o n combat , since 
exhaust gases contain large quanti t ies of C 0 2 a n d N 2 i n a d d i t i o n to the 
undes i rable S 0 2 . 

F i n a l l y , F i g u r e 4 shows a n example of the 0 2 - N 2 - C 0 2 ternary iso
therms at 0 ° C . T h e s o l i d curve is p u r e N 2 , the dashed curve is the b i n a r y 
0 2 - N 2 system, w h i l e the r e m a i n i n g curves are the ternary cases w i t h the 
amount of C 0 2 i n d i c a t e d . N o t e that the C 0 2 effect, even at v e r y l o w 
concentrations, is far more significant t h a n the 0 2 effect o n the N 2 sorp
t ion . T h e 0 2 - N 2 - S 0 2 system behaves s i m i l a r l y ; the C 0 2 - S 0 2 - N 2 , or the 
C 0 2 — S 0 2 - 0 2 , a n d the quaternary systems are not m u c h different f r o m 
the S O ^ C O ^ b i n a r y system. T h i s is p r o b a b l y o w i n g to the overbear ing 
effect of the 2 "ac t ive" components w i t h respect to 0 2 a n d N 2 . 

Conclusions 

E x p e r i m e n t a l l y measured pure-component adsorpt ion characterist ics 
of 0 2 , N 2 , C 0 2 , a n d S 0 2 o n H - m o r d e n i t e were correlated to predic t the 
behavior of m u l t i c o m p o n e n t mix ture of these gases. These correlat ions, 
based u p o n the relat ionships deve loped b y M y e r s a n d Prausni tz , w e r e 
successful ly substantiated exper imental ly . T h e C 0 2 a n d S 0 2 , w h i c h are 
the p r e d o m i n a n t l y adsorbed components , cont ro l l ed the fate of the m u l t i -
component sorpt ion. T h i s p r e v a i l e d even at the concentrat ion levels 
w h e r e the pure-component data indicate comparable affinity for b o t h 
the " s t rongly" a n d the " w e a k l y " adsorbed species. H e n c e , indicat ions are 
that adsorpt ion m a y be effectively use fu l i n exhaust gas c leanup processes. 
T h e temperature sensit ivity of the pure components contr ibutes s ignif i 
cant ly to the select ivi ty of the sieve for the various components , a n d the 
data obta ined indica te that this also tends to favor the des i red a p p l i c a 
tions i n p o l l u t i o n combat . 

Nomenclature 

Ρ Pressure, torr 

W A m o u n t adsorbed, m m o l e s / g r a m 

X M o l e f rac t ion of adsorbed phase 

Y M o l e f rac t ion of gas phase 

Subscripts denote components 
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Influence of Zeolite Cation Nature on 
Adsorption and Chromatographic Properties 

G. V. TSITSISHVILI and T. G. ANDRONIKASHVILI 

Institute of Physical and Organic Chemistry, Academy of Sciences of the 
Georgian SSR, Tbilisi, USSR 

For zeolites with 1-, 2-, and 3-charge cations, the specificity 
of adsorption interaction is determined by nature of the 
cations replacing sodium ions, by the degree of exchange, 
by population of single-cation positions, and by other fac
tors. A more pronounced influence of cations replacing 
sodium ions on sorption kinetics has been established for 
zeolites of type A. Chromatographic data show that when 
the number of cations in a unit cell of a faujasite type zeolite 
decreases, the values of retention volumes of hydrocarbon 
gases and carbon monoxide decrease. The nature of alkali 
metal cations of type X zeolites and their positions in the 
crystal lattice essentially influence values of the retention 
volumes of the compounds studied. 

Ο tudies of n e w perspect ive fine porous crysta l zeolites have s h o w n that 
^ the ir propert ies d e p e n d strongly o n cations compensat ing the nega
t ive charge of the a luminosi l icate f ramework . 

W i t h i n one type of zeoli te , adsorpt ion , chromatographic , catalyt ic , 
a n d other propert ies are d e t e r m i n e d to a certa in extent b y the nature of 
i o n exchange cations, b y their n u m b e r per uni t ce l l , b y the degree of p o p 
u l a t i o n of single centers (pos i t ions) i n the crysta l f r a m e w o r k , a n d b y 
other things. 

T h e crysta l structure of zeolites A , X , a n d Y is compara t ive ly w e l l 
s tudied b y x-ray crysta l analysis (5, 6, 7, 11, 24). T h e existence of single 
centers of cat ion loca l iza t ion is established for faujasite group zeolites, 
a n d their populat ions have been d e t e r m i n e d for a n u m b e r of cat ion 
forms (7,9, 10,18,23, 26). 
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T h i s is v e r y impor tant i n analysis of the inf luence of i o n exchange 
cations on different propert ies of zeolites, a n d i t was taken into account-
i n our w o r k . 

T h i s paper presents some results of the studies of the inf luence of 
i o n exchange cations o n adsorpt ion , kinet ics , a n d chromatographic char
acteristics of zeolites of types A , X , a n d Y . 

Κ. E . A v a l i a n i , D . N . B a r n a b i s h v i l i , M . S. S h u a k r i s h v i l i , E . P . G r i g o l i a , 
M . G . A d o l a s h v i l i , Sh. D . Sabelashvi l i , Ζ. I. K o r i d z e , a n d S. S. C h k h e i d z e 
have taken par t i n this w o r k . 

Di f ferent cat ion forms of zeolites have been obta ined f r o m o r i g i n a l 
s o d i u m zeolites b y means of i o n exchange a n d b y the technique w o r k e d 
out earl ier ( 2 8 ) . T h e composi t ion was de termined b y c h e m i c a l analysis, 
a n d s tabi l i ty of the zeol i te crysta l latt ice b y x-ray technique. 

T h e studies of adsorpt ion capaci ty of vapors were made b y m i c r o -
balance technique , a n d k i n e t i c characteristics w e r e d e t e r m i n e d o n a d y 
n a m i c apparatus. T h e statics of v a p o r adsorpt ion was s tudied at 20 ° C . 

T h e specimens were d e h y d r a t e d at 350 ° C a n d for adsorpt ion studies 
the v a c u u m corresponded to 10" 6 mm of mercury . F o r chromatographic 
studies, zeol i te granules w i t h a l k a l i m e t a l cations, before they were p l a c e d 
into a chromatographic c o l u m n , h a d been heated at 4 5 0 ° C w i t h t h e r m a l 
treatment i n the flow of the carr ier gas at 3 0 0 ° C . 

It is better to give exper imenta l data not o n l y i n the u s u a l f o r m of 
isotherms, w h e r e the adsorpt ion va lue is expressed i n m i l l i m o l e s per 

g r a m of adsorbent as a f u n c t i o n of re lat ive ( r e d u c e d ) pressure, a mmo^e 

/ Ρ \ S r a m 

= /( p- J, b u t also i n the f o r m of isotherms w h e n the va lue of adsorpt ion 

is d e t e r m i n e d b y the n u m b e r of the adsorbed molecules per un i t c e l l 

d e p e n d i n g o n the relat ive pressure, a m ~ = f(Jr^- T h e n u m b e r of uni t 

cells corresponding to a un i t mass of zeol i te was d e t e r m i n e d b y M . M . 
D u b i n i n ( 12,13,15 ). S u c h an a p p r o a c h el iminates the influence of cat ion 
masses, w h i c h is felt p a r t i c u l a r l y i n heavy cations. D u r i n g the analysis 
of adsorpt ion data , one s h o u l d p a y the m a i n attention to the p o r t i o n of 
the i sotherm corresponding to l o w pressures. T h e influence of cations 
i n zeolites o n interact ion w i t h molecules of the adsorbed substances at 
l o w coverages is c lear ly seen w h i l e s t u d y i n g chromatographic processes 
(8,16,17,19, 20, 21, 37,39). 

Study of v a p o r adsorpt ion on p o t a s s i u m - s o d i u m zeolites of the f a u -
jasite type ( the rat io of s i l i ca to a l u m i n a η = 2.49) has s h o w n that a d 
sorpt ion capac i ty for water is decreased a n d for benzene increased w i t h 

the degree of exchange a = 0.44 = t o compare i t w i t h the 

s o d i u m f o r m . T h e observed character of the adsorpt ion process m a y be 
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caused b y w e a k e n i n g of electrostatic interact ion a n d strengthening of 
dispers ion. 

A l m o s t l inear decrease of adsorpt ion capac i ty has been observed 
w i t h t h a l l i u m - s o d i u m zeolites of type A (n = 1.98) for water v a p o r 
w i t h a n increase of the degree of exchange ( F i g u r e 1 ) . T h i s is a result 
of a decrease of the cat ion electr ic field w h i c h causes a decrease of the 
adsorpt ion layer density. 

U s i n g t h a l l i u m - s o d i u m zeolites of type X ( η = 2.30 ), w e observed 
an increase of adsorpt ion capaci ty for water vapor a n d benzene at 3 8 % 
replacement of s o d i u m ions b y t h a l l i u m ions, a n d then its decrease w i t h 
a n increase i n the degree of exchange. A s t h a l l i u m ions replace s o d i u m 
ions i n the pos i t ion S m (25) w e m a y assume red is t r ibut ion of cations at 
d e h y d r a t i o n under the condit ions of h i g h v a c u u m a n d t h e r m a l treatment 
at 3 5 0 ° C , a n d stronger c h e m i c a l bonds of t h a l l i u m atoms i n screened 
posit ions i n compar i son w i t h s o d i u m atoms. 

T h e replacement of s o d i u m ions b y ions of c a l c i u m a n d s t ront ium 
leads to a decrease i n the adsorpt ion value per u n i t ce l l . A s imi lar p i c 
ture is observed i n studies of adsorpt ion of benzene v a p o r o n c a l c i u m 
forms. 

Propert ies of c a l c i u m a n d s t ront ium zeolites apparent ly are caused 
b y the fact that ions of c a l c i u m (s t ront ium) d u r i n g the process of ex
change o c c u p y the screened posit ions Si a n d S n , a n d the n u m b e r ( d e n 
sity ) of cat ion centers per u n i t c e l l decreases ( 32, 34 ). 

I n p r i n c i p l e , h y d r o l i t i c exchange (35, 36) also m i g h t influence the 
adsorpt ion capaci ty ; however , such an assumption is dif f icult to b r i n g 
into agreement w i t h the data of x-ray crysta l studies of c a l c i u m a n d 

0 25 50 75 100% 

Figure 1. Dependence of the num
ber of adsorbed water molecules per 
unit cell on the degree of exchange of 
sodium ions by thallium ions at differ
ent relative pressures from 0.05 to 0.50 
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100 

1.2 

3 
A 

SO 
0 0,04 Ο,Οδ P/p 

0 0,2 0,4 0,6 08 1,0 ρ 

Figure 2. Isotherms of adsorption of 
water vapors on original sodium zeo
lite X (4) and lanthanum forms (1,2,3, 
and 5). (1) a = 0.44; (2) a = 0.22; 

(3) a = 0.50; (5) a = 0.91. 

s t ront ium zeolites ( 7 ) . B a r i u m zeolites are character ized b y propert ies 
close to those of c a l c i u m a n d s t ront ium forms. 

O u r studies have s h o w n that replacement of 2 9 % of s o d i u m ions 
b y l a n t h a n u m ions i n an A zeoli te l i t t le affects its adsorpt ion capac i ty for 
water vapor . O b v i o u s l y , l a n t h a n u m ions o c c u p y compara t ive ly screened 
posit ions i n a crystal . T h e presence of l a n t h a n u m ions u p to the degree 
of exchange a = 0.44 a n d a = 0.64, respect ively, i n zeolites X ( n == 2.44) 
a n d Υ (η = 4.16) promotes an increase of water v a p o r adsorpt ion ( F i g 
ure 2 ) . A t degrees of exchange exceeding 0.5-0.6, adsorpt ion p r o b a b l y 
decreases o w i n g to w e a k e n i n g of the latt ice. T h a t is s h o w n b y roentgeno
grams of the corresponding l a n t h a n u m zeolites. 

T h e data s h o w that l a n t h a n u m ions i n zeolites X a n d Y , even i n c o m 
para t ive ly screened posit ions, interact w i t h po lar molecules of water . 
S u c h a p o i n t of v i e w is conf i rmed b y the results of our studies of 
water v a p o r adsorpt ion on s o d i u m a n d lanthanum hydrosodal i tes . 

C o n s i d e r a t i o n of isotherms of benzene vapor adsorpt ion on speci
mens of l a n t h a n u m zeoli te X shows that u p to 5 0 % replacement of 
s o d i u m ions leads to some increase of adsorpt ion capaci ty , a n d that 
deeper exchange promotes decrease of adsorpt ion capaci ty . A d s o r p t i o n 
of benzene vapor is decreased on l a n t h a n u m a n d y t t r i u m zeolites of type 
Y i n compar ison w i t h s o d i u m zeolites ( F i g u r e 3 ) . S u c h a difference i n 
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properties of zeolites X a n d Y apparent ly is caused b y the fact that 
l a n t h a n u m ions o c c u p y strongly screened posit ions i n zeol i te Y . 

T h e kinetics of water v a p o r adsorpt ion has been s tudied at 25 ° C 
(j 

a n d the relat ive concentrat ion of the water v a p o r = 0.10 ( C 0 = 23.1 
m g / 1 ) , u s i n g a s o d i u m zeoli te of type A ( n = 1.95), a n d obta ined f r o m i t 
l i t h i u m (degree of exchange a = 0 .60), potass ium (a = 0 .40) , r u b i d i u m 
(a = 0 .22), a n d ces ium (a = 0.27) forms. T h e k ine t i c curve a = f(t) 
for the s o d i u m f o r m is the highest , w h i l e the lowest is for ces ium zeolite. 
Ca lcu la t ions of the effective di f fus ion coefficients a c c o r d i n g to D . P . T i m o -
fejev (27) show that these values g r a d u a l l y decrease f r o m the s o d i u m 
zeoli te to the ces ium one. 

N a A L i N a A K N a A R b N a A C s N a A 

DE · 10 7 c m 2 / s e c 9.0 7.0 6.5 6.3 5.8 

T h e data show that an apprec iab le decrease of sorpt ion a n d its rate 
take place w i t h increase i n the cat ion radius . W e obta ined a smaller 
va lue for the di f fus ion coefficient of the l i t h i u m f o r m than for s o d i u m 
zeoli te . S u c h a result m a y be caused b y a strong h y d r a t i o n of l i t h i u m 
i o n that does not a l l o w , u n d e r the u s u a l condit ions of d e h y d r a t i o n , 
complete e l i m i n a t i o n of water molecules i n a l i t h i u m zeoli te . M a y b e the 
data (38) i n d i c a t i n g that the effective diameter of w i n d o w s i n l i t h i u m 

Figure 3. Isotherms of adsorption of benzene va
pors on the original sodium zeolite Y (1) and lan
thanum forms (2,3, and 4). (2) a — 0.31; (3) a = 

0.59; (4)a = 0.64. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

57
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zeolites type A is close to 3 A is caused b y this fact. W e have not ob
served such an apprec iab le inf luence o n sorpt ion rate for type X zeolites 
w h e n s o d i u m i o n is r e p l a c e d b y cations of other a l k a l i metals. A p p a r 
ent ly , this is d e t e r m i n e d b y an essential difference i n the diameters of 
enter ing " w i n d o w s " of zeolites of type A ( 3 - 5 A ) a n d type Χ ( 8 - 9 A ) . 

Cat ions o c c u p y i n g posit ions i n the enter ing " w i n d o w s " of zeol i te A 
p r o b a b l y decrease their effective diameter (14), caus ing a decrease of 
the d i f fus ion coefficients. 

A mix ture of h y d r o c a r b o n gases C i - C 4 , ca rbon monoxide , a n d h y 
d r o g e n was used as a m o d e l mix ture for chromatographic studies. 

Zeolites of type N a X a n d N a Y have p r a c t i c a l l y i d e n t i c a l structure, 
b u t differ f r o m each other b y the n u m b e r of cations per uni t ce l l . A de
crease of cat ion densi ty i n a zeoli te takes place because of decat ionizat ion 
of the posit ions S m . 

A s our data s h o w ( T a b l e I ), the values of the retent ion volumes of 
a l l s t u d i e d c o m p o u n d s were decreased w i t h a decrease of the tota l n u m 
ber of cations per u n i t ce l l . T h e r e are 84 N a + per u n i t ce l l for N a X a n d 
62 N a + for N a Y . T h e values of the retent ion volumes for components 
o n h y d r o g e n a n d deca t ion ized forms also are decreased (3). 

T h e m a x i m u m replacement of N a + b y N H 4
+ was 7 5 % . A t such a n 

exchange, replacement of cations apparent ly takes place m a i n l y o n the 
sites S n a n d S i n (25). 

T h e values of the retent ion volumes on the h y d r o g e n f o r m w i t h 
3 5 % replacement of N a + b y N H 4

+ , w h e r e the S m sites are p r o b a b l y v a 
cant, a p p r o a c h the values obta ined for zeol i te N a Y . T h e h i g h e r the re
p lacement of N a + b y N H 4

+ is, the greater decrease of the retent ion volumes 
for a l l s tud ied components is observed. S i m i l a r results are o b t a i n e d i n 
Ref . 22. S u c h a decrease of retent ion volumes on these forms m a y be 
caused b y a decrease of the ca t ion concentrat ion per u n i t c e l l ( the sites S n 

a n d S i n become vacant ) a n d perhaps b y a p a r t i a l destruct ion of the 
zeolite structure. 

Table I. Specific Retention Volumes of Hydrocarbon Gases Ci—C 4 

and C O , Expressed at Flowmeter Temperature, 2 0 ° C 

Column HX, DcX, HX, DcX, 
Components Temp., °C NaX NaY 35% 35% 75%c 75%c 

M e t h a n e 25 25.9 14.3 14.6 16.4 3.9 5.0 
E t h a n e 80 56.0 25.4 29.2 32.0 8.1 8.7 
P r o p a n e 140 67.0 20.8 34.0 40.8 9.1 10.1 
B u t a n e 140 194.0 118.9 131.2 148.1 37.2 37.4 
C a r b o n 

monoxide 25 63.8 25.7 27.0 31.0 4.9 7.5 
E t h y l e n e 140 62.9 20.8 26.4 32.4 5.2 6.7 
P r o p y l e n e 200 71.1 47.3 54.3 59.2 - -
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« V 
4 

3 

2 

λ 

0 

U N Q X (9Ι·/Ο) 
3 

2 4 G 16 18 20 min 2 4 G S 10 ro.ii 

Figure 4. Order of elution of methane and carbon monoxide on 
type X zeolites containing either sodium or lithium; 1 = hydro
gen, 2 = methane, 3 = carbon monoxide. The carrier gas is air; 

rate is 100 ml/min; column temperature is 25° C. 

R I N Q K ( 5 / % ) 

3 ζ 

C S N Q X ( 5 * % ) 

5 2 

8 IQm.n 2 4 G S i0 mm 

Figure 5. Order of elution of methane and carbon monoxide on potassium, 
rubidium, and cesium type X zeolites; 1 = hydrogen, 2 — methane, 3 = car
bon monoxide. The carrier gas is air; rate is 100 ml/min; column tempera

ture is 25°C. 

A n increase i n the values of retent ion volumes of compounds o n de-
ca t ion ized zeolites m a y be e x p l a i n e d b o t h b y a stronger d e h y d r a t i o n of 
the r e m a i n i n g s o d i u m cations a n d b y a possible f o r m a t i o n of act ive 
three-coordinate a l u m i n u m groups. 

A n increase of the dispers ion par t of interactions takes place w i t h 
enr ichment of the cat ion electron shel l , w h i l e the smaller the cat ion radius 
is—i.e., the h igher the concentrat ion of the posi t ive charge—the more 
p r o n o u n c e d the electrostatic interact ion is. T h i s m a y be i l lus tra ted t a k i n g 
the example of separat ion of the mixture h y d r o g e n - m e t h a n e - c a r b o n 
monoxide o n type X zeolites w i t h a l k a l i meta l cations. 

A methane molecule , i n contrast to that of carbon monoxide , has no 
d i p o l e a n d q u a d r u p o l e moment . F o r l i t h i u m a n d s o d i u m forms of a 
zeoli te , the f o l l o w i n g order of e lu t ion is characterist ic : m e t h a n e - c a r b o n 
monoxide ( F i g u r e 4 ). 

O n the specimens w i t h a h i g h degree of replacement of N a + b y K + , 
a p a r t i a l separation of the components takes place , b u t w i t h the inverse 
sequence of e lut ion . Separat ion of methane a n d carbon monoxide p r o 
ceeds also w i t h inverse e lut ion on zeolites conta in ing either r u b i d i u m 
or ces ium. M o r e complete separat ion of these compounds is character
ist ic for ces ium f o r m ( F i g u r e 5 ). 
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224 M O L E C U L A R S I E V E Z E O L I T E S Π 

B o t h the extent of cat ion exchange a n d the temperature of c h r o m a 
tographic c o l u m n heat ing ( J , 2, 4, 29, 30, 31, 33) inf luence the order of 
e lu t ion of different components. T e m p e r a t u r e rise leads to an apprec iable 
decrease of i o n - d i p o l e interactions. T h u s , on a spec imen w i t h the re
placement of N a + b y K + e q u a l to 2 6 % at 25 ° C , the va lue of the retent ion 
v o l u m e for c a r b o n monoxide is greater than for methane, the same as o n 
N a X . H o w e v e r , separat ion of the components does not take place . T h e 
rise of the c o l u m n temperature to 40 ° C leads to a l ignment of the values 
of the retent ion volumes. F u r t h e r rise of the c o l u m n temperature leads 
to invers ion of e lut ion order for these compounds , w i t h their separation 
o n l y at 8 0 ° C . O n the spec imen w i t h replacement of N a + b y K + ( 4 8 % ), 
the inverse e lut ion sets u p at r o o m temperature; however , i t is f o l l o w e d 
b y separat ion only at 6 0 ° C . A s to the f o r m w i t h a h i g h content of potas
s i u m cations, at 16 ° C the retention v o l u m e of methane is cons iderably 
h igher than the retention v o l u m e of carbon monoxide , a n d therefore 
separat ion m a y take p lace at the temperature m e n t i o n e d above ( F i g u r e 
6 ) a n d higher . 

T h e nature of a cat ion influences the sequence of e lut ion of different 
pairs of hydrocarbons ; for example , ethylene o n N a X is e luted after 
propane at the c o l u m n temperature of 8 0 ° - 1 0 0 ° C . W h e n temperature 
rises to 1 2 0 ° - 1 4 0 ° C , there is no apprec iable separat ion of these c o m 
ponents. A t 160 ° C a n d higher , separation of the mix ture p r o p a n e -

Figure 6. Separation of the mix
ture of hydrogen-methane-carbon 
monoxide on type X potassium zeo
lites. The carrier gas rate is 100 m l / 
min; column temperature is 80°C. 
1 = NaX, 2 = KNaX (degree of 
exchange of Na+ by K+ is 26% ), 3 
= KNaX (degree of exchange of 
Na+ by K+ is 48% ), and 4 = KNaX 
(degree of exchange of Na+ by K+ 

is 84% ). 
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ethylene proceeds w i t h the inverse sequence of e lut ion . O n a zeol i te 
w i t h 9 1 % replacement of N a + b y L i + at any temperature of the c o l u m n 
heat ing , p r o p a n e is e luted first a n d then ethylene. 

O n potass ium, r u b i d i u m , a n d ces ium forms, after each saturated 
c o m p o u n d an unsaturated one is e luted w i t h the same n u m b e r of c a r b o n 
atoms i n a molecule . T h e f o l l o w i n g sequence of e lu t ion is observed : 
methane-ethane—ethylene—propane-propylene-butane—butylène. 

S u c h cations as s o d i u m a n d l i t h i u m show a greater a b i l i t y to re ta in 
a c o m p o u n d character ized b y 7r-bonds than larger cations (potass ium, 
r u b i d i u m , c e s i u m ) . 

T h e cat ion act ion is not a lways very strong. It depends on the ar
rangement of cations i n the crysta l latt ice of a zeolite a n d hence b o t h o n 
the degree of cat ion screening b y oxygen atoms of the latt ice a n d o n the 
degree of its h y d r a t i o n . T h u s , for example , o n a zeol i te conta in ing l i t h i u m 
cations at 4 7 % replacement of N a + b y L i + , a decrease of the retent ion 
volumes a n d heats of adsorpt ion takes p lace for unsaturated hydrocar 
bons a n d carbon monoxide instead of the expected increase. O n l y an 
increase of the degree of exchange to 8 7 % a n d higher leads to a g r a d u a l 
increase of the above quanti t ies , w h i c h at the m a x i m u m L i + content 
exceeds the values corresponding to these quantit ies o n N a X . 

T a b l e I I . R a t i o of H e a t s of A d s o r p t i o n Q C 2 H 4 / Q C 2 H 6 5 Q C 3 H 6 / Q C 3 H 8 

Degree of Replace 
m e n t of N a + b y 
L i + % 0 5 22 43 87 91 N a X 

L i X 
Q C 2 H 4 / Q C 2 H 6 1.45 1.38 1.37 1.36 1.75 1.88 1.44 (20) 

1.24 (20) 
Q C 3 H 6 / Q C 3 H 8 1.38 1.26 1.29 1.29 1.49 1.83 

I n T a b l e I I , the ratios of adsorpt ion heats Qethyiene/Qethane a n d 
(?propyiene/QproPane a r e g iven o n N a X a n d zeolites w i t h different content 
of L i + , as w e l l as the data o b t a i n e d i n (20). T h e rat io of heats is h i g h e r 
for the specimens w i t h h i g h L i + content i n compar i son w i t h N a X . 

A t h i g h degree of exchange, L i + cations are located i n the least h y -
d r a t e d sites (25). S u c h sites m a y be Si, S/, S u ' (26). Because of their 
locat ion i n the screened posit ions, they interact w e a k l y w i t h molecules 
of adsorbed substances but , as u n d e r the accepted condit ions of t h e r m a l 
ac t ivat ion other cations are s u r r o u n d e d b y water molecules , one m a y 
assume that just these cations f o r m the m a i n centers responsible for the 
increase of b o t h retent ion volumes a n d heat adsorpt ion of unsaturated 
compounds a n d c a r b o n monoxide . 

F r o m the above a n d other data o n p h y s i c o - c h e m i c a l propert ies of 
zeolites, i t fo l lows that for m o l e c u l a r sieves w i t h one-charge cations, one 
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226 M O L E C U L A R SIEVE Z E O L I T E S Π 

observes b o t h some s i m i l a r i t y a n d some discrepancy. T h e same conc lu
s ion m a y be m a d e for zeolites w i t h t w o - a n d three-charge cations. 

E a c h cat ion f o r m of a zeol i te , i n the region of s tabi l i ty of their struc
ture a n d composi t ion , is an i n d i v i d u a l fine porous b o d y represent ing 
considerable interest for deta i led studies. 
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Discussion 

G . C . Blytas ( S h e l l D e v e l o p m e n t C o . , O a k l a n d , C a l i f . 94623): Y o u r 
data of retent ion volumes refer to l o w degree of coverage of sorbent. 
W o u l d y o u care to comment o n the separation factors, for example be
t w e e n ethylene a n d ethane, at h igher coverages? 

G . Tsitsishvili: O u r studies of zeoli te chromatographic propert ies 
i n d i c a t e d that the retent ion volumes , separation factors, a n d other char
acteristics are strongly dependent o n cat ion nature, degree of exchange, 
a n d temperature. W e have observed the invers ion of the sequence of 
e lut ion b y temperature alteration. 

J. D . Eagan ( M c M a s t e r U n i v e r s i t y , H a m i l t o n , O n t a r i o , C a n a d a ) : Is 

there a n explanat ion for the decrease i n ^ ° 2 H 4 , for l o w degrees of L i + 

V C 2 H 6 

exchange, w i t h increas ing L i + exchange? 
G . Tsitsishvili: Interact ion of L i + w i t h molecules of unsaturated h y 

drocarbons a n d C O is v e r y sensitive to the presence of water molecules 
i n a zeol i te a n d to c o l u m n temperature increase. O n a zeoli te c o n t a i n i n g 
h y d r o p h i l i c l i t h i u m cations, w i t h most of the substitutions corresponding 
to L i + i n open posit ions S n a n d S m , the adsorpt ion heat of the s tudied 
compounds is lower than w i t h the s o d i u m f o r m . I n l i t h i u m forms w i t h a 
h i g h percentage of l i t h i u m ions, the L i + i n n o n h y d r a t e d posit ions i n f l u 
ence adsorbate molecules , caus ing an increase of adsorpt ion heat i n 
compar ison w i t h N a X zeolite. M i g r a t i o n of L i + ions f r o m Si to other 
positions is also possible. 

J. R. Katzer ( U n i v e r s i t y of D e l a w a r e , N e w a r k , D e l . 19711): I was 
interested i n the comment i n y o u r paper that y o u observed a v a r i a t i o n 
i n the rate of sorpt ion w i t h a change i n the cat ion present i n the type X 
zeolite. H o w m u c h var ia t ion d i d y o u find, a n d h o w w e r e y o u r rates of 
adsorpt ion determined? 
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228 M O L E C U L A R SIEVE Z E O L I T E S II 

G . T s i t s i s h v i l i : T h e var ia t ion was about 2 0 - 3 0 % at the t ransi t ion 
f r o m the s o d i u m to other forms. Rates of adsorpt ion w e r e measured b y 
f o l l o w i n g the w e i g h t of pellets d u r i n g uptake . 

F . W o l f ( M a r t i n L u t h e r U n i v e r s i t y , H a l l e / S a l l e , G e r m a n y , D D R ) : 
Tsi ts ishvi l i ' s results that there are m a x i m a a n d m i n i m a i n the curves for 
the adsorpt ion amounts as funct ions of the degree of i o n exchange were 
reported at the M o l e c u l a r Sieves Conference i n L o n d o n , 1967. T h i s 
seems to be the general behavior of molecular sieves w h e n adsorb ing 
molecules . 
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Kinetics of Sorption Processes as a Basis 
for Estimating Cation Distribution in 
Unit Cells of Zeolites 

FRIEDRICH WOLF, FLORIN DANES, and KURT PILCHOWSKI 

Chair of Chemical Technology, Martin Luther University Halle-Wittenberg, 
Halle/Saale, German Democratic Republic 

Kinetic studies of ion exchange on partially ion-exchanged 
type A zeolites of Mg2+, Ca2+, and Mn2+ revealed that mini-
mums and maximums characterize the differential coeffi
cients of internal diffusion for every exchange of 2 Na+ ions 
for one divalent cation per unit cell of the zeolite. On the 
basis of these observations, assuming definite interactions 
between the cations and the zeolite lattice, predictions can 
be made concerning the distribution and arrangement of 
cations in the unit cells of a type A zeolite. Research on 
liquid phase adsorption of n-alkanes on partially ion-ex
changed type A zeolites indicated that the differential diffu
sion coefficients for alkane adsorption are influenced likewise 
by cation distribution in the unit cells of the zeolite. 

C i n c e the n a t u r a l zeolites were discovered a n d i n t r o d u c e d as adsorbents, 
^ numerous investigations have been devoted to the sorpt ion behavior 
a n d i o n exchange propert ies of zeolites (1, 2, 5, 14). Sorpt ion behavior 
of zeolites can be inf luenced p o w e r f u l l y b y i o n exchange, p a r t l y i n the 
uptake capac i ty of the zeolites a n d part ly i n sorpt ion rate since these 
m a y undergo decis ive changes. T h e present s tudy undertakes, o n the 
basis of k ine t i c research i n i o n exchange a n d i n alkane adsorpt ion o n 
type A zeolites after p a r t i a l i o n exchange, to show w h a t influence is 
exerted b y cat ion d is t r ibut ion o n sorpt ion b y type A zeolites. 

Kinetics of Ion Exchange 

A l t h o u g h the kinetics of i o n exchange o n type A zeolites has been 
discussed prev ious ly i n several papers (4, 10, 12, 15, 19), no systematic 
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y % — • 
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Figure 1. Coefficients of internal diffusion 
in exchange between divalent cations and 

Na+ ions on type A zeolite 

D: Differential diffusion coefficient 
N P : Number of divalent cations per cavity 
y: Valence fraction of the divalent cation in the 

zeolite 

research has been repor ted o n i o n exchange kinetics as inf luenced b y 
ca t ion u p t a k e of the zeoli te . A c c o r d i n g l y , w e s tudied the kinet ics of 
i o n exchange w i t h M g 2 + , C a 2 + , a n d M n 2 + ions o n p a r t i a l l y ion-exchanged 
type A zeolites. O u r start ing mater ia l was Zeosorb 4 A , a synthetic zeo
l i te of Volkse igener Be t r i eb ( S t a t e - O w n e d ) C h e m i e k o m b i n a t B i t t e r f e l d . 
T h e i o n exchange s tudy was p e r f o r m e d i n a b a t c h process w i t h 0.1 IV 
aqueous salt solut ion. In terna l d i f fus ion (par t i c le d i f fus ion) was the 
ra te -determining exchange step u n d e r the h y d r o d y n a m i c condit ions e m 
p l o y e d here (shape of container a n d agitator, agitator speed, concentra
t i o n of the solut ion, quantit ies of solut ion a n d of z e o l i t e ) . Changes i n 
concentrat ion general ly were f o l l o w e d b y complexometr i c t i trat ion, a n d 
radioac t ive isotopes of C a 2 + a n d M n 2 + were used for v e r y fast exchange 
processes. 
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F o r each cat ion, the tota l uptake range of the zeol i te was d i v i d e d 
into 12 zones a n d the k ine t i c s tudy of i o n exchange was i n d i v i d u a l i n 
each zone. F o r this purpose , the final uptake ( e q u i l i b r i u m charge) of 
each zone corresponded to the i n i t i a l uptake of the next zone, so that 
the total uptake range was covered. T h e requis i te e q u i l i b r i u m isotherms 
for ca l cu la t ing di f fus ion coefficients also were d e t e r m i n e d exper imenta l ly 
i n the b a t c h process. 

T h e effective di f fus ion coefficients were ca lcu la ted f r o m the exper i 
m e n t a l l y observed data (time, amount of cat ion exchanged, temperature) , 
u s i n g Paterson's so lut ion of F i c k ' s second l a w , or p u b l i s h e d approximate 
solutions (8, 16). T a k i n g into considerat ion par t i c le shape a n d par t i c le 
size d i s t r i b u t i o n , the di f ferent ia l coefficients of in terna l d i f fus ion i n i o n 
exchange can be ascertained b y a m e t h o d p r e v i o u s l y descr ibed ( 9 ) . 

F i g u r e 1 shows the di f ferent ia l d i f fus ion coefficients i n i o n exchange 
as a f u n c t i o n of zeolite uptake for the 3 invest igated i o n exchange p r o -

y % — • 

0 25 50 75 100 

N p — v 

Figure 2. Activation energies and activa
tion entropies of internal diffusion in cation 

exchange on type A zeolite 

E : Activation energy 
N P : Number of divalent cations per cavity 
SA: Activation entropy 
y: Valence fraction of the divalent cation in the 

zeolite 
1: Ε for the interchange Mg2+/NaA 
2: Ε for the interchange Ca2+/NaA 
3: Ε for the interchange Mn2+/NaA 
4: SA for the interchange Mg2+/NaA 
5: S A for the interchange Ca2+/NaA 
6: S A for the interchange Ca2+/NaA 
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cesses. T h e substantial differences a m o n g the invest igated i o n exchange 
systems are caused p r i m a r i l y b y differences i n act ivat ion energy. F i g u r e 
2 shows act ivat ion energies as ca lculated f r o m the A r r h e n i u s equat ion 
a n d the act ivat ion entropies of i o n exchange, ca lcula ted b y the theory 
of absolute react ion rates, as a f u n c t i o n of zeoli te uptake . T h e observed 
d o w n w a r d t rend of act ivat ion energies a n d act ivat ion entropies pre 
s u m a b l y is at tr ibutable to p a r t i a l s t r i p p i n g a w a y of the aqueous sheath 
o n cations enter ing the zeoli te . 

T h e influence of cat ion uptake of the zeolite (see F igures 1 a n d 2) 
o n di f fus ion coefficients, ac t ivat ion energies, a n d act ivat ion entropies i n 
i o n exchange is m u c h more p r o n o u n c e d than that of changes i n di f fus ion 
magni tudes f r o m one cat ion to another. W i t h increas ing zeoli te uptake , 
the di f ferent ia l di f fus ion coefficients t end to d r o p sharply , the curve b e i n g 
i n t e r r u p t e d b y m a x i m u m s a n d m i n i m u m s . W h i l e there have been p r e v i 
ous reports of f a l l i n g di f fus ion coefficients w i t h r i s i n g zeoli te uptake (3, 
11, 17, 20), the curves w h i c h w e obta ined show extremes i n di f fus ion 
coefficients for zeoli te uptakes w h i c h are mul t ip les of 1/6, n a m e l y 1/6, 
2 /6 , 3 /6 , 4 / 6 , 5 /6 , a n d 6/6 . 

Exis tence of at least 2 di f fus ion mechanisms must be assumed, tak
i n g into considerat ion the s t ructural pecul iar i t ies of type A zeolites, for 
interpre t ing these results. It is a f a m i l i a r fact that d i f fus ion of cations 
or molecules into zeolites is in f luenced b y the n a r r o w channels. Rate 
of d i f fus ion depends o n the rat io dp/dk, w h e r e dp is diameter of the 
cations or molecules a n d dk is channel diameter . W h e n dp/dk < < 1, 
di f fus ion is not inf luenced b y pore size; w h e n dp/dk ~ 1, however , a s m a l l 
increase i n dp/dk sharply increases act ivat ion energy, a long w i t h a salta
tory decrease i n rate of di f fus ion. D u r i n g di f fus ion of an i o n p a i r into a 
zeol i te , the change dp w i t h zeol i te uptake (y) is insignif icant ; pore d i 
ameter m a y be notab ly smaller w h e n a cat ion is present i n the pore. 
H e n c e , b l o c k i n g of a zeol i te pore is governed b y cat ion uptake , especial ly 
since w h e n uptake varies there are changes i n the un i t c e l l as to cat ion 
n u m b e r a n d d i s t r ibut ion a n d i n the n u m b e r a n d d i s t r ibut ion of u n o c c u 
p i e d cat ion posit ions. 

Cation Distribution in Type A Zeolite 

T h e r e are 14 cat ion posit ions i n the large cavi ty i n a un i t c e l l of a type 
A zeoli te (6, 13). O f the 14 possible cat ion posit ions, 6 are near the 
8-membered oxygen rings w i t h i n the zeol i t i c cavi ty (oc tahedra l ca t ion 
pos i t ions ) , a n d 8 are near the 6 -membered oxygen r ings s i tuated i n the 
corners of the zeol i t i c cav i ty (cubic cat ion posit ions) . Whereas the cations 
i n the octahedral pore openings p a r t i a l l y b lock these openings a n d thus 
influence interdi f fus ion of cations, cations i n the c u b i c oxygen r ings are 
signif icant i n re la t ion to m o t i o n of cations i n the zeol i t i c cavity. 
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58. WOLF ET AL. Kinetics of Sorption Processes 233 

O c t a h e d r a l a n d c u b i c cat ion posit ions m a y be o c c u p i e d b y univa lent 
a n d / o r d iva lent cations, or they m a y be u n o c c u p i e d ; i.e., they m a y re
m a i n as "holes ." I n our o p i n i o n , the n u m b e r a n d d i s t r i b u t i o n of unoc
c u p i e d cat ion posit ions are responsible for decelerat ion or accelerat ion 
of ca t ion di f fus ion. D e s i g n a t i n g as l0 a n d lc, respect ively, the n u m b e r of 
u n o c c u p i e d octahedral a n d c u b i c cat ion posit ions per cavi ty , as a n d mc 

the n u m b e r of univa lent cations, as p0 a n d pc the n u m b e r of d iva lent 
cations s i tuated i n the oc tahedra l a n d c u b i c cat ion posit ions, a n d as 
Nh Nm, a n d Np the total n u m b e r of u n o c c u p i e d cat ion posit ions, of mono
valent a n d of d iva lent cations, then for uptake ί / o n a type A zeoli te w e 
have : 

Nt — l0 + h = 14 - Np - Nm — 2 + 6 y 
Nm = m0 + mc = 12(1 — y) 

NP = Po + Pc = 6y 
a n d 

lo + ™<o + Vo = 6 

I n a d d i t i o n to these 4 equations w i t h 6 u n k n o w n s , the f o l l o w i n g 
a d d i t i o n a l condit ions must be met for d e t e r m i n i n g cat ion d i s t r i b u t i o n : 

( a ) So far as possible , s y m m e t r i c a l cat ion d i s t r i b u t i o n is a t ta ined, 
since i n the stable state the cations are farthest apart because of their 
repuls ion . 

( b ) D i v a l e n t cations are preferred , w h e n they do not r u n counter 
to the first condi t ion , because of the h i g h p o l a r i z i n g ac t iv i ty of the smaller 
c u b i c oxygen ring. T h i s assumption also is suppor ted b y the fact that 
i n t r o d u c i n g d iva lent cations i n a type A zeol i te ac tua l ly w i d e n s p o r e 
size f r o m 4 to 5 A . T h i s pore expansion w o u l d not be understandable 
i f these cations were t a k i n g the places of N a + ions at pore entrances. 

( c ) W h e n comple te ly s y m m e t r i c a l d i s t r i b u t i o n is imposs ib le , at least 
a p a r t i a l s y m m e t r y is ach ieved b y h a v i n g an u n o c c u p i e d cat ion pos i t ion 
adjacent to each diva lent cat ion, o w i n g to the e q u i l i b r i u m i n charge 
d is t r ibut ion . A c c o r d i n g l y , for each exchanged C a 2 + i o n there is an u n 
o c c u p i e d oc tahedra l cat ion pos i t ion (p c = l0) because the nearest n e i g h 
bors of a c u b i c cat ion pos i t ion are 3 oc tahedral cat ion posit ions. 

( d ) U n i v a l e n t cations preferent ia l ly o c c u p y the oc tahedral ca t ion 
posit ions, but this tendency is not extremely p r o n o u n c e d . F o r example , 
i t was f o u n d (6, 7, 13, 18) for the d e h y d r a t e d zeoli te N a A that x-ray 
analysis s h o w e d the N a + ions preferent ia l ly t a k i n g u p positions v i c i n a l 
to the 8 c u b i c cat ion posit ions. Ye t the fact that a type A zeoli te w i t h 
univa lent cations does not adsorb any molecule h a v i n g dp > 4 A can be 
expla ined b y occupat ion of the oc tahedra l oxygen rings ( pore openings ) 
b y univa lent cations. 

C a t i o n d i s t r i b u t i o n i n type A zeolites can be ca lcu la ted b y u s i n g 
the equations above, t a k i n g these condit ions into considerat ion. T h u s , 
for example , w i t h 4 C a 2 + a n d 4 N a + ions per zeol i te cavity— i . e . , Nm = 
Np = 4 — c o n d i t i o n ( a ) is met i f the 4 C a 2 + a n d 4 N a + ions o c c u p y a l l 8 
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234 M O L E C U L A R S I E V E Z E O L I T E S II 

c u b i c cat ion posit ions so that a l l the oc tahedra l cat ion posit ions r e m a i n 
free : 

p c = 4 ; m c = 4 ; lc = 0 ; l0 = 6; p o = 0 ; rao = 0. 

T h i s d i s t r i b u t i o n has been conf i rmed b y x-ray analysis ( 7 ) . 
T a b l e I shows the corresponding d i s t r ibut ion of ions, N a + a n d C a 2 1 or 

M n 2 + , as w e l l as u n o c c u p i e d cat ion posit ions as a f u n c t i o n of zeolite 
uptake . 

Table I. Cation Distribution and Unoccupied Cation Positions 
at the Octahedral and Cubic Oxygen Rings in 

Na,Ca and N a , M n Type A Zeolites 

y 0 1/6 2/6 3/6 4/6 5/6 1 

Np 0 1 2 3 4 5 6 
Vo 0 0 0 0 0 0 6 
Pc 0 1 2 3 4 5 0 
m0 6 5 4 3 0 1 0 
mc 6 5 4 3 4 1 0 
lo 0 1 2 3 6 5 0 
In 2 2 2 2 0 2 8 

F o r a N a , M g zeolite , the d i s t r i b u t i o n is different at y = 0.50 a n d 
y = 0.83 because of the h igher p o l a r i z i n g ac t iv i ty of M g as c o m p a r e d 
w i t h C a or M n . F o r these values of y there s h o u l d be, as c o m p a r e d w i t h 
the corresponding N a , C a or N a , M n zeolites, one a d d i t i o n a l N a + i o n at 
the c u b i c cat ion posit ions, so that there is one more u n o c c u p i e d pos i t ion 
r e m a i n i n g at the oc tahedra l cat ion posit ions. 

T h u s , i t is necessary for u n h a m p e r e d di f fus ion of cations i n a zeol i te 
that at least 1/3 of the oc tahedra l a n d 1/4 of the c u b i c cat ion posit ions 
sha l l be u n o c c u p i e d s imultaneously , since every c u b i c cat ion pos i t ion is 
adjacent to 3 octahedral posit ions, a n d every oc tahedra l pos i t ion is a d 
jacent to 4 c u b i c cat ion positions— i .e . , l0 = 6 / 3 = 2 a n d lc = 8 / 4 
= 2. If l0 < 2 a n d / o r lc < 2, cat ion di f fus ion b y this m e c h a n i s m is 
imposs ib le . I n that case, i t proceeds b y simultaneous pos i t ion interchange 
b e t w e e n 2 cations. F o r C a zeolites a n d M n zeolites, the resul t ing m a x i 
m u m s are at Np = 0, 2, 3, a n d 5, or for M g zeolites at Np = 0 a n d 2, 
w h i l e the m i n i m u m s for C a zeolites a n d M n zeolites are at Np = 1, 3, a n d 
6, or for M g zeolites at Np = 1, 3, 4, 5, a n d 6, conf i rming these assumptions 
(see F i g u r e 1 ) . 

T o expla in this D(y) re lat ion, i t is necessary to assume o v e r l a p p i n g 
of 2 di f fus ion mechanisms: a "pore—fissure" di f fus ion a n d a d i f fus ion b y 
s imultaneous pos i t ion interchange be tween cations. I n b o t h cases, cat ion 
m o t i o n w o u l d be a long the wal l s of cavit ies , since cations are s trongly 
attracted b y the negat ively charged zeolite lattice. Rate of d i f fus ion is 
smal ler i n the interchange mechanisms than i n pore—fissure di f fus ion. 
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58. W O L F E T A L . Kinetics of Sorption Processes 235 

B u t cat ion di f fus ion a lways can occur b y the interchange m e c h a n i s m , 
whereas i n pore—fissure di f fus ion i t depends o n the presence of u n o c c u 
p i e d cat ion posit ions i n a certa in n u m b e r a n d a definite d is t r ibut ion . 
A c c o r d i n g l y , the coefficients of in terna l d i f fus ion are m a x i m a l w h e n b o t h 
di f fus ion mechanisms are operat ing at the same t ime, a n d m i n i m a l w h e n 
di f fus ion is o c c u r r i n g o n l y b y the interchange mechanism. 

Kinetics of Alkane Adsorption 

K i n e t i c research o n adsorpt ion of n-decane f r o m a solut ion of n-dec-
ane i n toluene to p a r t i a l l y ion-exchanged type A M g a n d C a zeolites i n 
b a t c h processes s h o w e d that the rate of adsorpt ion of the n-paraff in 
molecule on zeoli te 5 A depends o n the degree of cat ion exchange. n - D e c -
ane was not adsorbed b e l o w a cat ion exchange of 3 3 % . T h e rate of 
di f fus ion of n-decane molecules increases w i t h increas ing cat ion ex
change; for the M g zeolite , i t reaches a m a x i m u m at about 4 9 % cat ion 
exchange a n d then drops off somewhat , whereas i t rises r a p i d l y for the 
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Figure 3. Coefficients of internal diffu
sion in adsorption of n-decane from 
n-decane-toluene solution by type A 
magnesium zeolites and calcium zeolites 
at a zeolite uptake of q t in grams n-dec

ane/grams zeolite == 0.120 

D : Differential diffusion coefficient 
y: Valence fraction of the divalent cation in 

the zeolite 
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236 M O L E C U L A R S I E V E Z E O L I T E S II 

C a zeoli te to about 5 3 % ca t ion exchange a n d thereafter changes on ly 
very s l ight ly as cat ion exchange proceeds further ( F i g u r e 3 ) . 

T h i s phenomenon must be at tr ibuted to cat ion d is t r ibut ion i n zeo-
l i t i c cavities a n d to interactions between n-decane molecules a n d diva lent 
cations i n the strong adsorpt ion field i n zeolite cavities. W i t h increas ing 
proport ions of divalent cations i n the zeoli te , pore openings are free of 
cations to an increas ing extent; this favors di f fusion of n-decane mole
cules. O n the other h a n d , even w i t h increasing extent of cat ion exchange, 
the interactions between n-decane molecules a n d diva lent cations i n zeo-
l i t i c cavities increase, a s i tuat ion i n w h i c h par t i cu lar considerat ion must 
be g iven to the strong p o l a r i z i n g ac t iv i ty of divalent cations i n connect ion 
w i t h the v e r y s m a l l po lar anionic latt ice. H e r e aga in , d i f fus ion is i m 
p e d e d . B o t h of these effects p r o d u c e di f fus ion rates for alkane molecules 
w h i c h are governed essentially b y the d i s t r ibut ion a n d propert ies of 
cations i n the uni t cells of the zeolite. 

Literature Cited 

(1) Barrer, R. M., Ber. Bunsenges. Physik. Chem. 1965, 69, 786. 
(2) Barrer, R. M., Brennstoff-Chem. 1954, 35, 325. 
(3) Barrer, R. M., Rees, L. V. C., J. Phys. Chem. Solids 1964, 25, 1035. 
(4) Bukata, S. J., Marinsky, J. Α., J. Phys. Chem. 1964, 68, 994. 
(5) Breck, D. W., J. Chem. Educ. 1964, 41, 678. 
(6) Breck, D. W., Eversole, W. G., Milton, R. M., Reed, T. B., Thomas, T. L., 

J. Am. Chem. Soc. 1956, 78, 5963. 
(7) Broussard, L., Shoemaker, D. P., J. Am. Chem. Soc. 1960, 82, 1041. 
(8) Danes, F., Pilchowski, K., Wolf, F., Ber. Bunsenges. Physik. Chem. 1969, 

73, 99. 
(9) Ibid., in press. 

(10) Dyer, Α., Fawcett, J. M., J. Inorg. Nucl. Chem. 1966, 28, 615. 
(11) Helfferich, F., Plesset, M. S., J. Chem. Phys. 1958, 28, 418. 
(12) Hoinkis, E., Lewi, H. W., Z. Naturforsch. 1967, 22 a, 226. 
(13) Howell, P. Α., Acta Cryst. (Copenhagen) 1960, 13, 737. 
(14) Nikolina, V. Ya., Neimark, Ee., Piontkovskaya, Μ. Α., Usp. Khim. 1960, 

29, 1088. 
(15) Panchenkov, G. M., Tolmachev, A. M., Kinetika i Kataliz 1963, 4, 855. 
(16) Pilchowski, K., Danes, F., Wolf, F., Kolloid-Z., Z. Polymere 1969, 230, 

328. 
(17) Rao, Α., Rees, L. V. C., Trans. Faraday Soc. 1966, 62, 2505. 
(18) Reed, T. B., Breck, D. W., J. Am. Chem. Soc. 1956, 78, 5972. 
(19) Wolf, F., Furtig, H., Chem. Tech. 1966, 18, 1. 
(20) Ibid., 1966, 18, 20. 
RECEIVED February 10, 1970. 

Discussion 
R. M . Barrer ( I m p e r i a l C o l l e g e , L o n d o n ) : C a n y o u indicate the 

w a y i n w h i c h y o u were able to obta in the di f ferent ia l d i f fus ion coefficients 
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58. W O L F E T AL. Kinetics of Sorption Processes 237 

f r o m Paterson's so lut ion ( w h i c h refers to a constant D ) w h e n D is a 
f u n c t i o n of concentrat ion? H a v e y o u cons idered y o u r k inet i c results i n 
terms of a r a p i d exchange throughout the w i d e channels associated w i t h 
a s low t rapping- type of exchange i n v o l v i n g the less-accessible cavit ies? 
T h i s s i tuat ion is discussed b y Sherry i n his s y m p o s i u m lecture. 

F. Wolf : A s I i n d i c a t e d , the observed D ( d i f ferent ia l d i f fus ion coeffi
cient ) is not on ly v a l i d for zeol i te A b u t also for zeoli te X . T h e exchange 
experiments were car r ied out stepwise i n dependence o n the degree of 
ca t ion exchange (about 20 -25 single measurements, i n v o l v i n g the w h o l e 
degree of i o n exchange ). T h e s low process was observed. I n this case, D 
decreased b y a factor of about 100; the same results were i n d i c a t e d i n this 
s y m p o s i u m b y the contr ibut ions of Barrer a n d other authors. 

R. A . Munson ( U . S. B u r e a u of M i n e s , C o l l e g e Park , M d . 20740) : 
Y o u m e n t i o n e d the impor tance of a re laxat ion process i n the d i f fus ion 
results w i t h T y p e X zeolite. W h a t is the re laxat ion process i n v o l v e d , a n d 
h o w does i t affect y o u r results? 

F. Wolf : A re laxat ion process i n the case of cat ion exchange of Zeo
l i te X accompanies the di f fus ion process a n d must be evaluated b y mathe
m a t i c a l methods, w h i c h w e w i l l p u b l i s h . T h e inf luence of re laxat ion is 
e l i m i n a t e d i n the results g i v e n i n m y paper . 

A . Dyer ( U n i v e r s i t y of Sa l ford , Sa l ford , Lanes . , E n g l a n d ) : W e r e the 
experiments concerned w i t h the kinetics of alkane adsorpt ion carr ied out 
i n the absence of water? 

F. Wolf : T h e experiments were carr ied out i n the absence of water . 
L. V . C . Rees ( I m p e r i a l C o l l e g e , L o n d o n ) : I n the kinetics of i o n 

exchange measurements, can y o u t e l l me w h a t l ength of t i m e was r e q u i r e d 
before the f rac t iona l attainment of e q u i l i b r i u m reached approximate ly 
100%? 

F. Wolf : It d i f fered a c c o r d i n g to the k i n d of cat ion a n d the degree 
of ca t ion exchange. I n most experiments, i t was possible to achieve results 
i n be tween 20 a n d 100 minutes . 
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Separation of 2,7-Dimethylnaphthalene 
from 2,6-Dimethylnaphthalene with 
Molecular Sieves 

JOHN A. HEDGE 

Sun Oil Co., Marcus Hook, Pa. 19061 

Dimethylnaphthalene concentrate contains significant 
amounts of 2,6-dimethylnaphthalene bound in a binary 
eutectic with 2,7-dimethylnaphthalene. This eutectic cannot 
be broken by distillation or solvent crystallization. A practi
cal method for separating this eutectic mixture of 2,7-di-
methylnaphthalene and 2,6-dimethylnaphthalene has been 
achieved. Selective adsorption of 2,7-dimethylnaphthalene 
from a dimethylnaphthalene concentrate is obtained with 
sodium type Y molecular sieves. 2,6-Dimethylnaphthalene 
then can be crystallized from the unadsorbed raffinate frac
tion. Separation factors of 6 to 8 are obtained, indicating the 
high selectivity of these particular molecular sieves for this 
adsorption. Previous work in this area achieved a separation 
factor of 2.7. A continuous method has been developed 
for adsorption and desorption of 2,7-dimethylnaphthalene. 
Toluene has been selected as the optimum desorbent. This 
process makes 2,7-dimethylnaphthalene potentially available. 

T i J ~ o l e c u l a r sieves have been used thus far to separate dis t inct classes 
of organic compounds . T h e separat ion of η-paraffins f r o m b r a n c h e d 

paraffins w i t h 5 A m o l e c u l a r sieves is w e l l k n o w n . Selective adsorpt ion of 
aromatics f r o m m i x e d streams w i t h 10X, 13X, a n d type Y sieves is per
haps less w i d e l y k n o w n . T h e use of 1 0 X molecular sieves to separate 
mixtures of aromatics has been disc losed (1,2,3). These patents disclose 
separations of mixtures of m o n o c y c l i c aromatics (1, 2) a n d d i c y c l i c 
aromatics ( 3 ) . These were the first indicat ions that molecular sieves 
c o u l d separate compounds w i t h i n a single c h e m i c a l class. 

238 
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Discussion 

W e , at S u n O i l C o . , are greatly interested i n separat ing 2 ,6 -dimethyl -
naphthalene f r o m 2 ,7-dimethylnaphthalene ( 2 , 7 - D M N ) . These 2 d i -
methylnaphtha lene isomers are too c lose-boi l ing ( 2 6 2 . 0 ° C for 2 , 6 - D M N 
a n d 2 6 2 . 3 ° C for 2 , 7 - D M N ) to a l l o w separation via f rac t iona l d is t i l l a t ion . 
F u r t h e r m o r e , b o t h isomers are so l id at r o o m temperature ( m p 1 1 1 ° -
1 1 2 ° C for 2 , 6 - D M N a n d 9 6 ° - 9 7 ° C for 2 , 7 - D M N ) . O n l y a s m a l l f rac t ion 
of the na tura l ly -occurr ing 2 , 6 - D M N i n a ref inery stream can be crysta l 
l i z e d before a b i n a r y eutectic conta in ing 4 2 % 2 , 6 - D M N a n d 5 8 % 2,7-
D M N begins to precipi tate . 

N a t u r a l l y , w e were interested b y one of U n i o n s patent examples (3 ) 
w h i c h descr ibed use of 10X molecu lar sieve to separate a 2 , 6 - D M N a n d 
2 , 7 - D M N b i n a r y eutectic ( separat ion factor 2 .7) . W e have enhanced 
this separat ion i n 3 ways . F i r s t , b y subst i tut ion of N a - Y sieve for 1 0 X 
sieve, w e have i m p r o v e d select ivity for 2 , 7 - D M N adsorpt ion. Second, a 
m u c h sharper separation is obta ined if a m i x e d refinery stream conta in ing 
l i q u i d D M N isomers is u t i l i z e d instead of a p u r e b i n a r y mixture . T h i r d , 
care fu l contro l of water content of the sieve a l lows i m p r o v e d selectivity. 

Batch Separation Studies 

W e have evaluated several molecular sieves for the separat ion of 
2 , 6 - D M N f r o m 2 , 7 - D M N i n the presence of l i q u i d isomers present i n a 
2 5 7 ° - 2 6 5 ° C heart-cut of a n aromat ic extract of cata lyt ic gas o i l . T h i s 
heart-cut contains : 

12 .5% 2 , 6 - D M N (free 2 , 6 - D M N r e m o v e d ) 
16.9% 2 , 7 - D M N 
4 3 . 1 % O t h e r D M N ' s 

6 .3% 1- a n d 2 -Ethylnaphthalenes 
0 .5% B i p h e n y l 

20 .7% Saturates a n d m o n o c y c l i c aromatics 

P r i o r to evaluat ion , each sieve was c o n d i t i o n e d care fu l ly i n moist a ir 
( u s u a l l y at 1 2 5 ° C ) to control the water content of the sieve. B a t c h 
adsorptions were r u n then i n w h i c h 10.0 grams of heart-cut, 2.5 grams of 
isooctane, a n d 5.0 grams of sieve were h e l d at 1 0 0 ° C for 2 hours to 
ensure complete e q u i l i b r a t i o n be tween the raffinate a n d the adsorbate. 
T h i s 100 ° C temperature was chosen because runs at ambient temperature 
were considerably slower i n reach ing e q u i l i b r i u m . T h e u n a d s o r b e d 
(raffinate) f rac t ion was then filtered off, a n d the cooled sieve was w a s h e d 
w i t h r o o m temperature isooctane to remove the remainder of the u n 
adsorbed fract ion. T h e adsorbate was r e m o v e d w i t h re f luxing benzene. 
T h e results of these evaluations are s h o w n i n T a b l e I. S o d i u m - Y sieve 
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240 M O L E C U L A R S I E V E Z E O L I T E S Π 

Table I. Batch Runs, Selectivity of Various Molecular Sieves for 
Separation of 2 , 6 - D M N and 2 , 7 - D M N in Presence of 

2 5 7 ° - 2 6 5 ° C Heart-Cut Isomers, 1 0 0 ° C , 2 Hrs . 

Sieve 
Sieve Capacity, 

Pretreatment Grams 
Temperature Hydrocarbon/ 

in Air, 100 Grams Separation 
Type of Sieve °C Sieve Factor, α 

S o d i u m f o r m , t y p e Y , 
powder (SK-40) 125 16.6 8.0 

S o d i u m f o r m , t y p e Y , 
20-40 mesh* 125 11.4 7.3 

S o d i u m f o r m , type Y , 
tablet 125 15.0 6.5 

A m m o n i u m f o r m , t y p e 
Y , powder 125 13.2 5.8 

R a r e ear th exchanged, 
t y p e Y , pellet (SK-500) 125 11.8 4.7 

S o d i u m f o r m , t y p e Y , 
1/16" extrudate 125 13.6 4.4 

L i n d e 1 3 - X 14 X 30 mesh 125 9.2 2.8 
L i n d e 1 0 - X 1 / 1 6 ' 

extrudate 100 6.6 2.4 
P o t a s s i u m f o r m , type L 

(SK-45) 125 11.4 0 .53 6 

α 1/16" E x t r u d a t e ground to 20-40 mesh. 
6 2 , 6 - D M N preferentially adsorbed. 

is the most selective sieve s tudied for adsorpt ion of 2 , 7 - D M N , as s h o w n 
b y separation factor, a, w h e r e 

_ % 2 , 7 - D M N a d s o r b e d / % 2 , 7 - D M N unadsorbed 
a ~~ % 2 , 6 - D M N a d s o r b e d / % 2 , 6 - D M N unadsorbed 

F u r t h e r examinat ion of the data i n T a b l e I reveals several interest ing 
points . Sieve geometry affects select ivity somewhat as s h o w n b y the sl ight 
differences be tween p o w d e r e d , 20-40 mesh size, a n d tableted N a - Y sieve. 
B o t h basic s o d i u m a n d a m m o n i u m - Y sieves a n d ac id ic rare earth-Y sieves 

Table II. Batch Runs, Comparison of Purified Binary 

Charge Stock 

P u r i f i e d eutectic 
H e a r t - c u t m i x t u r e 
P u r i f i e d eutectic 
H e a r t - c u t m i x t u r e 

Type of Sieve 

S o d i u m f o r m , type Y , powder 
S o d i u m f o r m , type Y , powder 
S o d i u m f o r m , type Y , tablet 
S o d i u m f o r m , type Y , tablet 
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59. H E D G E Separation of 2,7-Dimethylnaphthalene 241 

show select ivity for 2 , 7 - D M N . T y p e L sieves adsorb 2 , 6 - D M N i n prefer
ence to 2 , 7 - D M N , the reverse of a l l other sieves s h o w n i n T a b l e I. 

In tu i t ive ly , one w o u l d pred ic t that separat ion of a b i n a r y mix ture 
s h o u l d be s impler t h a n separat ion of 2 components present i n a c o m p l e x 
mixture . H o w e v e r , this was not the case i n our w o r k . A s s h o w n i n T a b l e 
I I , a m u c h higher separat ion factor is ob ta ined w i t h a m i x e d stream t h a n 
w i t h a b i n a r y eutectic. D e s p i t e the d i l u t i o n of 2 , 7 - D M N present i n 
adsorbate b y l i q u i d isomers, the w e i g h t of 2 , 7 - D M N freed per 100 grams 
of sieve drops o n l y s l ight ly . T h i s enhanced separation is i l lus t ra ted fur 
ther b y the e q u i l i b r i u m diagrams for the b i n a r y eutectic ( F i g u r e 1) a n d 
for the heart-cut m i x ture ( F i g u r e 2 ). 

C o n t r o l of water content of this m o l e c u l a r sieve is qui te important . 
A n o p t i m u m H 2 0 content of 12.0% for N a - Y sieve is s h o w n i n T a b l e I I I . 
T h i s water content was de termined b y w e i g h t loss o n i g n i t i o n at 1 9 0 0 ° F . 
Sieves h a v i n g l o w e r water contents are less selective. T h i s finding i m 
plies that water present i n sieves is s t ructura l a n d does affect sieve p r o p 
erties. Sieves w i t h h i g h water contents u p to 25 w t % have r e d u c e d 
capac i ty for d inuc lear aromatics. Sieves w e t w i t h m e t h a n o l have great ly 
r e d u c e d select ivi ty ; c o n d i t i o n i n g i n moist a ir at 125 ° C restores o r i g i n a l 
select ivity. 

ο 

WT % 2,7-DMN IN LIQUID PHASE 

Figure 1. Separation of 2,6-
DMN and 2,7-DMN binary eu

tectic with Na-Y sieve 

Eutectic vs. 2 5 7 ° - 2 6 5 ° C Heart-Cut Mixture, 1 0 0 ° C , 2 Hrs . 

Adsorbed Phase 
Wt. 2, 7-DMN Wt. 2, 7-DMN 

% % Separation Freed/100 
2,6-DMN 2,7-DMN Factor, α Grams Sieve 

23.7 76.3 3.1 5.8 
4.4 38.0 8.0 5.2 

28.8 71.2 2.8 4.8 
4.8 37.0 6.8 4.4 
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242 M O L E C U L A R SIEVE ZEOLITES II 

Selection of Desorbent, Batch Competition Studies 

T o develop a c y c l i c separation process, our next step was to find a 
suitable desorbent. A suitable desorbent must a l l o w selective adsorpt ion 
a n d yet must desorb at a reasonable rate. T h r e e aromatic desorbents 
were eva luated : benzene, toluene, a n d o-xylene. 

B a t c h compet i t ion experiments w i t h e q u a l weights of desorbent a n d 
D M Ν heart-cut were r u n to determine the effect of desorbent o n selec
t i v i t y for adsorpt ion of 2 , 7 - D M N over 2 , 6 - D M N . T h e relat ive strength 
w i t h w h i c h desorbent or any other component of a mixture is adsorbed 
can be s h o w n b y β factor, β F a c t o r is def ined as the rat io of component χ 
i n the adsorbed phase over component χ i n the u n a d s o r b e d phase d i v i d e d 

Figure 2. Separation of 2,6-
DMN and 2,7-DMN eutectic in 
257°-265°C heart-cut with Na-Y 

sieve 

Table III. Batch Runs, Effect of Water Content on Molecular Sieve 
Selectivity in Adsorption of 2 , 7 - D M N from 2 5 7 ° - 2 6 5 ° C 

Heart-Cut Isomers, 1 0 0 ° C , 2 Hrs . 

Type of Sieve 

S o d i u m f o r m , t y p e Y , powder 
S o d i u m f o r m , t y p e Y , powder 
S o d i u m f o r m , t y p e Y , tablet 
S o d i u m f o r m , t y p e Y , tablet 
S o d i u m f o r m , type Y , tablet 
S o d i u m f o r m , t y p e Y , tablet 

Sieve Pre-
treatment Sieve 
Tempera Capacity, 

ture in wt% G/100G Separation 
Air, °C H2Oa Sieve Factor, α 

125 12.00 16.6 8.0 
400 2.30 20.6 3.2 

25 23.34 4.4 4.1 
125 12.13 15.0 6.5 
175 6.00 21.2 5.2 

m e t h a n o l 10.02 15.0 3.5 
washed 

° Based on weight of conditioned sieve. 
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59. HEDGE Separation of 2,7-Dimethylnaphthalene 243 

b y w t 2 , 6 - D M N adsorbed over w t 2 , 6 - D M N unadsorbed . T h e β factor 
for 2 , 7 - D M N is e q u a l to a, as def ined earlier. 

n ^ r W t χ a d s o r b e d / W t χ u n a d s o r b e d 
β F a c t o r for component χ = W t 2 > 6 , D M N a d s 0 r b e d / W t 2 , 6 - D M N 

u n a d s o r b e d 

T h e results of our compet i t ion studies are s h o w n i n T a b l e I V . T h e 
most selective adsorpt ion of 2 , 7 - D M N occurs i n the presence of o-xylene, 
the most w e a k l y adsorbed desorbent. T h e least selective adsorpt ion 
occurs i n the presence of benzene, the most strongly adsorbed desorbent. 
O t h e r D M N isomers are adsorbed more strongly than 2 , 6 - D M N . T h i s 
m a y expla in the h igher separation factors obta ined w i t h the heart-cut 
mixture . 

Table IV. Competition of Benzene, Toluene, and o-Xylene with 
Dimethylnaphthalenes for Adsorption on Molecular Sieve, 

β Factors Obtained from Batch Studies" 

2 , 7 - D M N 
Other D M N ' s 
Benzene 
1 , 6 - D M N 
1- a n d 2 -Ethylnaphtha lenes 
2 , 6 - D M N 
Toluene 
o - X y l e n e 
M i x e d monocyc l i c aromatics 

a β Factor 2 , 6 - D M N chosen equal to 1.0. 

Benzene Toluene o-Xylene 

2.7 4.7 8.0 
2.0 2.2 2.3 
1.8 - -
1.4 - 1.9 
1.7 1.8 1.8 
1.0 1.0 1.0 

— 0.9 -

— - 0.7 
0.6 0.6 0.6 

These b a t c h compet i t ion studies showed that benzene w o u l d cause 
the fastest desorpt ion w h i l e o-xylene w o u l d a l l o w the sharpest separation. 
Since w e were faced w i t h this d i l e m m a , a l l 3 desorbents were carr ied 
into our c o l u m n studies. 

Column Separation Studies 

T h e exper imenta l apparatus used for our c o l u m n studies consisted 
of a 3 / 4 - i n c h i . d . b y 36- inch glass c o l u m n filled w i t h N a - Y sieve conta in
i n g about 12 w t % water . T h e D M N heart-cut conta in ing eutect ic 
2 , 6 - D M N a n d 2 , 7 - D M N is p u m p e d into the bot tom of the c o l u m n . A t 
the e n d of this D M N charge, desorbent is p u m p e d into the b o t t o m of 
the c o l u m n . T h e desorbent pushes out a 2 , 6 - D M N enr iched raffinate a n d 
desorbs the 2 , 7 - D M N enr iched adsorbate. W h e n the last of the adsorbate 
is r e m o v e d f r o m the bot tom p o r t i o n of the sieve b e d , the c o l u m n is ready 
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244 M O L E C U L A R SIEVE Z E O L I T E S II 

for a n e w cycle . T h e i n c o m i n g D M N feed p u s h e d out the remainder of 
the 2 , 7 - D M N enr iched desorbate. T h e effluent f r o m the c o l u m n was 
taken i n smal l cuts for our i n i t i a l studies. These cuts then were a n a l y z e d 
b y gas chromatography. 

T h e adsorbent c o l u m n is h e l d at a temperature just b e l o w the b o i l i n g 
p o i n t of the desorbent to speed di f fus ion into the sieve part icles . 

O u r c o l u m n runs s h o w e d (as p r e d i c t e d b y the b a t c h studies) that 
benzene is the most efficient s t r i p p i n g solvent. o - X y l e n e was qui te s low 
to desorb 2 , 7 - D M N a n d was d r o p p e d f r o m considerat ion i n any cyc l i c 
process. 

Sharpness of separation is s h o w n b y p lo t t ing the b r e a k t h r o u g h curve 
of 2 , 7 - D M N into the raffinate. B r e a k t h r o u g h curves for these 3 desorbents 
are s h o w n i n F i g u r e 3. Benzene al lows a r a p i d breakthrough of 2 , 7 - D M N , 
as p r e d i c t e d . Surpr i s ing ly , toluene is superior to o-xylene at the 8.0 

^ Ο ο ο < 
10 20 30 40 

WT. DMN ELUTED(g) 

Figure 3. Breakthrough of 
2 J-DM Ν into raffinate 

pump rate 8 ml/min 

WT. DMN Ε LUTED (g) 

Figure 4. Breakthrough of 
2,7-DMN into raffinate 

pump rate 4 ml/min 
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59. HEDGE Separation of 2,7-Dimethylnaphthalene 245 

m l / m i n p u m p rate s h o w n i n F i g u r e 3. A t a slower 4.0 m l / m i n p u m p 
rate, the curves for toluene a n d o-xylene are super imposable ( F i g u r e 4 ) . 
Presumably , toluene al lows faster e q u i l i b r a t i o n than o-xylene, a n d thus 
toluene is superior at h igher flow rates. Therefore , our laboratory studies 
show that toluene is the best desorbent for our proposed separation 
process. 

A separation process can be envis ioned us ing 3 synchronized m o l e c u 
lar sieve columns. A t a g iven point i n t ime, one c o l u m n w o u l d be e l u t i n g 
2 , 6 - D M N enr iched raffinate, the second c o l u m n w o u l d be e lut ing p o o r l y 
separated charge to b e recyc led , a n d the t h i r d c o l u m n w o u l d be under 
go ing desorpt ion of 2 , 7 - D M N enr i ched adsorbate. A more efficient proc 
ess c o u l d involve h a r d w a r e used i n the M o l e x process. 
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Discussion 

J. D . Sherman ( U n i o n C a r b i d e , T a r r y t o w n , Ν. Y . 10591) : W h a t er
ror l imits a p p l y to the capac i ty data a n d separation factors i n T a b l e I? 
H a v e y o u measured rates of sorpt ion o n systems other than N a Y w i t h 
1 2 % H 2 0 ? 

J. A . Hedge: E r r o r l imits for capacities are ± 1 g r a m h y d r o c a r b o n 
per 100 grams molecular sieve, a n d for separation factors are ± 0 . 5 . N o 
systems other t h a n N a Y have been s tudied . 

D . P. Roelofsen ( T e c h n o l o g i c a l U n i v e r s i t y , D e l f t , N e t h e r l a n d s ) : In 
your adsorpt ion experiments, y o u t r i e d to reach e q u i l i b r i u m b y w o r k i n g 
at 1 0 0 ° C . I n v i e w of the earlier p a p e r presented b y Satterfield a n d K a t z e r 
w h i c h showed a very s low counterdi f fus ion of molecules such as 1-methyl-
naphthalene a n d cumene, I w o u l d imagine that the counterdi f fus ion of 
y o u r 2,6- a n d 2 , 7 - D M N w o u l d be even slower. T h i s c o u l d w e l l m e a n 
that y o u reach a p s e u d o - e q u i l i b r i u m i n w h i c h the rat io 2,6:2,7 isomer is 
k ine t i ca l ly determined. I n L sieve, one then w o u l d expect that 2 , 6 - D M N , 
w h i c h is the m o r e l inear of the t w o , w o u l d be preferred b y the one-
d i m e n s i o n a l channe l system, i n agreement w i t h y o u r data . W i t h X a n d Y 
sieves, one can imagine that the nonl inear 2 , 7 - D M N has just the r ight 
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246 MOLECULAR SIEVE ZEOLITES II 

shape to diffuse t h r o u g h the tetrahedral channel system, w h i c h also agrees 
w i t h y o u r data . 

J . A . H e d g e : W i t h T y p e X a n d Y sieves, e q u i l i b r a t i o n was complete 
after t w o hours at 100 ° C . A t r o o m temperature, e q u i l i b r a t i o n r e q u i r e d 
24 hours. W e feel that select ivity for 2 , 7 - D M N over 2 , 6 - D M N is the 
result of the h igher bas ic i ty of 2 , 7 - D M N . W i t h T y p e L sieve, w e d i d not 
check for complete e q u i l i b r a t i o n . T h i s s h o u l d be done. 

G . C . B l y t a s ( S h e l l D e v e l o p m e n t C o . , O a k l a n d , C a l i f . 94623) : I n 
T a b l e I, h o w do y o u expla in the difference i n capac i ty a n d select ivi ty of 
N a Y , 1 /16- inch extrudate, a n d of the same sample g r o u n d to 20-40-mesh? 
Is it a n effect of the amount of b i n d e r present ( w h i c h m a y change d u r i n g 
g r i n d i n g ) or is i t a k inet i c effect ( incomple te e q u i l i b r a t i o n ) ? I n y o u r 
fixed-bed c y c l i c experiments, w h a t is the d u r a t i o n of the entire cycle? 

J . A . H e d g e : T h e i m p r o v e d select ivity obta ined b y g r i n d i n g 1/16-
i n c h extrudate m a y result f r o m r e m o v a l of b i n d e r d u r i n g g r i n d i n g a n d 
s iev ing to 20-40-mesh mater ia l . Decrease i n capac i ty m a y be o w i n g to 
destruct ion of a p o r t i o n of the crystal l ine structure d u r i n g g r i n d i n g . 
C y c l e times for the fixed-bed c o l u m n experiments r a n g e d f r o m 20 to 40 
minutes , d e p e n d i n g o n p u m p i n g rate. 
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Diffusion in Granular Zeolites 

D. P. TIMOFEEV 

Institute of Physical Chemistry, Academy of Science of USSR, 
31 Lenin Avenue, Moscow 

Three modes of vapor diffusion in granular zeolites and 
some results are discussed. The first mode involves diffusion 
of adsorbate through crystals and along secondary pores. 
On the basis of steady-state diffusion experiments, it was 
concluded that diffusion within the zeolite crystals is not 
significant as a contribution to total diffusion of organic 
vapors through the granule. In the second and the third 
modes, diffusion to the central parts of a granule is limited 
to secondary pores. For these modes which differ in the 
ratio of diffusion rates in the crystals and in the secondary 
pores, approximate equations of kinetics of adsorption are 
derived, and their agreement with experimental data is 
discussed. 

C y n t h e t i c zeolites often are e m p l o y e d as spher ica l or c y l i n d r i c a l pellets 
^ c o m p o s i n g the aggregate of elementary crystals. Spaces be tween the 
crystals f o r m the secondary porous structure w i t h pore dimensions of 
approx imate ly the same order as the dimensions of the crystals. B o t h the 
first (poros i ty of crystals) a n d the secondary porosi ty are significant to 
kinet ics of adsorpt ion. D i f f u s i o n coefficients i n the crystals d e p e n d m a i n l y 
on the type a n d ionic f o r m of the zeolite a n d o n the nature of the adsorb
i n g substance (2). D e p e n d e n c e of the di f fus ion coefficients i n secondary 
pores o n these factors is re la t ive ly l ight ; together, they are signif icantly 
dependent o n the condit ions of mass exchange w i t h the ambient gas 
m e d i a . A quant i tat ive descr ipt ion of di f fus ion i n a granule is a rather 
dif f icult task, the tota l d i f fus ion coefficient b e i n g a complex f u n c t i o n of 
m a n y variables . T h e qual i ta t ive side of the process is g i v e n b e l o w , w i t h 
some quant i ta t ive ratios of use i n the evaluat ion assessments. 

T h r e e modes of di f fus ion i n a granule , schemat ica l ly represented i n 
F i g u r e 1, are possible. T h e first m o d e ( F i g u r e l a ) involves d i f fus ion of 
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248 M O L E C U L A R SIEVE Z E O L I T E S Π 

I 1 I 

a c 

Figure 1. Three modes of diffusion of adsorbate in a 
granule 

adsorbate molecules t h r o u g h gaps between the crystals a n d t h r o u g h the 
crystals. I n the second a n d t h i r d modes, d i f fus ion to centra l parts of a 
granule occurs o n l y t h r o u g h secondary pores. A c c o r d i n g to the second 
mode , adsorbate molecules penetrate easily into the openings of adsorp
t i o n cells a n d diffuse r a p i d l y into the crystals ( F i g u r e l b ) . T h e adsorp
t i o n capaci ty of the crystals p a r t i c i p a t i n g i n the process is prac t i ca l ly 
exhausted as the di f fus ion flow progresses into the depths of the granule. 
I n the t h i r d m o d e ( F i g u r e l c ) , d i f fus ion into the crystals is s low a n d 
causes o n l y p a r t i a l filling. 

I n order to v e r i f y the di f fus ion t h r o u g h the crystals, w e invest igated 
the steady-state di f fus ion of a n u m b e r of organic vapors i n granules of 
zeolite C a A a n d N a X ( 12, 13 ). T h e experiments were carr ied out i n the 
presence of carrier gas at atmospheric pressure. Granules of c o m m e r c i a l 
zeoli te samples were secured w i t h h e r m e t i z i n g paste into the orifice of 
a n a l u m i n u m membrane , a n d p o w d e r e d crystal l ic zeolite was pressed 
into the orifice. 

A pure carr ier gas was streamed past one face of the m e m b r a n e as 
a gas mixture conta in ing adsorbate vapors was streamed over the other 
face. W h e n a steady state was reached, the concentrat ion on the granule's 
reverse side was determined, a n d the di f fus ion coefficient was f o u n d 
accord ing to the equat ion 

w h e r e C i a n d c2 are the concentrations o n the front a n d reverse side of 
the m e m b r a n e (c2 0.1 C i ) , respect ively, ν is ve loc i ty of carrier gas, 
L a n d F are the length a n d cross-sectional area of the sample. 

C u r v e s of the temperature dependence of the di f fus ion coefficient 
of e t h y l a l cohol a n d ni t rogen i n a granule of zeoli te C a A - I , g r a i n size 
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60. T i M O F E E V Diffusion in Granular Zeolites 249 

3 m m , are represented i n F i g u r e 2. H e l i u m ( c u r v e 2) a n d ni t rogen 
( curve 4 ) were used as carrier gas i n the experiments w i t h e t h y l a l cohol . 
T h e dot ted l ine is c o m p u t e d for e t h y l a lcohol , as a nonadsorb ing gas, o n 
the basis of exper imenta l data obta ined for ni t rogen a c c o r d i n g to the 
equat ion 

a i ' 8 l / S 

^ C 2 H 5 O H = £ > N 2 , (2) 

mi m 2 

where 

dx + d2 di + dz , , , , 
σι,2 = 2 > Σ Ι ' 3 = 2 — ' M H M 2 Y M 3 ' A 

are the masses a n d gas -k ine t i c diameters of the molecules h e l i u m , n i t ro
gen, a n d e thy l a lcohol , respectively. 

I n the temperature range 5 0 ° - 1 0 0 ° C , w e m a y ignore adsorpt ion of 
ni t rogen, assuming it as a first a p p r o x i m a t i o n to be nonadsorbing . 

F i g u r e 2 shows that the di f fus ion coefficients of e t h y l a l cohol eva lu
ated according to E q u a t i o n 2 are w e l l i n agreement w i t h the experi 
menta l values, i m p l y i n g that transport t h r o u g h the adsorpt ion phase is 
of no conspicuous consequence. F i g u r e 2 also shows the di f fus ion 

n\ 1 1 1 1 

25 50 75 SÛO 
°C 

Figure 2. Effect of temper
ature on diffusion coefficient 
of nitrogen (1) and ethyl al
cohol (2-4) in the granule of 

zeolite CaA-I 

Carrier gas: 1,2,3 = helium, 
4 = nitrogen 

Curve 3 is calculated according 
to Equation 2 
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250 M O L E C U L A R S I E V E Z E O L I T E S II 

coefficients to be m a r k e d l y h igher i n presence of h e l i u m as a carrier gas 
t h a n i n presence of ni trogen. T h e b u l k of substance transport occurs i n 
the secondary pores, since the change of carrier gas does not inf luence 
the transport of adsorbate i n the zeoli te crystal . T h e same conc lus ion 
fo l lows f r o m considerat ion of the temperature dependence of the di f fus ion 
coefficients. These coefficients increase w i t h increasing temperature 
('—' Τ 1 5 ) w h i c h is characterist ic of gas-in-gas di f fus ion. S i m i l a r results 
are obta ined w i t h zeolite N a X ( 1 3 ) . 

F ( E q u a t i o n 1 ) is the f u l l cross-sectional area of the sample. T a k i n g 
account of the sample's porosi ty, €, a n d of the tortuosity factor of the 
canals, k ( 5 ) , w e are able to find k us ing the equat ion 

* = γ § <*> 

w h e r e Dg is the l i terature va lue of the gas-in-gas di f fus ion coefficient. 
T a b l e I displays values of k for granulated zeolites C a A - I a n d 

C a A - I I (12) a n d the pressed p o w d e r e d zeolite N a X (13). 

Table I. Values of k 

Pressed Powdered 
Zeolite CaA-I Zeolite CaA-II Zeolite 

Sub- Carrier Sub- Carrier Sub- Carrier 
stance Gas k stance Gas k stance Gas k 

N i t r o g e n H e l i u m 2.6 B e n z o l N i t r o g e n 2.2 B e n z o l H e l i u m 2.3 

E t h y l H e l i u m 2.7 n - H e x a n e N i t r o g e n 2.0 n -Hexane H e l i u m 2.2 
a lcohol 

E t h y l N i t r o g e n 2.5 n -Hexane H e l i u m 2.2 
alcohol 

n - H e x a n e N i t r o g e n 2.5 M e t h y l H e l i u m 2.2 
alcohol 

η -Hep- N i t r o g e n 2.6 
tane 

Values of k for the same zeoli te sample i n experiments w i t h various 
substances prac t i ca l ly do not differ— i .e . , k is independent of the nature 
of substance. T h i s fact indicates the absence of any considerable amount 
of substance transport t h r o u g h crystals i n the invest igated systems. 

L e t us consider the second mode of di f fus ion i n granules of zeolite. 
Zeolites are character ized b y h i g h values of adsorpt ion at s m a l l values 
of e q u i l i b r i u m pressure, the concentrat ion i n the adsorbed phase thus 
b e i n g m u c h h igher than i n the gas phase. T h e second mode of di f fus ion 
presents a p ic ture of layer-by- layer filling of the granule's adsorpt ion 
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60. T i M O F E E v Diffusion in Granular Zeolites 251 

capaci ty , r u n n i n g f r o m the p e r i p h e r y to the center. I n the l i m i t i n g case 
( a rectangular i s o t h e r m ) , a sharp d i v i s i o n w i l l exist be tween the filled 
a n d the nonf i l l ed parts of the granule. F o r homogeneous a n d isotropic 
granule porosi ty , the adsorpt ion va lue is p r o p o r t i o n a l to the v o l u m e of 
the filled part of the granule. I n this case, the relat ive adsorpt ion va lue 
m a y be expressed us ing the rat io of volumes. C o n s i d e r a spher ica l gran
ule of radius R, whose adsorpt ion front penetrat ion is x; the re lat ive 
adsorpt ion value w i l l be c i ted (14) 

γ = °L = 3α - 3α 2 + a3 (4) 
do 

where a is the adsorpt ion value at t ime t, a0 is the e q u i l i b r i u m value of 
adsorpt ion , a n d 

χ 

W e have s imilar case for a cy l inder . 

γ = 2 ( 1 + ^ ) α " ( 1 + ^ ) α 2 + Ι α 3 ( 5 ) 

where kx = L/R, R a n d L are radius a n d length of the cy l inder . If 
k = 2, then E q u a t i o n 5 is the same as E q u a t i o n 4. 

Since the movement of the adsorpt ion front i n a granule is re la t ive ly 
smal l , the adsorbate di f fus ion into the granule m a y be regarded as a 
pseudosteady process. 

T h e adsorpt ion front h a v i n g progressed for distance x, the steady 
di f fus ion rate w i l l be 

= 4 x j D
 R ( R ~ x ^ (6) 

dt χ 

w h e r e c 0 is the concentrat ion o n the external surface of the granule. T h e 
concentrat ion of adsorbate i n the nonf i l led part of the granule is 0. 

T h e adsorpt ion front w i l l t rave l a distance dx t o w a r d the center of 
the granule i n a t ime dt at this par t i cu lar distance f r o m the center, the 
a d d i t i o n a l l y filled v o l u m e b e i n g 4?r (R — x)2dx. T h i s v o l u m e is propor 
t iona l to the adsorpt ion increase dm, i.e., 

dm = 4xz (R - x)2dx (7) 

where ζ is the capaci ty of v o l u m e uni t of adsorbent. 
F r o m E q u a t i o n s 6 a n d 7, w e find 

dx DRCQ 

dt z(R — x)x 
(8) 
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252 M O L E C U L A R S I E V E Z E O L I T E S II 

B y d i v i d i n g variables a n d integrat ing, w e find 

SRx2 - 2x* = K t (9) 

w h e r e 

κ = 6 D R c ° (10) 
ζ 

E q u a t i o n 9 assumes the f o r m 

χ (3α - 2α 2 ) = ψ2 (11) 

a n d since 

3α - 2α 2 ^ 3α - 3α 2 + α3 (12) 

w e have 

_ Kt 
Χ Ί " β 2 

It fo l lows f r o m E q u a t i o n 13 that 

t 
χ ~ -

Τ 

a n d 

t 
α œ —— γίοο 

(13) 

(14) 

(15) 

w h e r e ί „ is the t ime i n w h i c h the adsorpt ion front is at the center of the 
granule . 

A f t e r insert ing va lue of a i n E q u a t i o n 4, w e f i n d 

ϊ — έ ~ ; ( έ ) ' + Μ έ ) ' 

w h i c h approximates to 

^2 = 3έ-3(έ)2 + (έ)3 (17) 

the order of prec is ion b e i n g ^ 1 0 % . 

E q u a t i o n 17 enables us to find t ime us ing o n l y 1 p o i n t of the 
exper imenta l curve , e.g., y = 0.5. A c c o r d i n g to E q u a t i o n 17, adsorpt ion 
va lue y = 0.5 is reached i n the re lat ive t ime fo.eA» = 0.09; thus, the t i m e 
of complete filling of a granule ( spher ica l ) is = ίο.δ/0.09. 
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y 

Οβ 

0,6 
oh 
0,2\ 

20 40 60 80 iQ0 4&1'4C~16C • 

*t} m in 

Figure 3. Experimental data plotted according to Equa
tion 19; Zeolite CaA-II 

a) n-Hexane (t, °C: 1 = 200°, 2 — 100% 3 = 20°; c = 10 
mg/l) 

b) Ethyl alcohol (t, °C: 1 = 200°, 2 = 100°, 3 = 20°; c = 
20 mg/l) 

c) n-Dodecane ft, °C, c mg/l: 1 = 195 and 7.1; 2 = 204 and 
6.8; 3 = 111 and 9.8; 4 = 107 and 9.4; 5 = 110 and 8.9) 

If the di f fus ion coefficient is k n o w n , t ime t^ m a y be f o u n d according 
to the equat ion 

zR2 

6 D c 0 

(18) 

w h i c h fo l lows f r o m E q u a t i o n 13 after u s i n g the assumptions a = 1 a n d 
γ = 1. T h e reverse is equa l ly possible— i .e . , eva luat ion of D b y a n 
exper imenta l va lue i x . 

A s imi lar m o d e of shel l progressive combust ion coke has been 
descr ibed b y P . B . W e i s z a n d R . D . G o o d w i n (18) a n d W . J . B l i n o w (4). 

E q u a t i o n 17 has been checked against exper imental data i n a n u m b e r 
of investigations (1,16,17). Ref . 17 dealt w i t h the kinet ics of adsorpt ion 
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of vapors of n-hexane, η-octane, n-decane, n-dodecane, e t h y l a lcohol , 
p r o p y l a l cohol , a n d d i e t h y l ether f r o m a carrier gas flow (n i t rogen) b y 
zeoli te C a A - I I w i t h i n the temperature range 2 0 ° - 2 0 0 ° C . Measurements 
w e r e car r ied out w i t h single granules b y the gravimetr i c m e t h o d u n d e r 
d y n a m i c condit ions . T h e flow speed was chosen so that the k ine t i c was 
contro l led b y the rate of in terna l d i f fus ion. Zeol i te granules used i n these 
experiments were i n the f o r m of cy l inders whose lengths a n d diameters 
w e r e equal . 

Some results of experiments are s h o w n i n F i g u r e 3 a c c o r d i n g to the 
l inear f o r m of E q u a t i o n 17. 

(1 - Γ2)ΐ/3 = χ _ A . t (19) 

F i g u r e 3 shows that exper imenta l data are i n satisfactory agreement 
w i t h E q u a t i o n 19. F o r values (1 — γ 2 ) 1 / 3 < 0.4, corresponding to re la 
t ive adsorpt ion values γ > 0.97, exper imenta l points were not p lo t ted 
since w i t h i n this range s m a l l increases of adsorpt ion are reached i n re la
t i v e l y large t ime intervals , w h i c h makes measurements unre l iab le . S i m i l a r 
results were obta ined i n investigations (1, 16) for zeolite N a X a n d C a A . 

V a l u e s tx ob ta ined b y p l o t t i n g E q u a t i o n 19 a n d the in te rna l d i f fus ion 
coefficients ca lcula ted b y E q u a t i o n 18 are represented i n T a b l e II . C o l 
u m n 7 of the table displays d i f fus ion coefficients of substances i n n i t rogen 
( β , 7, 10). 

D i f f u s i o n coefficients of hydrocarbons are less inf luenced b y tem
perature t h a n those of alcohols a n d d i e t h y l ether, for w h i c h the de
pendence is close to that observed i n a n o r m a l gas-in-gas di f fus ion. 
E q u a t i o n 17 was d e r i v e d for strong sorbable gases; thus, this equat ion 
c o u l d not be used for n-hexane isotherms i n the h igher temperature 
range, w h e r e the isotherm is almost l inear . 

Subst i tut ing t0.5 i n E q u a t i o n 18 instead of ί » , w e o b t a i n 

D = 0.015 (20) 

S i m i l a r l y , for a l inear adsorpt ion isotherm 

zR2 zR2 

D = 0.308 : 4 = 0.031 ^ f - (21) 

T h e latter has a n u m e r i c a l rat io t w i c e as large as the former . C a l c u l a t i o n 
a c c o r d i n g to E q u a t i o n 21 results for n-hexane at 2 0 0 ° C i n D = 0.012 
c m 2 / s e c instead of the table va lue of 0.006 c m 2 / s e c . 

T h u s , i n spite of a satisfactory agreement of E q u a t i o n 17 w i t h exper i 
m e n t a l data for systems w i t h w e a k l y convex adsorpt ion isotherms, the 
in terna l d i f fus ion coefficients, eva luated for these cases a c c o r d i n g to 
E q u a t i o n 17, are i n fact b e l o w their ac tua l value. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

60



60. T IMOFEEV Diffusion in Granular Zeolites 255 

T a b l e II. V a l u e s of t«, a n d D 

ao D · 10s, D / . i t f 3 , No. of 

Co Mg/ t°° j Cm2/ Cm2/ Gran
Substance T , ° C Mg/L Gram M in. Sec. Sec ules 

n - H e x a n e 20 10.0 85.0 167 6.4 77.2 1 
100 10.0 71.1 131 6.7 113.6 1 
200 10.0 22.0 46 6.1 166.5 1 

n -Octane 100 9.7 70.1 155 6.2 101.1 2 
112 9.7 66.6 150 6.2 106.4 2 
200 10.0 56.1 106 7.1 146.9 2 

n -Decane 91 10.1 89.5 215 5.6 84.1 3 
121 10.7 77.7 150 6.0 99.6 4 
197 9.7 63.0 140 6.5 126.5 5 

n -Dodecane 110 8.9 108.5 260 5.5 76.1 6 
195 7.1 48.2 130 6.2 106.1 6 
107 9.4 75.5 212 5.5 75.2 7 
111 9.8 76.9 205 5.5 76.3 7 
204 6.8 46.0 156 6.3 107.5 7 

E t h y l a lcohol 20 20.0 132.0 93 8.5 125.3 8 
100 20.0 110.0 56 11.7 191.2 8 
200 20.0 83.0 27 18.5 289.7 8 

P r o p y l a lcohol 100 15.7 115.0 117 7.8 159.8 9 
150 18.2 101.0 82 8.6 199.2 9 
200 12.7 80.0 66 11.2 242.2 9 

D i e t h y l ether 150 10.0 84.8 93 10.8 174.4 10 
200 10.0 74.0 82 11.5 212.0 10 
250 10.0 59.8 43 17.5 252.8 10 

° Dg = value of gas-in-gas diffusion coefficient. 

T h e second m o d e of d i f fus ion a l lows est imation of d i f fus ion coeffi
cients for different substances b y u s i n g the va lue of a d i f fus ion coeffi
cient for a single substance, taken as a s tandard (17). 

W h e n the second m o d e of d i f fus ion takes place , exper imenta l data 
for γ < 0.5 can be expressed b y straight l ines passing t h r o u g h the o r i g i n 
b y us ing coordinates y a n d y/t~. I n experiments w i t h granular zeolites, 
f requent ly u n d e r v a c u u m condit ions a n d sometimes for adsorpt ion f r o m 
carrier gases, these straight lines do not pass t h r o u g h the o r i g i n b u t cut 
off a par t of the abscissa ( F i g u r e 4 ) . [ A part of the ordinate was cut off 
i n some cases b y the straight l ines γ — \ / ί Γ Causes for that w i l l be 
discussed i n Refs . 2, 3.] E x p l a n a t i o n for this lies i n the fact that 
d i f fus ion i n crystals is s lower t h a n transport i n secondary pores. T h i s 
difference causes a shift of the process pat tern t o w a r d the t h i r d m o d e of 
di f fus ion. A s imi lar task was dealt w i t h i n studies of d i f fus ion i n p o l y -

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

60



256 M O L E C U L A R SIEVE ZEOLITES II 

crysta l l ine metals (8 , 9 , 1 1 ) . W e are interested i n another aspect. T h u s , 
w e o b t a i n the approximate rat io b e t w e e n the adsorpt ion va lue a n d the 
p r i n c i p a l k ine t i c parameters for a sphere ( a granule ) of radius R, consist
i n g of spher ica l part icles of radius r (r << R) w h i c h are homogeneous 
w i t h respect to their p h y s i c a l propert ies a n d size. 

L e t a granule be p l a c e d at t = 0 into m e d i a w i t h constant concen
trat ion of c 0 . M o l e c u l e s diffuse into the granule i n the secondary pores 
a n d hence into the crystals. L e t us assume that the external surface of 
the crystals i n contact w i t h the gas phase is instant ly saturated to the 
e q u i l i b r i u m value . 

T h e distance of di f fus ion flow i n the secondary pores is g i v e n b y 

χ ~ y/Dd (22) 

w h e r e D 2 is the effective d i f fus ion coefficient ^ = d ^ / d c ) ' 

T h e distance of di f fus ion i n the crysta l for the same space of t i m e is 

y ~ VDJ (23) 
w h e r e D x is d i f fus ion coefficient i n the crystal . 

T h e relat ive d e p t h of adsorbate penetrat ion i n the granule is 

« = | ~ | (24) 

2 4 6 β 10 1Z A 
sTtrncrT 

Figure 4. Crossing of abscissa by straight 
lines; sorption under vacuum conditions (1-3) 

and from a carrier gas flow (4-5) 

1) τι-Heptane CaA-II, ρ = 0.052 mm, 100°C 
2) Diethyl ether Linde 5A, ρ = 0.066 mm, 50° C 
3) η-Heptane, CaA-II, ρ = 0.034 mm, 20°C 
4) Propyl alcohol, CaA-II, c = 3 mg/l, 0°C 
5) Diethyl ether, CaA-II, c = 10 mg/l, 0°C 
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60. T i M O F E E v Diffusion in Granular Zeolites 257 

a n d that i n the crysta l is 

β = V- ~ - VDj (25) r r 

If — > > 1 or — l/^ > > 1, then the kinet ics of adsorpt ion are 

de termined b y di f fus ion rate i n the secondary porosi ty, w h i c h was con
s idered for the second m o d e of di f fus ion. 

If ^ | / ^ < < 1> t n e n t n e d i f fus ion flow i n the secondary pores 

penetrates to a lower d e p t h , the crystals b e i n g o n l y p a r t i a l l y filled. 
S h a l l o w penetrat ion of adsorbate into crystals is 

y = V2DJ (26) 

Since the dimensions of the cavities of synthetic zeolites are smal l , 
o n l y accommodat ing a f e w molecules , the assumption of a layer-by- layer 
saturat ion of the crysta l f r o m surface to centra l parts is justif ied. T h e 
adsorpt ion value i n the surface layer whose thickness is y is 

a « 4rcr2î/zi (27) 

w h e r e Zi is the e q u i l i b r i u m value of adsorpt ion per uni t v o l u m e of the 
crystal . 

If the w h o l e crysta l is saturated, then 

To = I A (28) 

a n d the relat ive adsorpt ion value is 

yft = 2L ~ 3 £ (29) 

W h e n the adsorbate diffuses into the granule, the crystals take par t 
i n the adsorpt ion process i n series, a n d the intensity of filling varies f r o m 
crysta l to crystal . If penetrat ion d e p t h is the general relat ive va lue of 
adsorpt ion ( for a granule) is g i v e n b y 

α' 

Τ = 3 f γ , (1 - α)Ήα (30) 
ο 

2D>t 

A s s u m i n g a = ~ , the approximate degree of filling of crystals 

near the granule surface w i l l be 

γ"= 3 τ Ϋπ, ' α'= M*{ (31) 
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258 MOLECULAR SIEVE ZEOLITES II 

w h e n c e 
a' 

y = 9A f (a 1 - a) (1 - a) 2 da 
ο 

B y integrat ing, w e find 

Y 9A ( 0 . 5 « * - I + 

or 

w h e r e 

Β a n d 
β 2 

(32) 

(33) 

(34) 

(35) 

It fo l lows f r o m E q u a t i o n 34 that the adsorpt ion rate is inf luenced b y 
di f fus ion coefficients i n the crysta l a n d secondary poros i ty b y the d i m e n -

1,5 Ζ Kurve 

Figure 5. Curves γ — τ for various values of Β according to 
Equation 34 

Dotted lines represent experimental data 
Curves 1-5 as in Figure 4 
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60. T i M O F E E V Diffusion in Granular Zeolites 259 

sions of crystals a n d granule. B y vir tue of assumptions 26 a n d 31, E q u a 
t ion 32 is v a l i d u p to γ « 0.1-0.2. 

F i g u r e 5 displays curves, p lo t ted i n accordance w i t h E q u a t i o n 34 for 
various values of B. It also shows exper imental data obta ined i n evacu
ated systems a n d f r o m adsorpt ion f r o m a carrier gas flow (n i t rogen) 
( 1 5 ) . T h e exper imental plots f o l l o w the same pattern as the c o m p u t e d 
ones. 

A c c o r d i n g to E q u a t i o n 35, the di f fus ion coefficient i n crystals is 
g i v e n b y 

D l = ^ (36) 

E q u a t i o n 36 provides a basis for assessing the value D i f r o m experi 
m e n t a l data w i t h granulated zeolites. V a l u e Β a n d ratio τ/t are f o u n d b y 
y — t plot . 

A s s u m i n g r = 2.10"4 c m , w e obta in the f o l l o w i n g values of D i for 
the data of F i g u r e 5: η-heptane, 100°C- 1.5 Χ 10"18 c m 2 / s e c , 2 0 ° C -
3.7 χ 10"14; p r o p y l a l cohol , 0 ° C - 1.6 Χ 10"14 c m 2 / s e c ; d i e t h y l ether, 
5 0 ° C - 6.9 χ 10 1 4 , 0 ° C - 3.4 χ 1 0 1 5 c m 2 / s e c . These values are acceptable 
l imits . 
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Some Perspectives on Zeolite Catalysis 

PAUL B. VENUTO 

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

The last 10 years have seen an extraordinary expansion in 
the catalytic applications of zeolites, particularly in the 
petroleum industry effort in catalytic cracking. Catalysis of 
a broad spectrum of "classical" organic reactions has been 
discovered for various base-exchanged forms of crystalline 
aluminosilicates, notably for the faujasite family. In this 
review, these reactions are classified, and certain mechanistic 
and phenomenological features are highlighted. Included 
are olefin-forming β-eliminations, olefin reactions, a-elimi-
nations and reactions of one-carbon fragments, reactions 
involving electrophilic attack on aromatic rings, carbonyl 
condensations, a wide variety of molecular rearrangements, 
and oxidation—dehydrοgenation type reactions (over transi-
tion metal-exchanged zeolites). Also considered are hydride 
transfer processes, reactions on zeolite external surfaces, 
intracrystalline aging pathways, and systems involving inhi
bition of reaction by adsorbed reactant. 

/ " p l h e pattern of progress i n a g iven scientific field resembles, i n m a n y 
A respects, the advance of the t ide on an irregular coast. T h e onrushing 

waters, w h i l e sometimes penetrat ing deeply i n l a n d , often leave large 
prominences of l a n d intact a n d exposed. T h i s typifies the his tory of 
catalysis over zeolites since the p ioneer ing studies of R a b o et al. (48) 
a n d W e i s z et al. (70) i n the early 1960's. Cons iderab le s tructural k n o w l 
edge n o w exists; a great d e a l is k n o w n about some react ion patterns; a 
degree of unders tanding has been ga ined about the re lat ionship of 
structure to react ivi ty i n catalysis. Yet , significant a n d f u n d a m e n t a l ele
ments i n the f r a m e w o r k of unders tanding s t i l l are l a c k i n g . M a n y ques
tions r e m a i n unanswered. 

A certain c h e m i c a l react ion m a y occur i n concentrated sul fur ic a c i d , 
or i n the presence of a l u m i n u m hal ides , or over amorphous s i l i c a - a l u m i n a . 
T h e same react ion m a y p r o c e e d — w i t h differences—over a zeolite catalyst. 

260 
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61. VENUTO Perspectives on Zeolite Catalysis 261 

B u t w h y is the react ion pat tern changed over the zeolite? Is i t the result 
of a specific site geometric or e lectronic conf igurat ion, or site energy 
d is t r ibut ion , or site spat ia l separation that is pecu l ia r to a zeolite? Is i t 
ac tual ly the consequence of a meta l funct ion that happens to be i n a 
zeol i t ic environment? Does it mere ly reflect r e d u c e d degrees of f r e e d o m 
for the reactant—the concentrat ing effect of adsorpt ion o n the vast inter
n a l surface area of the porous a luminosi l icate? A r e w e seeing the distort
i n g influence of some unusua l pore-channel geometry super imposed on 
w h a t otherwise w o u l d be a " n o r m a l " p r o d u c t d is t r ibut ion? A r e there 
unsuspected variables inf luencing w h i c h molecules are o c c l u d e d a n d 
w h i c h are not; w h i c h react a n d w h i c h do not; w h i c h m o v e q u i c k l y 
through the pores a n d w h i c h are more strongly he ld? 

W e w i l l r e v i e w selected topographic features of organic catalysis 
over zeolites, e x a m i n i n g more recent findings a n d some earl ier w o r k w i t h 
the perspect ive of a somewhat different system of mechanist ic a n d phe-
nomenolog ica l classification. 

Ole fin-Forming β-Eliminations and Related Reactions 

T h e format ion of olefins general ly results w h e n a p r o t o n is lost f r o m 
1 of 2 adjacent carbon atoms i n a r i n g or cha in , a n d a nuc leophi le , X , is 
lost f r o m the other. Such ^ -e l iminat ions ( E q u a t i o n 1) are a m o n g the 

α β α β 
I I - H X \ / 

X — C — C — Η > C = C (1) 

I I Zeolite / \ 
X = — O H , — OCOCH3, — C l , — B r , — I , — S H 

most characterist ic reactions observed over zeoli te catalysts. These have 
been r e v i e w e d i n de ta i l earlier ( 6 2 ) , a n d w e w i l l comment o n l y br ie f ly 
on some recent studies. 

A n d e r s o n a n d I m a i (2 ) have s tudied ^ - e l i m i n a t i o n i n v o l v i n g a d i f 
ferent l eav ing group , acetate anion. B o t h n - a n d sec -buty l acetates de
composed c leanly over faujasite, mordeni te , a n d A - t y p e zeolites to f o r m 
m i x e d l inear butènes as shown. P o i s o n i n g w i t h p r o d u c t acetic a c i d oc
c u r r e d i n some cases. 

Ο Ο 
I I 1 9 0 ° - 2 9 0 ° C I I 

C 4 H 9 — 0 — C — C H 3 > n - C 4 H 8 + H O — C — C H 3 (2) 
1 a t m 

Barrer a n d K r a v i t z (5 ) repor ted some convers ion of i s o a m y l - a n d 
c y c l o h e x y l chlor ides over C a A w i t h l o n g contact times at temperatures 
as l o w as 2 0 ° C . T h e y observed ready convers ion of terf-butyl hal ides 
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262 M O L E C U L A R SIEVE Z E O L I T E S II 

over C a A , M g A , a n d N a mordeni te at 2 0 ° - 4 5 ° C . M i x t u r e s of C 8 - , C12-, 
a n d C i 6 - p o l y o l e f i n s were f o r m e d , w i t h t r imer most abundant . It appears 
that either the p o l y m e r i z a t i o n rate becomes sharply l o w e r after the t r imer 
stage, or that a c o m p e t i n g d e p o l y m e r i z a t i o n react ion occurs. S ince d i m e r 
f o r m e d s m a l l amounts of t r imer ( i n a d d i t i o n to te tramer) w h e n exposed 
to C a A at 2 5 ° C , a ^-sc iss ion react ion, i.e., C i 6 - » C 4 -f- C i 2 , m a y have 
been operat ive at these l o w temperatures. S ignif icant ly , d o u b l e b o n d 
i somer izat ion i n olefins has been repor ted at — 8 0 ° C over H Y (62). 

M o c h i d a a n d Y o n e d a (40) recent ly s tudied e l i m i n a t i o n reactions of 
1,1,2-trichloroethane over zeolites as s h o w n : 

300°C 
C H C 1 2 — C H 2 C 1 

C l H C l 
/ \ 

C l 
/ \ • 

C = C + 
\ / 
c = c 

/ 
H 

\ / 
C l H H (3) 

trans CIS 

L o w react iv i ty was noted for L i n d e 5 A , a n d the relat ive yie lds of i someric 
dichloroethylenes v a r i e d great ly w i t h the catalyst. M o r e a c i d i c sieves 
( H Y , M g X ) general ly s h o w e d lower 1,1/1,2 a n d t rans /c i s ratios, i.e., 
cis > trans > 1,1; others ( N a X , K X ) gave u n u s u a l l y h i g h (greater than 
e q u i l i b r i u m ) t rans/c i s ratios. 

Olefin Transformations 

T h e f u n d a m e n t a l c a r b o n i u m i o n - t y p e reactions of o l e f i n s — i n c l u d i n g 
d o u b l e b o n d a n d carbon skeleton i somerizat ion , p o l y m e r i z a t i o n , isotopic 
exchange, a n d h y d r o g e n transfer—have been r e v i e w e d earlier (62). T h e 
importance of a thorough unders tanding of the nature of olefin transfor
mations over zeoli te catalysts cannot be underest imated. P r o b a b l y the 
most important a n d f requent ly r e c u r r i n g pattern is the transfer or redis
t r i b u t i o n of h y d r o g e n that is observed w i t h olefins over ac id ic crystal l ine 
a luminos i l i ca te catalysts. 

V e n u to et al. (60) r epor ted that at 60 ° C 1-hexene u n d e r w e n t 
i somer izat ion a n d p o l y m e r i z a t i o n over R E X — w i t h format ion of o c c l u d e d 
intracrysta l l ine polyolef ins as large as C 3 0 H 6 o — b u t that no aromatics 
were f o r m e d . E b e r l y (16), i n s t u d y i n g the transformations of 1-hexene 
over H Y i n a h igh- temperature i n f r a r e d ce l l , n o t e d the adsorpt ion of 
the olefin a n d the disappearance of C = C b o n d character at 93 ° C . A t 
150 ° C , h y d r o g e n red is t r ibut ion began, as ev idenced b y the appearance 
of a polyene- type b a n d at 1600 c m " 1 . A t h igher temperatures, 2 0 0 ° -
2 6 0 ° C , the i n f r a r e d b a n d shi f ted to 1585-1580 c m " 1 , a f requency charac
terist ic of aromat ic r i n g structures. 
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61. VENUTO Perspectives on Zeolite Catalysis 263 

c 
c-c-c, c-c-c , 
c-c-c-c, c-c-c-c, 

I 
ETC. C 

7 + HIGHER MW CONDENSED POLYCYCLICS 

Advances in Catalysis 

Figure 1. Schematic visualization of intracrystalline hy
drogen transfer reactions of ethylene (62) 

«o 

A Β C 
TIME (TEMPERATURE) • 

l&EC Product Research and Development 

Figure 2. Gas chromât ο gram of complex mixture of 
products extracted from REX after intracrystalline 

reaction of ethylene at 213°C (58) 

A s imi lar pat tern has been observed w i t h C 2 - C 5 monoolefins (16, 
60). T h e reactions of the simplest olefin, ethylene, over R E X at 2 1 3 ° C 
( F i g u r e s 1 a n d 2) t y p i f y the complex i ty of these transformations. A f t e r 
i n i t i a l ac id-ca ta lyzed p o l y m e r i z a t i o n of ethylene to l o w molecular w e i g h t 
a l iphat i c p o l y m e r , a series of intermolecular h y d r o g e n transfer a n d de-
h y d r o g e n a t i o n - c y c l i z a t i o n reactions a c c o m p a n i e d b y skeletal i somer iza-
t ion a n d ^-sc iss ion must occur , l e a d i n g to the observed products . A s 
noted b y T h o m a s a n d B a r m b y ( 5 5 ) , s u c h processes are s i m i l a r to those 
o c c u r r i n g over s i l i c a - a l u m i n a a n d to conjunct p o l y m e r i z a t i o n , i n w h i c h 
an olefin is converted b y a strong a c i d into paraffins a n d h y d r o g e n -
deficient products . I n concentrated su l fur i c a c i d , such hydrogen-def ic ient 
products are c y c l i c a l l y l i c c a r b o n i u m ions such as A or B , w i t h Β de
r i v i n g f r o m polyene C (14). Such c y c l o a l k e n y l cations undergo s ig-
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264 M O L E C U L A R SIEVE Z E O L I T E S II 

A Β C 

nif icant rearrangement a n d ( h y d r o g e n - d e u t e r i u m ) exchange i n 9 6 % 
s u l f u r i c a c i d . Somewhat s imi lar hydrogen-transfer reactions also accom
p a n y ethylene p o l y m e r i z a t i o n at l o w temperatures over p r o m o t e d a l u m i 
n u m ch lor ide (54). 

T h e cyc lopropane r i n g is h i g h l y strained, a n d resembles the olefinic 
d o u b l e b o n d i n certain aspects; the bonds between carbons are "bent" 
somewhat l ike bananas ( A ) , a n d 3 regions of h i g h electron densi ty l ie 
outs ide the tr iangle of carbon n u c l e i (24). H a b g o o d et al. (6) s tudied 

H H 

\ / 

H C H 
\ / \ / 

C C 
/ y / \ 

H V H 

Ô - Z E O L 

H H 

\ / 

c c 

/ + / \ 
H D H 

Ô - Z E O L 

\/\V 
C c 

/ + /\ 
Ô - Z E O L 

CH 

B C 

Scheme 1 

the i somerizat ion of cyc lopropane over deuterated N a Y zeolite at 2 0 0 ° -
400 ° C . Reac t ion was p r o m o t e d b y s m a l l amounts of water , a n d a B r o n -
sted mechanism was proposed i n w h i c h b o t h isotopic exchange a n d 
isomerizat ion to propylene ( E ) proceeded via nonclass ical c a r b o n i u m 
i o n ( B ) . T h e isomerizat ion step C - » D involves an int ramolecular 
h y d r o g e n transfer. 

Some Unusual Chemical Pathways and 
Reactions of One-Carbon Fragments 

M a n y organic reactions o c c u r r i n g over crystal l ine aluminosi l icates 
can be ra t iona l ized as p r o c e e d i n g via c a r b o n i u m ions, or re lated organic 
cations. Scrut iny of the l i terature a n d examinat ion of some recent w o r k 
suggests that there m a y be exceptions. F o r instance, a free r a d i c a l 
mechanism for i somerizat ion of 1-butene over C u - e x c h a n g e d N a X has 
been proposed at l o w copper contents (15). 

Less apparent is the mechanism of the react ion of a -methylnaphtha-
lene a n d methanol over K X a n d R b X (29) s h o w n i n Scheme 2. A g i n g 
was extremely r a p i d , a n d the gases were m a i n l y H 2 , C O , a n d d i m e t h y l 
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61. VENUTO Perspectives on Zeolite Catalysis 265 

C H 3 O H + 

20 MOLES 

«~n3 C M 2 - C H 3 C M = C H 2 

, v , w ' - t MAJOR MINOR 
k R b X » k K X (90 * ) 

Scheme 2 

ether, w i t h traces of C 0 2 a n d C H 4 . A n analogous p r o d u c t d i s t r i b u t i o n 
was observed w h e n toluene was subst i tuted for α -methylnaphtha lene . If 
the react ion p r o c e d e d via C H 3 O H - » H C H O + H 2 , a - v i n y l n a p h t h a l e n e , 
a n d not α -e thylnaphthalene , w o u l d have been expected as major p r o d u c t . 
If at these h i g h temperatures one considers the b e n z y l i c protons of 

α -methylnaphtha lene as w e a k l y a c i d i c a n d the zeol i t i c anionic latt ice as 
w e a k l y basic , a m e c h a n i s m based o n n u c l e o p h i l i c attack of a carbanion-
l ike species on methanol ( E q u a t i o n 4) is not inconce ivable . 

Reactions of methanol ( 3 7 ) , m e t h y l hal ides (4, 10 ) , m e t h y l mer-
captan (62), a n d b e n z y l m e r c a p t a n (30) over zeolites have been re
v i e w e d earlier (62) i n terms of the possible in tervent ion of c a r b e n o i d 
type intermediates or «-éliminations ( E q u a t i o n 5 ) . 

H — C H ^ r — O H > H 2 0 + [ : C H 2 ] (5) 

W u et al. (74) f o u n d that the t h e r m a l decompos i t ion of intracrysta l 
l ine t e t r a m e t h y l a m m o n i u m cations (A) at 1 5 0 ° - 4 0 0 ° C i n Y - t y p e fauja-
site, ( N a ) 2 8 . 4 ( T T M A ) i 7 . 7 ( H ) e . o ( A 1 0 2 ) 5 2 ( S i 0 2 ) i 4 o , proceeds b y a n u m 
ber of different pa thways (Scheme 3 ) . O n e p a t h involves n u c l e o p h i l i c 

+ Γ- + 1 

( C H 3 ) 3 N - C H 3 • L(CH 3 ) 3 N-CH 2 J 

"p/ Ô - Z E O L ZEOL - Ô H + 

(CH 3 ) 3 N J C| 

CH 3OH (CH 3 ) 3 N + [ c H 3 - 0 - Z E 0 L J (CH 3) 2N +H - CH 2 - CH 3 

+ H + 5 - Z E O L C H 3 O H [ B Ô - Z E O L „ 

[HCHO] + CH 4 (CH3)2NH + CH 2 =CH 2 

C = 0 + H 2 * ~ + H + Ô - Z E O L + H + 5-ZEOL 

Scheme 3 

attack o n A b y water to f o r m methanol a n d t r imethy lamine . A second 
route involves collapse of A to a surface m e t h o x y l species, B; in termolecu-
lar h y d r i d e transfer f r o m another C i - f r a g m e n t ( m e t h a n o l ) to Β generates 
methane a n d , u l t imate ly , C O a n d H 2 ( m e t h y l d i spropor t ionat ion reac-
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266 MOLECULAR SIEVE ZEOLITES II 

t i o n ) . T e t r a m e t h y l a m m o n i u m cat ion A m a y also react to f o r m the y l i d e 
species, C . Stevens rearrangement (73) i n C ( in t ramolecular carbanionic 
at tack) to f o r m d i m e t h y l e t h y l a m i n e f o l l o w e d b y reprotonat ion gives D. 
E t h y l e n e is generated then b y s imple H o f f m a n n e l iminat ion . T h u s , p r o 
f o u n d redis t r ibut ion of h y d r o g e n as w e l l as C — C b o n d format ion char
acterize this organic cat ion decomposi t ion . 

F r o m the s tructural s tandpoint , the c o m m o n feature of these one-
+/ 

carbon reactants, Y — C H 2 — X ( X = — O H , — S H , — N — ) is the absence 

of a β-hydrogen atom a l l o w i n g ^ - e l i m i n a t i o n a n d the format ion of a 
C = C d o u b l e b o n d ; that is Y = H or aromatic carbon. F r o m a reac
t ion aspect, they a l l appear to generate olefins a n d , i n some cases, 
undergo m e t h y l d isproport ionat ion reactions. W h e t h e r or not the 

CH2R CH 3 

Φ I ' ® S Ο <=> 

RCH2 CHR CH 3 CH 2 

A Β 

y l i d e - c a r b a n i o n type m e c h a n i s m of olefin format ion s h o w n for the 
ni t rogen system i n Scheme 3 can be extended to the sul fur system (A) 
or even conce ivably to the oxygen system ( Β ) is uncer ta in . 

Electrophilic Aromatic Substitution and Related Reactions 

C o n s i d e r a b l e w o r k was done at an early stage i n the area of electro
p h i l i c aromat ic subst i tut ion reactions over zeolites, a n d a f a i r l y coherent 
unders tanding has e v o l v e d (62). Bas ica l ly , the process involves the 
attack of a posi t ive species ( e lectrophi le , Ε ) on an aromat ic r i n g ( A r H ), 
f o r m a t i o n of a n e w b o n d , a n d e l i m i n a t i o n of a proton , as s h o w n i n 
Scheme 4. T h e electrophi le , E, m a y be generated f r o m olefins or c a r b o n y l 
compounds b y protonat ion or re la ted process; f r o m a l k y l or a c y l hal ides , 
alcohols , a n d ethers b y C — X or C — Ο heterolysis; f r o m a l k y l aromatics 
a n d paraffins b y h y d r i d e abstract ion or ^-sc iss ion; f r o m benzene, via 
actual r i n g f ragmentat ion. A p r o t o n itself behaves as an electrophi le , i n 
contrast to h y d r o g e n species generated i n the presence of transi t ion 
metals such as Pt (20) or N i (45). Benzene b r o m i n a t i o n — p r e s u m a b l y 
via e lectron-deficient Br-species—also has been reported (33) over i r o n -
conta in ing zeolites. 

A l k y l a t i o n . It is instruct ive to h i g h l i g h t br ief ly the key features of 
the earl ier w o r k on a l k y l a t i o n (56, 58, 60, 61, 63, 64) before discussing 
more recent w o r k i n this area. B a s e d on an analysis of the structures of 
p r o d u c t a lkylaromat ics , patterns of substrate react ivi ty , a n d side react ion 
pathways , a lkylat ions ca ta lyzed b y crystal l ine a luminosi l i cate catalysts 
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61. VENUTO Perspectives on Zeolite Catalysis 267 

RCH = CHR (44,56,58, 60,61,64 ) 

E + ArH E _ A p + H + 

Scheme 4 

general ly proceed via c a r b o n i u m i o n type mechanisms; they show great 
s imi lar i ty to the corresponding features c o m m o n l y repor ted for electro-
p h i l i c aromatic subst i tut ion i n the presence of strong protonic acids such 
as concentrated H 2 S 0 4 , l i q u i d H F , or p r o m o t e d L e w i s acids. I n general , 
or i / io ,para-or ientat ion is observed, a n d i n compet i t ive situations, selec
t iv i ty for attack on the more react ive ( n u c l e o p h i l i c ) aromat ic nucleus is 
s h o w n . A more quant i ta t ive expression of the r i n g or ientat ion a n d sub
strate se lect iv i ty—at the interface be tween heterogeneous a n d h o m o 
geneous catalysis—has been f o u n d i n obedience to the B r o w n select ivity 

φ Data from competitive hydrogen deu
terium exchange reactions of toluene and 

benzene over DHY (66) 
Ο Data from competitive ethylation reac
tions of toluene and benzene over REX 

1.0 2.0 

Figure 3. Plot of log p f and selectiv
ity factor, S f 

(56) 
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268 M O L E C U L A R SIEVE Z E O L I T E S II 

relat ionship ( F i g u r e 3) i n zeol i te -cata lyzed ethylations a n d isotopic 
exchange. 

Qua l i ta t ive evidence (56, 60, 62, 63, 64) points t o w a r d operat ion of 
a R i d e a l - l i k e mechanism for crystal l ine a luminos i l i ca te -cata lyzed a l k y l a -
tions. T h i s is v i s u a l i z e d for an olefin a l k y l a t i o n over a deuterated zeoli te 
(60) i n Scheme 5. S igni f icant ly , most m o d i f i e d faujasi te-catalyzed a l k y l a -

+ . κ + / R 

D O - Z E O L + R - C H = C H - C H - D — C 

O - Z E O L 

C H 2 D - ^ R - ! î - X - @ - C H ( R 

/ H N C H , D 

-V' Λ.7Γ X O - Z E O L + H
+ o - Z E O L 

Scheme 5 

tions proceed w i t h greatest efficiency i n the l i q u i d phase. F o r s imi lar 
reactants, they general ly catalyze a l k y l a t i o n at l o w e r temperatures than 
do amorphous si l ica—alumina-type catalysts. O n the other h a n d , strong 
protonic acids such as H C 1 - A 1 C 1 3 or 9 8 % H 2 S 0 4 often show significant 
ac t iv i ty at l o w e r temperatures than m o d i f i e d faujasites. Some possible 
explanations for the " temperature disguise" have been advanced ( 60, 62 ). 

P i c k e r t et al. (44) presented data o n b e n z e n e - p r o p y l e n e a l k y l a t i o n 
over faujasite-type catalysts i n w h i c h a lky la t ion ac t iv i ty was enhanced as 
the temperature of ca lc inat ion was increased. T h e y observed m a x i m u m 
a l k y l a t i o n ac t iv i ty w h e n a l l res idual O H groups associated w i t h cata-
ly t i ca l ly -ac t ive sites were r e m o v e d , a n d suggested that c a r b o n i u m ion- l ike 
species were f o r m e d via po lar iza t ion of reactant hydrocarbons b y cat ion 
fields. R a b o et al. (47) c o n d u c t e d a s imi lar s tudy on the a l k y l a t i o n of 
toluene a n d propylene at 100 ° C over L a Y faujasite. T h e y observed that 
c h a n g i n g the temperature of act ivat ion h a d no significant effect o n the 
a lky la t ion a c t i v i t y — L a Y , whether d e h y d r a t e d at 5 5 0 ° C or act ivated near 
7 0 0 ° , showed h i g h act iv i ty for toluene p r o p y l a t i o n near r o o m tempera
ture. T h e y suggested that either oxygen-deficient latt ice sites ( L e w i s 
sites) created i n L a Y d u r i n g act ivat ion at 7 0 0 ° C h a d act ivi ty for a l k y l a 
t ion , or that some other unsuspected site conf igurat ion was responsible 
for this act ivi ty . 

H a a g (25) has examined the kinetics of toluene i sopropyla t ion a n d 
ethylat ion i n the presence of R E Y catalyst. A t 1 arm ( tota l pressure ) i n 
the l i q u i d phase, toluene a l k y l a t i o n w i t h propylene is u n c o n t r o l l a b l y fast 
near 25 ° C , a n d decreases i n rate w i t h increas ing temperature u p to the 
toluene b o i l i n g po int ( 1 1 0 ° C ) because of decreasing p a r t i a l pressure 
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61. VENUTO Perspectives on Zeolite Catalysis 269 

a n d so lubi l i ty of propylene (some relat ive rates: rioo°cAiio°c = 3 .1) . 
E v e n at 110 ° C , the rate is v e r y fast. U n d e r condit ions w h e r e external 
g a s - l i q u i d a n d b u l k l i q u i d mass transfer problems are e l i m i n a t e d , the 
rate amounts to 3060 m m o l e of toluene r e a c t e d / h r / g r a m of catalyst. B y 
compar ison , rates of 60 times lower were repor ted b y R a b o et al. (47) 
for the same i sopropyla t ion under s imi lar condit ions , suggesting the 
possible existence of external mass transfer problems. I n agreement w i t h 
expectations based on classical c a r b o n i u m i o n concepts, H a a g observed 
that e thylat ion of toluene proceeds 10" 3 t imes the rate of i sopropyla t ion . 

A l k y l a t i o n reactions, on so l id i o n exchange resins as heterogeneous 
Bronsted acids, obey R i d e a l kinetics (25), as s h o w n i n E q u a t i o n 6; at 
l o w pressure ( P olefin < 2 a t m ) , where Κ O l < < 1, the rate l a w s i m p l i 
fies to E q u a t i o n 7. 

τζ \r\r\ A r = A r o m a t i c 

r = * [Ar] 2 y r o i l 0 1 = 0 1 e f i n ( 6 ) 

1 + Κ IU1J K = 0 1 e f i n adsorpt ion 
constant 

r = k} [Ar] [01] (7) 

F o r toluene e thylat ion over R E Y catalyst, H a a g (25) has establ ished 
the rate l a w : 

r = k} [Toi] [Eth] where k] = kK 
k — second order rate constant 
Κ = ethylene adsorpt ion constant (8) 

A t 80 ° C , the value of the pseudo second order rate constant, fc', was 
2.05 χ 10" 2 l 2 mole" 1 h r " 1 ( g r a m cat ) " 1 . These observed kinetics p r o v i d e 
firm quant i tat ive support for a R i d e a l mechanism, w h i c h requires fast, 
reversible , a n d noncompet i t ive adsorpt ion of the olefin o n the catalyst 
a c i d sites (see Scheme 5 a b o v e ) . T h e str ict ly first order dependency of 
toluene proves f reedom f r o m intracrystal l ine di f fus ion problems w i t h 
respect to ethylene. L i k e w i s e , the p r o d u c t d i s t r ibut ion , w h i c h contains 
o n l y traces of d isubst i tuted toluenes, shows absence of d i f fus ion l i m i t a t i o n 
for the product , ethyltoluene. Intracrystal l ine di f fus ion problems m a y , 
however , exist i n the i sopropyla t ion experiments w i t h extremely act ive 
catalysts. 

Other Transformations of Alkylaromatics. A n extensive amount of 
w o r k has been done i n the area of a lky laromat i c i somer iza t ion- t rans-
a lky la t ion , dea lky la t ion , a n d re lated areas (7, 8, 13, 32, 34, 35, 36, 41, 42, 
60, 61, 62). W a r d (67, 68, 69) also has c o n d u c t e d a series of v e r y thor
o u g h studies into the re lat ionship of ac t iv i ty i n catalyt ic reactions, such 
as cumene d e a l k y l a t i o n a n d a lky laromat ic i somer izat ion , a n d s tructural 
properties i n synthetic faujasites, us ing I R spectroscopy a m o n g other 
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270 M O L E C U L A R SIEVE Z E O L I T E S II 

tools. I n m a n y of these react ion systems (68, 69), cata lyt ic ac t iv i ty was 
re lated to Brons ted ac id i ty . 

B o l t o n et al. (8) p r o p o s e d that i somer izat ion of diethylbenzenes at 
170 ° C over a m o d i f i e d Y - t y p e faujasite occurs via a t ransalkylat ion 
m e c h a n i s m i n v o l v i n g d iphenyle thane type intermediates . A s imi lar b i -
m o l e c u l a r m e c h a n i s m was proposed for xylene i somer izat ion (32). H o w 
ever, as Cs icsery (13) observed, this react ion cannot proceed w h e n 
easi ly-extractable α - h y d r o g e n atoms are unavai lable— i . e . , w h e n the a l k y l 
g roup is tert-butyl. I n his studies of the i somer izat ion of l -methy l -2 -e thy l -
benzene over C a - N H 4 - Y - t y p e faujasite, Cs icsery has s h o w n fur ther that 
in termolecular i somer izat ion predominates at temperatures b e l o w 2 0 0 ° C , 
w h i l e at temperatures above 300 ° C , i somer izat ion proceeds via 1,2-shifts. 

Reactions Involving Condensations of Carbonyl Functions 

C a r b o n y l condensat ion reactions occur w i t h great fac i l i ty over zeo
l i te catalysts (26, 62, 63). F r o m the organic s t ructural s tandpoint , the 
c o m m o n f e a t u r e — a n d usual ly the p r i m a r y event—is the attack of a 
nuc leophi le , A, on the posi t ive e n d of the d ipo le of a C = 0 b o n d , f o r m i n g 
a n e w C — A b o n d a n d a h y d r o x y l group. I n E q u a t i o n 9, the c a r b o n y l 

A : - o / H — A - \ - O / H (9) 
' δ + δ - y 

g r o u p is represented i n conjugate a c i d f o r m ; other electron-deficient 
structures on the surface of crystal l ine aluminosi l icates also c o u l d interact 
w i t h the negat ive e n d of the d i p o l e a n d assist i n the shift of d o u b l e b o n d 
electron density. T h e c a r b o n y l f u n c t i o n can reside i n either a ldehyde 
or ketone. 

I f the s t ructura l conf igurat ion s h o w n i n the le f t -hand m e m b e r of 
E q u a t i o n 10 exists i n the p r i m a r y condensat ion product , then a great 

/ H °C 
Ν l" ZEOLITE \ / (10) 

C — C >• C = C + H-0 K J 

y V~\ / \ 2 

H 

d r i v i n g force for e l i m i n a t i o n of water exists i n the presence of a zeolite 
surface. A further tendency t o w a r d f o r m a t i o n of c y c l i c t r imers , tetramers, 
etc., is observed under somewhat more severe condit ions (63). 

I n the C a n n i z z a r o react ion (62), w h i c h involves self-condensation 
of a ldehydes that have no α - h y d r o g e n atoms, the n u c l e o p h i l e is repre
sented best as a h y d r i d e i o n ; i n the Pr ins react ion (26), the nuc leophi le 
is an olef in; i n the a l d o l condensat ion (63) a n d react ion of m e t h y l acetate 
w i t h f o r m a l d e h y d e (62), the nuc leophi le is a methylene g r o u p a - to a 
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61. V E N U T O Perspectives on Zeolite Catalysis 271 

c a r b o n y l f u n c t i o n , w h i c h m a y be v i s u a l i z e d convenient ly as a carbanion ; 
i n the b isaryla lkane synthesis (63), the n u c l e o p h i l e is an aromat ic r i n g ; 
i n format ion of heterocycl ics ( a l k y l p y r i d i n e s ) (62), the nuc leophi le is 
N H 3 ; i n the format ion of acetals a n d ketals (62), the nuc leophi le is an 
a lcohol . 

Other Rearrangements and Reactions 

T h e B e c k m a n n rearrangement of ketoximes to the corresponding 
amides (31), the F i s c h e r indole c y c l i z a t i o n , i somer izat ion of epoxides to 
the corresponding aldehydes, ketones, or alcohols, h y d r a t i o n a n d a m m o -
nolysis of epoxides, o x y g e n - s u l f u r interchange, f o r m a t i o n of d i a r y l - u r e a s 
a n d - t h i o u r e a s f r o m condensat ion of ani l ine a n d c a r b o n y l sulfide, a n d 
olefin carbonyla t ion occur over zeoli te catalysts (62). T h e oxo react ion 
over r h o d i u m a n d cobalt conta in ing zeolites recently has been c l a i m e d 
(22). 

Hydrogen Transfer Reactions 

A s emphas ized earlier, the redis t r ibut ion or transfer of h y d r o g e n is 
one of the most d o m i n a n t a n d recurrent reactions of olefins i n the 
presence of ac id ic zeol i te catalysts. T h e format ion of h y d r o g e n - r i c h 
paraffins a n d hydrogen-def ic ient aromatics is super imposed constantly 
on any react ion w h e r e a l o w molecular w e i g h t o le f in—or olefin precursor 
— i s either a reactant, a product , or an intermediate . E v e n more spe
c i f ica l ly , numerous examples of hydride- transfer processes d u r i n g reac
tions over zeolite catalysts have been observed, a n d w e w i l l discuss some 
of these i n deta i l . 

T h e c o m m o n feature i n such reactions is the attack of a h y d r i d e i o n 
on a re la t ive ly electron-deficient carbon atom. T h e h y d r i d e m a y migrate 
f r o m another carbon atom i n the same molecule , f r o m a carbon a tom 
on another molecule , or even f r o m a L e w i s - t y p e site ( — A l — H " ) on 
the catalyst. W h a t e v e r the source, the structural environment to w h i c h 
the h y d r i d e adds becomes more h y d r o g e n - r i c h , a n d that f r o m w h i c h i t 
derives, more hydrogen-def ic ient . I n Scheme 6, some of these reactions 
are tabulated. 

L e t us consider each of the reactions i n Scheme 6: Reac t ion A i n 
volves in t ramolecular h y d r i d e transfer to the electron-deficient β-carbon 
atom f o l l o w i n g protonat ion of an epoxide, w i t h the net effect b e i n g 
i somer izat ion ; the hydride- transfer to a c y l i u m i o n i n react ion Β pre
sumably occurs after i n i t i a l attack of C O on adsorbed i s o p r o p y l car-
b o n i u m i o n i n propylene carbonyla t ion ; i n C a n d D , h y d r i d e transfer 
occurs to c a r b o n i u m ions generated after i n i t i a l attack ( a l k y l a t i o n ) b y 
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OBSERVED HYDRIDE PROBABLE HYDRIDE PROBABLE 
ADDITION PRODUCT TRANSFER EVENT REFERENCE 

A. CH, - CHO 

B. ^ C - C H O 
CH, 

C. & 

OH 

D. ter 
Ε. C2H5C€ 

J3 Λ u 
+ CH- — CH 

I 
Η 

C H 3 / > 
^ C - C + 

Η 

INTRA
MOLECULAR 

INTRA
MOLECULAR 

OH ^ C „ H 
.CH 

OH / C H -

V C H , 

OH ^CH. 

F. ® - C H 2 O H 

CH, - CH - Ci 

*—H 

H 3 Ç ^ H -
Ο θ -
I 

ZEOL 

C , H / 

EFFECTIVELY 
FROM CAH.CHO 

(CH 3) 3CH 

( 6 2 ) 

( 6 2 ) 

( 6 3 ) 

( 6 3 ) 

( 5 7 ) 

( 6 2 ) 

( 7 4 ) 

( 2 1 ) 

Scheme 6 

p h e n o l on b e n z a l d e h y d e a n d acetone, respect ively; i n E , h y d r i d e transfer 
occurs to the c a r b o n i u m i o n d e r i v e d f r o m protonat ion of v i n y l ch lor ide , 
the p r i m a r y p r o d u c t f r o m dehydrohalogenat ion of 1,2-dichloroethane. 

I n F , b e n z y l a l cohol is the h y d r o g e n - r i c h p r o d u c t f r o m h y d r i d e 
transfer to b e n z a l d e h y d e i n the C a n n i z z a r o react ion; the h y d r o g e n -
deficient species is benzoic a c i d . H y d r i d e transfer to the c a r b o n i u m i o n 
d e r i v e d f r o m b e n z y l a l cohol also results i n the f o r m a t i o n of toluene, an 
even more " r e d u c e d " species. A s s h o w n i n Equat ions 11 a n d 12, these 
C a n n i z z a r o - l i k e transformations are essentially redox type, at least i n 
respect to h y d r o g e n balance . 

C 6 H 5 C H O + C 6 H 5 C H O — 

C 6 H 5 C H 2 O H + C 6 H 5 C H O 

C 6 H 5 C H 2 O H + C 6 H 5 C O O H (11) 

C 6 H 5 C H 3 + C 6 H 5 C O O H (12) 

I n G , the " m e t h y l d i s p r o p o r t i o n a t i o n " react ion observed i n thermal 
decompos i t ion of t e t r a m e t h y l a m m o n i u m cations, the h y d r i d e receiver 
m a y be a surface m e t h o x y l group, w h i l e the hydrogen-def ic ient ( "oxi 
d i z e d " ) moie ty is a f o r m a l d e h y d e - l i k e species, a n d u l t imate ly , C = 0 
a n d H 2 . E t h a n e was detected ( H ) as a m i n o r p r o d u c t d u r i n g the a l k y l a -
t ion of isobutane w i t h ethylene over R E H X catalyst; assuming a classical 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

61



61. VENUTO Perspectives on Zeolite Catalysis 273 

c a r b o n i u m i o n c h a i n react ion m e c h a n i s m (21), ethane p r o b a b l y arose 
via h y d r i d e transfer f r o m isobutane (or some other b r a n c h e d paraff in 
w h i c h forms a stable c a r b o n i u m i o n ) to the c a r b o n i u m i o n generated b y 
protonat ion of ethylene. 

Oxidation, Dehydrogenation y and Related Reactions 

M o s t crystal l ine aluminosi l icates appear to have l i t t le in t r ins ic cata
l y t i c ac t iv i ty for h y d r o g e n a t i o n - d e h y d r o g e n a t i o n type reactions, e x c l u d 
i n g h y d r o g e n transfer reactions (18, 19). M i n a c h e v et al. (38) report 
s l ight catalyt ic ac t iv i ty of N d Y for the hydrogénation of ethylene at 
1 5 0 ° C ; such ac t iv i ty m a y be an effect of the rare earth cations. W h e n 
meta l l i c or chalcogen funct ions are i n t r o d u c e d into zeolites, the s i tuat ion 
d r a m a t i c a l l y changes; one then must ask to w h a t extent the observed 
react ion pat tern rea l ly reflects the s tructural influence of the zeoli te a n d 
to w h a t extent i t derives f r o m the extraneously i n t r o d u c e d f u n c t i o n w h i c h 
happens to be suppor ted on a zeolite . 

T h e format ion of α-methylstyrene i n the react ion of cumene over 
Ba-faujasite at 5 5 0 ° - 6 0 0 ° C (49) almost cer ta inly occurs via t h e r m a l 
dehydrogenat ion , a n d the ethylene a n d acetylene present i n the l ight gas 
stream p r o b a b l y arise f r o m t h e r m a l ( free r a d i c a l ) c rack ing . O n the other 
h a n d i n N i - , C o - , F e - or C r - c o n t a i n i n g X - or A - t y p e catalysts, moderate 
paraffin dehydrogenat ion a c t i v i t y — s i m i l a r to that observed i n nonzeol i te 
catalyst systems—has been observed (18,19). Z n - , C o - , a n d other transi
t ion m e t a l zeolites also show act iv i ty ( i n the presence of N H 3 ) for the 
dehydrogenat ion of olefins to dienes, a lkylaromat ics to a lkenylaromat ics , 
a n d a lkylaromat ics to nitr i les (62). D e h y d r o g e n a t i o n of cyclohexene to 
benzene over N i - X at 9 0 ° - 1 4 0 ° C (9) a n d of s imple alcohols to ketones 
or a ldehydes ( E q u a t i o n 13) over C r - c o n t a i n i n g X - a n d A - t y p e zeolites 
at 3 0 0 ° - 3 9 0 ° C (43) also have been reported. 

T h e ox idat ion of intracrysta l l ine a m m o n i u m cations has been re
p o r t e d (3, 65), b u t most oxidations over zeolites f ea tur ing molecu lar 
o x y g e n - h y d r o c a r b o n systems have featured transi t ion m e t a l zeolites. T h e 
oxidat ive dehydrogenat ion of ethylbenzene to styrene a n d selective o x i d a 
t ion of b e n z y l a l cohol to b e n z a l d e h y d e over M n Y at 2 5 0 ° - 3 7 0 ° C were 
reported earlier (62). P r o p y l e n e has been o x i d i z e d to f o r m a l d e h y d e , 
C 0 2 , a n d m i n o r quantit ies or acrole in a n d aceta ldehyde over C u ( I I ) -ex
changed Y - t y p e zeol i te (39). 

F r i p i a t a n d coworkers have s tudied a n u m b e r of t ransi t ion m e t a l 
zeol i te -cata lyzed oxidations recent ly (50, 51, 52, 53). I n the l i q u i d - p h a s e 

,CH 
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274 MOLECULAR SIEVE ZEOLITES II 

oxidat ion of n-hexane (52, 53) at 160 ° C a n d p 0 2 = 25 atm, yie lds of 
C i - C s carboxyl i c acids, especial ly acetic a c i d , were greater relat ive to 
other products (alcohols , ketones, C 0 2 ) i n the presence of N i ( I I ) - , 
C o ( I I ) - , a n d M n ( I I ) - X type zeolites than i n their absence. I n oxidations 
of p-xylene (51) i n acetic a c i d ( 1 6 5 ° C , 32 a tm total pressure) , 9 0 % 
conversion w i t h 5 5 % select ivi ty for f o r m a t i o n of terephthal ic a c i d was 
obta ined w i t h C o — M n - X zeolite . T h e performance of the m i x e d cat ion-
conta in ing zeoli te far surpassed that of either the M n - or C o - e x c h a n g e d 
zeol i te alone. F r o m magnet ic suscept ibi l i ty studies, a re lat ionship between 
the h i g h ac t iv i ty of the zeolites a n d p r o m o t i o n of e lec t ron-unpair ing i n 
the cations b y the zeoli te support was proposed. I n propylene oxidat ion 
(50) (benzene, l i q u i d phase, 1 5 0 ° C , 12 a tm i n i t i a l p 0 2 , 45 a t m ρ t o t a l ) , 
l o w convers ion ( 7 . 5 % ) b u t h i g h select ivity for propylene oxide ( u p to 
7 0 % ) was observed i n the presence of M o 13X. These authors c o n c l u d e d 
that the h i g h selectivity of the M o - z e o l i t e — a s contrasted to M o - o x i d e 
suspensions, dissolved Mo-stearate , M o 0 3 / A l 2 0 3 — r e f l e c t e d a c o m b i n a 
t i o n of the intr ins ic catalyt ic ac t iv i ty of the crystal l ine a luminosi l icate 
latt ice a n d the act ivat ing effect of the latt ice on the M o - i o n s w i t h w h i c h 
i t was coordinated. 

Shape-Selective Catalysis, Reactions on 
External Surface, and Special Effects 

T h e p r i n c i p l e of molecular shape-selective catalyt ic react ion was 
establ ished b y W e i s z a n d associates i n 1960 ( 7 0 ) , a n d "molecular engi 
n e e r i n g " aspects have been r e v i e w e d recently b y C h e n a n d W e i s z ( 1 2 ) . 
T h e selective sorpt ion of molecules d i f fer ing o n l y s l ight ly i n their c r i t i c a l 
dimensions has been a p p l i e d i n the development of indust r ia l separation 
processes to remove straight cha in hydrocarbons f r o m a m i x e d h y d r o 
carbon stream. I n shape-selective catalysis, on the other h a n d , molecules 
of proper dimensions are cont inuously enter ing a n d leav ing the int ra 
crystal l ine cavities of the molecular sieve, thus a l l o w i n g specific select ivi-
ties to occur. Reactant select ivity (Scheme 7 A ) occurs w h e n 1 of 2 

c - c - c - c 

A Β 

Scheme 7 

classes of reactant molecules can pass through the pores. P r o d u c t selec
t i v i t y (Scheme 7 B ) occurs w h e n , a m o n g a l l the p r o d u c t species f o r m e d 
w i t h i n the pores, on ly those w i t h the p r o p e r dimensions can diffuse out 
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61. VENUTO Perspectives on Zeolite Catalysis 275 

a n d appear as observed products . F o r m a t i o n of b u l k y products m a y 
occur w i t h i n the cage, a n d these either m a y be d r a i n e d off via e q u i l i b r a 
t ion to less b u l k y species, or eventual ly l e a d to pore b lockage. 

It has been c o n c l u d e d that, for most cases, catalysis over zeolites 
occurs w i t h i n the intracrystal l ine voids . S trong s u p p o r t i n g evidence for 
this was p r o v i d e d b y W e i s z (71), w h o c o m p a r e d the rates of d e h y d r a t i o n 
of 2 -butanol over L i n d e 10X a n d 5 A zeolites at re la t ive ly h i g h tem
peratures a n d l o w conversion. T h e rate constant per uni t v o l u m e of 
5 A was 1 /100-1 / lOOOth that for 10X, a magni tude consistent w i t h 
the rat io of avai lable surface areas for the external area of 1-5/x-sized 
5 A crystals a n d for 10X, where the in ternal surface area was avai lable to 
the a lcohol . T h e strong d r i v i n g force for occ lus ion w i t h i n the intracrys
ta l l ine zeol i te voids is exempl i f ied b y the r a p i d adsorpt ion kinetics a n d 
rectangular adsorpt ion isotherms observed for molecules whose d i m e n 
sions are not close to those of the entry pores. 

N o t w i t h s t a n d i n g the above considerations, some cata lyt ic role can be 
a t t r ibuted to the external surface, par t i cu lar ly at h i g h temperatures. 
Q u i t e a f e w examples f r o m the recent l i terature can be c i ted w h e r e reac
t ion of olefins a n d olefin-precursors too large to pass through the 8-r ing 
4 - 5 A entry pores of L i n d e 5 A a n d chabazi te has been observed (62). 
S i m i l a r l y , fo rmat ion of acetophenone tetramer over H Y faujasite ( w i t h its 
12-ring 8 - 1 0 A entry pores) also must have o c c u r r e d o n the external 
surface (63). If w e assume that the external surface area of a l-μ, c u b i c 
crystal ( 3 - 4 m 2 / g r a m ) 0 f a t y p i c a l zeoli te is 1 /200-1/300 of the to ta l 
surface area, i t becomes apparent that re lat ively f e w potent ia l catalyt ic 
sites are avai lable . F u r t h e r , there is no reason to assume that these sites 
are s imi lar i n strength and structural environment to those w i t h i n the 
n a r r o w zeolite p o r e - c h a n n e l system. T h e environment a n d concentrat ion 
of reactant molecules is total ly different, a n d there is f reedom f r o m pos
sible intracrystal l ine di f fus ion restrictions. Differences i n react iv i ty a n d 
select ivity thus m a y be expected to occur. 

K a t z e r (28) observed that counterdif fusion of benzene a n d cumene 
w i t h i n the pores of H - m o r d e n i t e does not occur at l o w temperatures. 
H o w e v e r , H - m o r d e n i t e shows ac t iv i ty for the a l k y l a t i o n of benzene w i t h 
propylene to f o r m cumene under the l i q u i d phase condit ions used for 
the di f fusion studies, a n d he has suggested that react ion must occur o n 
the external crystal l i te surface, or just w i t h i n the pore m o u t h . In earl ier 
studies on the i somerizat ion of 2 ,3 -d imethylbutene- l at 0 ° - 2 0 ° C over a 
deuterated Y - t y p e faujasite (62), w e observed that the extent of i someri 
zat ion ( 2 ,3-dimethylbutene-2 ) was far greater than the extent of deutera-
t ion ; only a f rac t ion of the total deuter ium on catalyst O D groups was 
exchanged. O n e possible explanat ion—assuming a protonic i somerizat ion 
mechanism—is that, because of l o w e r e d intracrysta l l ine di f fus ion rates 
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276 MOLECULAR SIEVE ZEOLITES II 

A Β 

Scheme 8 

under these condit ions , on ly sites near the external surface were actual ly 
accessible (Scheme 8 , A ) (pore m o u t h catalysis ) , a n d that these were 
used repeatedly, w i t h the major i ty of intracrystal l ine O D groups ( shaded 
areas, Scheme 8 A , Β ) b e i n g effectively unavai lab le . A s imi lar net effect 
w o u l d be observed i f i n i t i a l p o l y m e r i z a t i o n occurred , to f o r m h i g h l y 
b r a n c h e d d i m e r or t r imer that was adsorbed strongly near the pore m o u t h . 

Apropos of the externa l - in terna l surface " p r o b l e m , " T h o m a s a n d 
B a r m b y ( 5 5 ) , f r o m calculat ions on p u b l i s h e d data, have suggested that 
the p r i m a r y c r a c k i n g of gas o i l molecules ( m . w . 175-252) occurs i n the 
amorphous si l ica—alumina matr ix or o n the external surface of zeol i te 
crystall ites dispersed i n the matr ix i n c r a c k i n g catalysts such as D u r a b e a d 
5. T h a t is, the rate of di f fus ion of gas o i l molecules t h r o u g h the zeoli te 
p o r e - c h a n n e l system m a y be too s low to account for the observed rates 
of c rack ing , a n d ^-sc iss ion to f o r m olefins takes place m a i n l y outside of 
the molecu lar sieve crystals. T h e c racked fragments then diffuse into 
the zeoli te cavit ies, a n d there undergo h y d r o g e n transfer to paraffins a n d 
aromatics ( a n d c o k e ) . A d i t y a , C h e n , a n d W e i s z (1) show that gas o i l 
molecules can diffuse into the faujasite pores, a n d that the w h o l e p r o d u c t 
d i s t r i b u t i o n effect is f u l l y expla ined b y the large rat io of rate constants 
for Η-transfer, re lat ive to crack ing , of the entire internal zeol i te surface, 
i n contrast to the convent ional ly smal l rat io for the amorphous catalyst. 

Before l e a v i n g the subject of shape-selectivity a n d re lated p h e n o m 
ena, reference s h o u l d be m a d e to an unusua l p r o d u c t d i s t r ibut ion ob
served b y C h e n et al. (11) i n the c r a c k i n g of n-docosane ( C 2 2 H 4 6 ) over 
er ionite at 2 5 0 ° - 4 0 0 ° C . T h e carbon n u m b e r d i s t r ibut ion of the c racked 
products exhib i ted a t r i m o d a l pattern, w i t h peaks at C n , C 6 , a n d C 3 . 4 ; 
products i n the carbon n u m b e r range of C i - C 2 , C 7 - C 9 , a n d > C i 2 were 
miss ing . Se lect iv i ty for C i 0 - C i 2 products was not mere ly the result of 
"center c r a c k i n g . " E r i o n i t e contains c y l i n d r i c a l cavities about 15.1 A long . 
These cages are b u n d l e d together w i t h interconnect ing 8-r ing w i n d o w s 
o n the wal l s of the cy l inders , a n d these w i n d o w s p r o v i d e for the passage 
of h y d r o c a r b o n molecules . T h e ca lcula ted p a t h be tween such w i n d o w s 
is about 15.4A, a n d the length of C i 0 - C i 2 η-paraffins (15 .3 -17 .9A) nearly 
equals this distance. T h e authors suggest that C10-C12 f r a g m e n t s — w h i c h 
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r 

ι c c ^ c c 
V V + V / V I c c c c J 

A Β 

Scheme 9 

c o u l d b r i d g e across 2 w i n d o w s — p r e f e r e n t i a l l y pass t h r o u g h the crys ta l 
u n c h a n g e d (Scheme 9 A ) , w h i l e those i n the C 7 - C 9 a n d > C i 2 range u n 
dergo secondary reactions ( Scheme 9B ) a n d do not appear i n the product . 
T h u s , there appears to be the super impos i t ion of a "cage" or " w i n d o w " 
effect o n the convent ional c rack ing mechanism. 

Systems Involving Inhibition of Reaction by Adsorbed Reactant 

A priori, it is reasonable to assume that i n h i b i t i o n of catalyt ic reac
t ion over a zeolite w o u l d occur whenever molecules f r o m some source 
are strongly adsorbed at or near the entry pore mouths or o n or near 
intracrysta l l ine sites responsible for catalysis of the react ion i n quest ion. 
L e t us consider the sorption—diffusion aspect br ie f ly : G o l d s t e i n (23) ob
served i n h i b i t i o n i n sorpt ion of s imple a l iphat ic carboxyl i c acids, ni tr i les , 
a n d ni t ro compounds i n a series of zeolites conta in ing 8-r ing entry pores, 
where steric considerations def initely were not the d e t e r m i n i n g factor. 
K a t z e r (27) has noted also that extremely s m a l l concentrations (i.e., 0.4 
mole % ) of strongly adsorbed species ( poss ib ly r a d i c a l ions f r o m trace 
impuri t ies i n " h i g h p u r i t y " 1-methylnaphthalene ) greatly h i n d e r the d i f 
fus ion of 1-methylnaphthalene molecules , s ignif icantly l o w e r i n g the ob
served di f fus ion coefficients i n m o d i f i e d Y - t y p e faujasite. 

I n early p h e n o l a l k y l a t i o n studies (61), w e not i ced that a l k y l a t i o n 
of p h e n o l w i t h ethylene o c c u r r e d at 2 0 4 ° C , a temperature m u c h higher 
than that r e q u i r e d for e thylat ion of the m u c h less n u c l e o p h i l i c benzene 
nucleus ( 1 2 1 ° C ) under s imi lar condit ions . Superf ic ia l ly , at least, this 
appears to violate the classical laws of e lec trophi l i c subst i tut ion (24). 
Closer examinat ion of this system ( 62, 64 ), however , s h o w e d that p h e n o l , 
at moderate ly l o w temperatures, was specif ical ly adsorbed at sites act ive 
for a lky la t ion , thus h i n d e r i n g adsorpt ion of ethylene at these same sites, 
a n d prevent ing generat ion of the e lectrophi le necessary for attack o n the 
p h e n y l nucleus. T h a t is, a l k y l a t i o n b y a R i d e a l - t y p e m e c h a n i s m (see 
Scheme 5) cannot occur u n t i l temperatures h i g h enough to desorb p h e n o l 
f r o m the act ive s i tes—and a l l o w ethylene to compete for a d s o r p t i o n — 
are obta ined. I n such systems, a l k y l a t i o n can be fac i l i ta ted b y i m p o s i t i o n 
of pressure ( i n the case of e thy lene) , or use of more polar or h igher 
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278 M O L E C U L A R S I E V E Z E O L I T E S II 

molecular w e i g h t a l k y l a t i n g agents. A s imi lar "adsorpt ion disguise" m a y 
expla in the fa i lure of propylene to a lkylate naphthalene over a faujasite 
catalyst u n t i l a temperature of 205 ° C was reached (61). A l s o , the solvent 
effect observed i n B e c k m a n n rearrangement studies us ing R E X faujasite 
(31)—decreased convers ion w i t h increased solvent p o l a r i t y — p r o b a b l y 
stems f r o m compet i t ive adsorpt ion of the polar solvent molecules at 
catalyst a c i d sites. T h e above solvent effect is exactly opposite to that 
observed i n m a n y homogeneous B e c k m a n n rearrangement studies. 

Such adsorpt ion effects, are of course, w e l l k n o w n i n cata lyt ic reac
tions over other heterogeneous systems. F o r a deta i led discussion of the 
effect on cata lyt ic c r a c k i n g kinetics b y molecules w h i c h do not compete, 
compete w i t h near e q u a l strength, a n d strongly compete w i t h the reactant 
for adsorpt ion o n catalyst sites, the reader is referred to the classic w o r k 
of Prater , W e i s z , a n d associates (46, 72). 

Aging In Zeolite Catalyst Systems 

T h e te rm " a g i n g " general ly describes a loss i n the a c t i v i t y — o r selec
t i v i t y — o b s e r v e d i n a catalyt ic process after a certa in p e r i o d of react ion 
t ime. A g i n g m a y result f r o m some change i n the nature or n u m b e r of 
catalyst sites, or i n the accessibi l i ty of the sites to reactant molecules. 
T h u s , such factors as f o r m a t i o n of hydrogen-def ic ient organic residues 
( " coke" ) , selective adsorpt ion of impur i t ies f r o m the charge [i.e., a d 
sorpt ion of H 3 P 0 2 ant ioxidant f r o m p h e n o l ( 5 9 ) ] , or actual changes i n 
the inorganic zeol i t ic structure w i l l cause aging. T h e process m a y be 
gradua l , w h i l e sometimes a sharp dramat ic d r o p i n act iv i ty occurs. T h e 
latter phenomenon , seen i n the a l k y l a t i o n of benzene w i t h decene over 
R E X faujasite (61), represents the c l imax of a " m a s k e d " a g i n g process 
w h i c h h a d been going on for some t ime, but w h i c h h a d not yet reached 
a c r i t i ca l stage. 

It is interest ing to compare s tructural features of the zeolites mor-
denite a n d faujasite i n re lat ion to aging. M o r d e n i t e , w i t h ncnintercon-
nect ing channels, can be v i s u a l i z e d as a b u n d l e of tubes w i t h e l l i p t i c a l 
(6.96 Χ 5 .81A) cross-section. If an obstruct ion develops w i t h i n such a 
tube, access to catalyt ic sites can be decreased (Scheme 1 0 A ) or c o m 
plete ly b l o c k e d (Scheme 1 0 B ) , d e p e n d i n g on its locat ion. I n faujasite, 

A Β C D 

Scheme 10 
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61. VENUTO Perspectives on Zeolite Catalysis 279 

however , each supercage opens via 8 - 9 A diameter w i n d o w s into 4 i d e n 
t i ca l , t e t rahedra l ly -dis t r ibuted cavities. If 1 or even 2 of the 4 w i n d o w s 
become obstructed, there is , i n p r i n c i p l e , the poss ib i l i ty of molecu lar 
d i f fus ion through the faujasite crysta l (Scheme I O C ) . ( T o state this i n 
p h y s i o l o g i c a l terms, col lateral c i r cu la t ion c a n develop a r o u n d a n embolus 
i n the p l e x i f o r m faujasite channel system!) 

H o w e v e r , there are some disadvantages i n the faujasite system that 
are not present i n the mordeni te system. T h e geometry of the mordeni te 
pore-channel system dictates that no molecu le w i t h c r i t i ca l d i m e n s i o n 
larger than its 6.95 Χ 5.81A cross-section can be synthesized w i t h i n its 
pores. T h u s , conce ivably , m i l d thermal treatment under v a c u u m or sol
vent extraction m i g h t remove the obstruct ion s h o w n i n Scheme 1 0 A — 
p r o v i d e d its d i f fus iv i ty is not too l o w . W i t h i n the faujasite supercage 
system, however , there is the potent ia l i ty for synthesis of molecules far 
too large to diffuse t h r o u g h the 8 - 9 A 12-ring w i n d o w s (Scheme 1 0 D ) — 
the p h e n o m e n o n of "reverse molecular-s ize select ivi ty" (58). W e thus 
have "the faujasite t r a p " ( F i g u r e 4 ) , f r o m w h i c h b u l k y molecules can
not be r e m o v e d b y s imple p h y s i c a l means ( v a c u u m , m i l d t h e r m a l or 
solvent desorpt ion) , but on ly b y c h e m i c a l processes ( c r a c k i n g , ox ida
t ion) that break C — C bonds. Deta i l s of the h y d r o g e n transfer reactions 
of ethylene that l ead to the genesis of b u l k y , hydrogen-def ic ient aromatics 
w i t h i n the pores of fau jas i te—and a g i n g — h a v e been discussed earlier 

Conclusionsy Analogies and Contrasts: The Over-all View 

C o n s i d e r i n g zeolites as a group, the most s t r ik ing feature that emerges 
is their versat i l i ty—the m u l t i p l i c i t y of catalyt ic reactions for w h i c h they 
show act ivi ty . C e r t a i n other composit ions have a b r o a d spectrum of 

(58,60,62). 

REX, 64 ° 
1.75 HR. 
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c is - AND trans- 2 - C e H | 2 + 
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Figure 4. The "faujasite trap": steric oc
clusion visualized in an uncomplicated way 
in an olefin reaction at relatively low tem

peratures; hexene data from Ref. 60 
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280 M O L E C U L A R S I E V E Z E O L I T E S II 

catalyt ic act iv i ty , b u t they are useful on ly w i t h i n n a r r o w operat ing l imits 
a n d m a y decompose u n d e r extreme condit ions . A z e o l i t e — u n l i k e an 
enzyme, the remarkable structure a n d properties of w h i c h can persist 
over o n l y a re la t ive ly n a r r o w temperature a n d p H range—is thermal ly 
stable a n d cata lyt ica l ly active over a w i d e range of temperatures. It is 
capable of i n d u c i n g double b o n d m i g r a t i o n i n a s imple olefin at — 80 ° C 
a n d yet can effect transformations at 6 0 0 ° C a n d h igher—at the interface 
w i t h t h e r m a l a n d free radica l - type c h e m i c a l react ion. Zeolites do not 
complex w i t h reactant i n the sense of AICI3, a n d u n l i k e H 2 S 0 4 , they do 
not corrode, sulfonate, or ox id ize ; great flexibility exists i n mechanica l 
h a n d l i n g of zeolites, a n d contact w i t h reactants can be effected i n diverse 
ways . I n one sense, w e can visual ize " n o r m a l " or "c lass ica l " organic re
ac t ion patterns as o c c u r r i n g over zeolites, but w i t h the super imposi t ion 
of distortions ( i m p o s e d b y the pecul iar i t ies of zeoli te structure) such as 
"cage" a n d " w i n d o w " effects, a n d temperature, sorpt ion, or di f fus ion 
"disguises ." 

P r o f o u n d operations on the structure of organic molecules occur, 
r a n g i n g f r o m delicate C = C isomer izat ion to c rack ing ac t iv i ty p o w e r f u l 
enough for f ragmentat ion of the benzene r ing . C a r b o n , oxygen, sulfur , 
ni trogen, a n d h y d r o g e n atoms can be reshuffled; r ings can be b u i l t a n d 
b r o k e n ; H X can be a d d e d to molecules , a n d l ikewise , subtracted. O f 
p r i m e importance are the transfer reactions of h y d r o g e n f r o m lattice 
oxygen to carbon, oxygen, a n d ni t rogen as protons a n d vice versa, a n d 
f r o m carbon to carbon as h y d r i d e . I n some cases, the net process con
stitutes d isproport ionat ion , a dramat ic redis t r ibut ion of h y d r o g e n be
tween h y d r o g e n - r i c h ( paraffins ) a n d hydrogen-def ic ient ( often aromat ic ) 
species. A great m a n y reactions appear to involve c a r b o n i u m ion-type 
intermediates—via molecular interact ion w i t h the electron-deficient sites 
o n the r i g i d , ordered, po lar zeolite surface. O t h e r intermediates also m a y 
occur : free-radicals a n d radical - ions have been observed i n zeolite sys
tems, a n d some appear to be s tab i l ized b y the lattice; there also is ev i 
dence to suggest the possible intervent ion of other " o n i u m " ions, y l ides , 
carbenes, a n d even carbanion- l ike species under certain circumstances. 
R e m a r k a b l e deact ivat ing effects occur , i n v o l v i n g the intracrystal l ine syn
thesis a n d occ lus ion of molecules too large to escape—reminiscent of urea 
a d d u c t i o n p o l y m e r i z a t i o n . E v i d e n c e also suggests that the crystal l ine 
a luminosi l icate i n some w a y influences the catalyt ic ac t iv i ty of exchanged 
transit ion meta l ions ( the anionic latt ice as a p o l y m e r i c " l i g a n d " ) . 

M a n y reactions over zeolites don't seem to require strong ac idi ty . 
T h e y are p r o b a b l y u t i l i z i n g the po lar i ty of the crystal latt ice, a n d t a k i n g 
advantage of the tremendous reactant-concentrat ing effect of the vast, 
membrane- l ike in terna l surface area of the zeolite. Perhaps w e even 
can look at zeolites as rugged , p r i m i t i v e "proto-enzymes." O f course, they 
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61. V E N U T O Perspectives on Zeolite Catalysis 281 

are orders of magni tude b e l o w enzymes i n their potential i t ies , but c o l 
lec t ive ly they are also orders of m a g n i t u d e more versati le, a n d have m a n y 
more levels of d i s c r i m i n a t i o n than most other catalyt ic systems. I n their 
a b i l i t y to adsorb select ively one class of molecules a n d select ively exclude 
another, they are e x h i b i t i n g a c rude " lock a n d k e y " effect. I n some cases, 
this select ivity is the result of size alone; i n others, i t is caused b y polar i ty 
or some other p h y s i c a l property . S i m i l a r l y , these same factors influence 
the rate at w h i c h molecules m o v e through p o r e s — a n d react. W h i l e most 
reactions occur w i t h i n the p o r e - c h a n n e l system, some m a y occur o n the 
external surface. 

T h e zeolite is r i g i d a n d ordered , a n d lacks conformat iona l a d a p t a b i l 
i ty , i n contrast to an enzyme, w h i c h can c o i l , u n c o i l , a n d twist a round. 
Yet the zeolite can incorporate t ransi t ion meta l funct ions—these are of 
p r i m e importance i n enzyme ca ta lys i s—and i t can effect redox reactions; 
reactions over zeolites can be i n h i b i t e d b y compet i t ive adsorpt ion of re-
actants, products , solvents, or poisons—a phenomenon observed i n b i o 
log ica l a n d some other inorganic heterogeneous catalyt ic systems; R i d e a l 
kinetics have been ident i f ied i n some zeol i te-catalyzed alkylat ions , a pat
tern w h i c h has its paral lels i n the enzyme field; a f e w cases of stereo-
specif ic i ty ( s u c h as orff to-alkylat ion effects, u n u s u a l olefin isomer ra t ios ) , 
where a transi t ion state not otherwise attainable intervenes, m a y exist. 
W h a t better group of catalysts t h a n zeolites m i g h t there have been to 
activate the evolut ionary process i n the dark, ferment ing P r e - C a m b r i a n 
seas some 1,000,000,000 years ago? 
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Discussion 

W . K . H a l l ( G u l f Research & D e v e l o p m e n t C o . , P i t t sburgh , P a . 
15230): C o u l d not the evidence c i ted for pore m o u t h react ion rea l ly 
result f r o m the format ion of p o l y m e r layer w h i c h acts as a p r o t o n donor? 
S u c h a s i tuat ion exists w i t h sil ica—alumina catalyst. 

P . B . V e n u t o : S u c h proton-donat ion f r o m adsorbed p o l y m e r layer as 
y o u have suggested cannot be e l iminated , a n d such mechanisms very 
p r o b a b l y m a y operate i n certain zeol i t ic systems. Since, however , some 
d e u t e r i u m incorporat ion f r o m catalyst O D groups to h y d r o c a r b o n d i d 
occur, a n d since the react ion was effected at l o w temperatures i n the 
l i q u i d phase, a d i f fus ion- l imi ted pore m o u t h type catalysis m a y be more 
l ike ly . 
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Structural Aspects of Catalysis With Zeolites; 

Cracking of Cumene and Hexane 

J. A. RABO and M. L. POUTSMA 

Union Carbide Research Institute, Tarrytown Technical Center, 
Tarrytown, N. Y. 10591 

Catalytic reactions of hydrocarbons over zeolites are re
viewed. The historical development of various mechanistic 
proposals, particularly of the carbonium ion type, is traced. 
In spite of numerous catalytic, spectroscopic, and structural 
studies which have been reported concerning the possible 
roles of Bronsted acid, Lewis acid, and cationic sites, it 
still is not possible to formulate a comprehensive mechanistic 
picture. New activity and product data for cumene cracking 
and isotope redistribution in deuterated benzenes over Ca-
-and La-exchanged Y zeolites is presented. Cracking of the 
isomeric hexanes over alkali metal-exchanged Y and L 
zeolites has been studied. This cracking is clearly radical 
rather than carbonium-ion in nature but certain distinct 
differences from thermal cracking are described. 

' "T^he l i terature re lated to various aspects of catalysis w i t h zeolites has 
g r o w n w i t h i n the past 10 years w i t h a p r o p u l s i o n such as fo l lows o n l y 

major discoveries i n science a n d technology. T h e p u b l i s h e d w o r k has 
been col lected i n several r e v i e w articles g i v i n g account of several h u n d r e d 
publ ica t ions a n d patents. U n l i k e m a n y other cases i n catalysis, the o r i g i n 
of the c h a i n of events w h i c h resulted i n the discovery of zeolite catalysts 
lies i n inorganic chemistry a n d crysta l lography rather than i n catalysis 
itself. Consequent ly , a good dea l of the scientific recogni t ion is o w e d to 
early p h y s i c o c h e m i c a l studies, the complex s t ructural w o r k o n several 
zeolite minerals , a n d to the discovery of n e w synthetic zeolites, p a r t i c u 
l a r l y those varieties w h i c h have pores large enough to admi t most of the 
hydrocarbons that occur i n pe t ro leum distil lates. 

There are b i b l i o g r a p h i c reviews o n catalysis w i t h zeolites (62, 94, 
100) as w e l l as on zeolites i n general (7,19, 76, 85) cover ing the l i terature 
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u p to about 1966. I n the l i m i t e d space of this paper , w e shal l give o n l y 
a selective r e v i e w o n the progress i n zeol i te catalysis w i t h t y p e - X a n d - Y 
zeolites, w i t h emphasis on the re lat ionship between zeolite structure a n d 
catalyt ic properties . I n a d d i t i o n , w e shal l descr ibe here several catalyt ic 
experiments of our o w n . 

T h e i n t r i g u i n g s t ructural proper ty of zeolites w h i c h permits t h e m to 
a d m i t or reject adsorbates based o n molecular size was first repor ted b y 
M c B a i n ( 5 9 ) , w h o also proposed the term "molecular sieve." H i s findings 
were conf i rmed a n d greatly extended b y Barrer , w h o later p r e p a r e d a 
synthetic zeolite for the first t ime. Insp i red b y the potent ia l a p p l i c a t i o n 
of molecular sieves i n the separat ion of gases a n d l i q u i d s , U n i o n C a r b i d e 
C o r p . l a u n c h e d the first large-scale i n d u s t r i a l research, c o n d u c t e d b y 
M i l t o n , Breck , a n d associates, for the synthesis a n d character izat ion of 
n e w zeolite varieties. T h i s w o r k was a n a t u r a l extension of the laboratory's 
long-s tanding interest i n synthetic crystals : sapphire , d i a m o n d , r u b y , etc. 
W i t h the discovery of X a n d Y zeolites (20, 61 ) w i t h a pore size of about 
10 A , large enough to a d m i t not o n l y gas molecules b u t also most h y d r o 
carbons i n pe t ro leum disti l lates, the interest was p r o m p t l y extended f r o m 
adsorpt ion studies to catalysis. 

T h r e e zeol i te features w e r e considered p a r t i c u l a r l y attractive for 
catalysis studies: first, the intracrysta l l ine pores a n d cavities offered a 
better-defined surface than ever before i n catalysis; second, the exchange
able zeolite cations i n t r o d u c e d a n e w c h e m i c a l a n d p h y s i c a l var iable on 
a more or less constant surface; a n d finally, the u n i f o r m i t y of the pores 
l i n k i n g the large cavities w i t h i n the crysta l suggested that w i t h a f e e d 
conta in ing b o t h smal l a n d large molecules , the catalyt ic effect w i l l be 
restr icted to those w h i c h are a d m i t t e d t h r o u g h the pores, s imi lar to the 
molecular sieve effect f o u n d i n adsorpt ion. H o w e v e r , this r e v i e w w i l l 
demonstrate that the intracrystal l ine surface of zeolites is not as w e l l 
def ined b y x-ray as des ired; that the catalyt ic p h e n o m e n o n is l i k e l y cen
tered o n sites w h i c h m a y be c a l l e d "defect sites" ( a n d consequently t e n d 
to e lude character izat ion b y the methods of c r y s t a l l o g r a p h y ) ; that the 
molecular s ieving effect m a y be an advantage as w e l l as a restr ic t ion; 
a n d that out of the great var ie ty of avai lable m e t a l cations, o n l y a f e w 
have f o u n d c o m m e r c i a l a p p l i c a t i o n i n catalysis so far : a lkal ine earth a n d 
rare earth cations. 

T h e major p r a c t i c a l a n d scientific result of zeolite catalysis is a great 
improvement i n several major pe t ro leum technologies a n d a n e w a n d 
g r o w i n g interest of scientists of var ious disc ipl ines i n catalysis. T h e result 
of the latter is a g r o w i n g tendency to character ize the s tructural detai ls 
of catalysts us ing a l l avai lable p h y s i c a l a n d c h e m i c a l methods, as a w e l 
come complement to k inet ic studies. 
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286 M O L E C U L A R S I E V E Z E O L I T E S II 

Review of Structural Aspects of Zeolite Catalysis 

Carbonium Ion Type Catalysis. T h e first reports o n carboniogenic 
catalysis— i .e. , act ivit ies apparent ly caused b y the f o r m a t i o n of c a r b o n i u m 
i o n - l i k e i n t e r m e d i a t e s — w i t h zeolites were presented i n 1960 b y 2 groups 
w o r k i n g independent ly . A t the 2 n d Internat ional Congress o n Cata lys is , 
the research group at U n i o n C a r b i d e C o r p o r a t i o n reported (75) that P t -
or P d - l o a d e d synthetic zeolites of type X a n d Y can be m a d e to show 
excellent carboniogenic catalyt ic activit ies , d e p e n d i n g o n the selection of 
the S i / A l rat io a n d the charge of zeol i t ic cat ion i n t r o d u c e d b y i o n ex
change into the sodium-conta in ing , as-synthesized materials . W h i l e the 
noble m e t a l - l o a d e d N a X a n d N a Y showed o n l y negl ig ib le ac t iv i ty for the 
i somer izat ion of n-hexane, the Ca-exchanged X a n d Y zeolites d e m o n 
strated substantial ac t iv i ty , w i t h the higher S i / A l rat io Y d i s p l a y i n g m u c h 
h igher ac t iv i ty than the X zeolite . A n isomerizat ion act iv i ty comparable 
or even superior to the Ca-exchanged catalysts was reported w i t h N H 4 -
exchanged X a n d Y , f o l l o w i n g heat treatment to decompose the N H 4 

cat ion, products of w h i c h are often referred to as decat ionized or de-
cat ionated zeolites. H e r e again, deca t ionized Y was m u c h superior to 
deca t ion ized X , a n d the latter lost its crysta l structure o n heat treatment 
i n the decat ionizat ion process. W i t h the Y zeoli te , a n exchange of C a for 
N a u p to 5 0 % caused only a smal l increase, b u t a more complete exchange 
caused a sudden rise i n catalyt ic act ivi ty . I n contrast, even s m a l l ( 1 0 -
2 0 % ) decat ionizat ion gave rise to substantial catalyt ic act iv i ty . 

I n the same year, W e i s z a n d Fr i le t te at Socony M o b i l O i l C o . 
reported (110) that N a X is more act ive for the c r a c k i n g of large n o r m a l 
paraffins than the convent ional s i l i c a - a l u m i n a c r a c k i n g catalysts, a n d that 
the ac t iv i ty of N a X is further increased b y rep lac ing s o d i u m w i t h c a l c i u m 
ions. T h e p r o d u c t obta ined w i t h N a X was free of b r a n c h e d products 
w h i l e the p r o d u c t obta ined w i t h Ca-exchanged X conta ined b r a n c h e d 
hydrocarbons , s imi lar to the p r o d u c t obta ined w i t h s i l i c a - a l u m i n a type 
catalysts. Several examples of the molecu lar sieve effect were d e m o n 
strated w i t h C a A zeolite catalyst, us ing m i x e d feeds conta in ing b o t h 
smal ler a n d larger molecules than the pore i n the zeoli te crystal . 

These a n d the short ly f o l l o w i n g reports i n d i c a t e d that ( 1 ) the locus 
of cata lyt ic ac t iv i ty is i n the intracrystal l ine "zeol i t i c surface," as d e m o n 
strated b y the molecular sieve phenomena (75, 110, 111); ( 2 ) b i - a n d 
poly-va lent cations i n d u c e h i g h carboniogenic ac t iv i ty i n X a n d Y zeolites 
(33, 75); ( 3 ) the deca t ion ized Y obta ined t h r o u g h heat treatment of 
N H 4 - e x c h a n g e d Y shows ac t iv i ty superior to cat ion-exchanged Y zeolites 
(75); ( 4 ) comparab le forms of Y are more active a n d i n certain forms 
more stable than X (75); (5 ) i n spite of the lack of carboniogenic ac t iv i ty , 
the N a X cracks large η-paraffins more extensively t h a n the s tandard 
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62. RABO AND POUTSMA Structural Aspects of Catalysis 287 

s i l i c a - a l u m i n a catalysts (110); ( 6 ) l o a d i n g of s m a l l amounts of noble 
meta l b y cat ion exchange great ly enhances the act iv i ty ( 7 5 ) . It was 
suggested that the electrostatic sh ie ld ing of surface cations (cations co
ordinated to f r a m e w o r k oxide ions i n the large intracrysta l l ine cavities, 
F i g u r e 1) of a valence h igher than one is ineffective, resul t ing i n strong 
electrostatic fields i n the large cavities near these cations a n d near the 
A 1 0 4 ~ sites not associated w i t h ca t ion ( 7 5 ) , a n d that adsorbed molecules 
are exposed to u n u s u a l c o u l o m b fields (110). I t was s h o w n later (70) 
that w i t h cat ion-exchanged X a n d Y zeolites, the carboniogenic ac t iv i ty 
not o n l y increases w i t h the larger S i / A l rat io b u t that i t increases w i t h 
the electrostatic potent ia l of the cation— i .e . , increases w i t h h igher valence 
a n d smaller size. T h e act iv i ty was at t r ibuted to the strong accessible 
electrostatic field near surface cations a n d , i n essence, to p o l a r i z a t i o n of 
the substrate molecules to f o r m c a r b o n i u m i o n - l i k e react ion intermediates . 

T h e existence of "surface" b iva lent cations at lattice posit ions w i t h 
3 - fo ld coordinat ion i n the large cavities (Site 2 ) exposed to adsorbed 
molecules was s h o w n f r o m a structure analysis of a C a - e x c h a n g e d fauja
site single crystal (12, 30). T h e assignment of C a ions to various latt ice 
positions i n m i n e r a l faujasite h e l p e d to expla in b y compar i son the observa
t ion that w i t h Y zeol i te the cata lyt ic ac t iv i ty emerges at approximate ly 
5 0 % C a exchange, because of the preference of C a ions for the f u l l y 

32 per Unit Cell 
LARGE CAVITY 

Figure 1. Cation positions in type X, Y zeolites 
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288 MOLECULAR SIEVE ZEOLITES II 

coordinated Site 1 i n the hexagonal d o u b l e r i n g . T h e uni t c e l l contains 
16 Site 1 a n d 32 Site 2, a n d w i t h a f u l l y exchanged Y of S i / A l = 2.5, 
there are /—27 C a ions. T h e electrostatic field near surface cations has 
been est imated, b y consider ing the cont r ibut ion of the w h o l e crystal 
latt ice, to exceed 1 V / A i n the large cavities at a distance of 3 A f r o m 
the center of a b iva lent cat ion (28, 70). H i g h e r c o u l o m b i c fields are 
expected i n Y t h a n i n X zeolites (70). T h e direct c o u l o m b i c interact ion 
be tween surface cations a n d adsorbed molecules was demonstrated w i t h 
adsorbed C O , C 0 2 (4, 6, 73), etc., a l l g i v i n g rise to specific b a n d shifts 
i n the in f rared spectrum, changing w i t h the valence a n d size of cat ion, 
consistent w i t h the suggested electrostatic effects near surface cations. 

T h e electron affinity of surface cations was demonstrated b y the for
m a t i o n a n d the u n u s u a l s tabi l i ty of N i + ions i n Y (73). T h e col lect ive 
electron affinity of surface a l k a l i meta l cations, a n d thus of the cat ion-
conta in ing large cavi ty itself, also was demonstrated b y the u n u s u a l sta
b i l i t y of the electron captured f r o m a l k a l i meta l v a p o r g i v i n g rise to N a 4

3 + 

a n d N a e
5 + centers (73). 

T h e s imple idea i n v o l v e d i n the "electrostatic theory" was very 
effective i n p r e d i c t i n g the catalyt ic ac t iv i ty of various cat ion-exchanged X 
a n d Y catalysts. H o w e v e r , i t f a i l e d to expla in quant i ta t ive ly the difference 
i n ac t iv i ty be tween cat ion-exchanged X a n d Y , a lkal ine earth cat ion X 
b e i n g less act ive than expected. It d i d not expla in the cause for the 
s imi lar behavior between cat ion-exchanged a n d decat ionized zeolites, a n d 
it d i d not offer satisfactory c h e m i c a l evidence for the suggested react ion 
mechanism. 

T h e presence of Bronsted a c i d sites i n Ca-exchanged X was first 
reported b y N o r t o n (64) based on a c i d indicator tests, a n d the existence of 
various h y d r o x y l groups was recognized b y in f rared spectroscopy b o t h i n 
cat ion-exchanged (5, 24, 26,106) a n d i n decat ionized zeolites X a n d Y ( 5 , 

45, 75, 87, 96,104,108,112). It was suggested that the smal l b a n d at 3745 
c m " 1 is either o w i n g to hydroxyls terminat ing the zeoli te crystal (96) or, 
more l i k e l y , since they show no interact ion w i t h adsorbed molecules , to 
some f o r m of o c c l u d e d s i l i ca residue ( 5 ) . T h e b a n d at 3652-3636 c m " 1 

is m e d i u m size i n b i - or mul t iva lent cat ion Y , v e r y large i n decat ionized Y , 
shows a s m a l l b u t consistent shift to l o w e r f requency w i t h the stronger 
cat ion, a n d the lowest f requency i n decat ionized Y . T h i s b a n d shifts i n 
the presence of various adsorbed molecules , s h o w i n g a shift of about 300 
c m " 1 w i t h adsorbed benzene (5). T h e h y d r o x y l associated w i t h this b a n d 
i n decat ionized Y protonates N H 3 , p y r i d i n e , p i p e r i d i n e , a n d q u i n o l i n e at 
r o o m temperature (16, 25, 45, 95, 104, 108) but , a c c o r d i n g to one report , 
the h y d r o x y l w i t h comparable f requency i n b iva lent cat ion Y protonates 
p y r i d i n e o n l y at 8 5 ° - 1 5 0 ° C (26). T h i s b a n d was assigned to h y d r o g e n 
attached to the type of f r a m e w o r k oxygen w h i c h serves as a b r i d g e be-
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62. RABO AND POUTSMA Structural Aspects of Catalysis 289 

tween the sodalite cages, O i (74). T h e large b r o a d b a n d at —3540 c m " 1 

i n deca t ion ized Y was assigned (67) o n the basis of x-ray evidence to 
h y d r o g e n at tached to f r a m e w o r k oxygen i n the hexagonal d o u b l e r i n g . 
T h i s h y d r o x y l protonates p i p e r i d i n e but fails to protonate the weaker base 
p y r i d i n e at r o o m temperature. T h e b a n d w i t h v a r y i n g f requency a r o u n d 
3500-3600 c m " 1 i n b i - or m u l t i v a l e n t cat ion Y shows signif icant shift w i t h 
changing cat ion a n d usua l ly does not indicate interact ion w i t h molecules 
adsorbed i n the large cavities. Consequent ly , i t is assigned to h y d r o x y l s 
at tached to cations i n the sodalite cage (74). 

H i r s c h l e r (43) a n d P l a n c k (71) proposed that h y d r o x y l protons are 
the locus of carboniogenic ac t iv i ty . H i r s c h l e r also proposed that cations 
influence the geometry a n d the ac id i ty of protonic sites, a n d P l a n k sug
gested that protons are i n t r o d u c e d through hydrolys is of the ca t ion : 

R e 3 + + H 2 0 <=> [ReOH] 2 + + H + 

W a r d suggested (106,107) that the amount of h y d r o x y l i n t r o d u c e d either 
t h r o u g h hydrolys is d u r i n g cat ion exchange or b y i o n i z a t i o n of water u p o n 
ac t iva t ion depends o n the ion ic strength of the cat ion ; consequently , i f 
ac t iv i ty depends o n h y d r o x y l concentrat ion, i t w i l l p a r a l l e l the cat ion 
strength. 

In format ion on the amount of "surface c a t i o n " i n various cat ion-
exchanged Y zeolites was obta ined b y R a b o , A n g e l l , et al. (73) b y u s i n g 
a c o m b i n e d m e t h o d of C O sorpt ion a n d i n f r a r e d spectroscopy. T h e y 
f o u n d that the surface cat ion content of b iva lent cat ion-exchanged Y de
pends not o n l y o n act ivat ion temperature b u t also o n the rate of heat -up; 
"f lash ac t iva t ion" of N i Y resul ted i n several t imes more surface N i 2 + 

cations than ac t ivat ion b y s low heat-up. F e w e r surface cations w e r e 
f o u n d w i t h b iva lent t ransi t ion meta l Y than w i t h a lkal ine earth Y (73). 
B a r r y et al. (8,9) used s p i n tagging ( M n 2 + ) a n d c o n c l u d e d that cer ta in 
transi t ion metals d i s p l a y strong covalent character. T h e y prefer sites of 
specific symmetry rather than sites of h igher coordinat ion number— i . e . , 
Z n 2 + prefers te trahedral coordinat ion i n the sodalite cage to the near ly 
oc tahedra l Site 1. H e also detects w i t h cations of h igher valence a ten
d e n c y to o c c u p y posit ions i n the sodalite cage. S u c h a tendency for rare 
earth cations was s h o w n b y Bennet t et al. (13, 14), S m i t h et al. (84), 
O l s o n et al. (68), a n d later b y R a b o et al. (74). I n a d d i t i o n , S m i t h et al. 
(84) a n d Bennett et al. (15) repor ted that the cat ion d i s t r i b u t i o n i n 
L a - e x c h a n g e d X a n d Y is temperature-dependent a n d that be tween r o o m 
temperature a n d 7 0 0 ° about hal f of the cations change their pos i t ion i n 
a reversible manner . 

T h e i n f o r m a t i o n o b t a i n e d b y x-ray crysta l lography shows consider
able differences i n the pos i t ion of L a 3 + ca t ion be tween microcrys ta l l ine 
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290 M O L E C U L A R SIEVE ZEOLITES II 

T y p e Y a n d single crysta l faujasite (13, 14, 84). S ince crys ta l lographic 
studies are c o n d u c t e d w i t h very s m a l l amounts of mater ia l , especial ly i n 
the case of the s ingle-crystal m e t h o d , i t is l i k e l y that the effective contro l 
of the environment for traces of water a n d other impur i t ies becomes very 
c r i t i c a l a n d m a y affect the pos i t ion of the cations. 

T h e c r i t i ca l nature of the m e t h o d of d e h y d r a t i o n can be i l lus t ra ted 
best b y the effect of c h a n g i n g ac t ivat ion condit ions o n Ca-exchanged Y 
( 3 ) . It appears that, o n act ivat ion at 5 5 0 ° C i n air , a smal l f rac t ion 
(>—15% ) of surface c a l c i u m ions react w i t h water 

Ca 2 + + H 2 0 <=> [ C a 2 + - OH~] + H+ 

H+ + O 2 - <=> O H - ~3640 c m " 1 infrared b a n d 

a n d that the C a O H groups o c c u p y posit ions i n the sodalite cage as pre
v i o u s l y reported b y O l s o n (66). H o w e v e r , o n treatment w i t h steam at 
6 0 0 ° C , the react ion w i t h water goes to comple t ion , resul t ing i n the e l i m i 
nat ion of a l l surface c a l c i u m ions a n d i n a sharp rise i n the 3640 c m " 1 

h y d r o x y l b a n d . T h e smal l s t ructural change i n d u c e d o n ac t ivat ion at 
550 ° C can be observed b y x-ray methods only w i t h di f f icul ty a n d w i t h 
l i m i t e d accuracy, w h i l e the effect of this smal l s tructural change o n 
catalyt ic ac t iv i ty is a l ready very large. 

F u r t h e r evidence for the need of protons for carboniogenic ac t iv i ty 
is g i v e n b y M a t s u m o t o et al. (58), w h o have s h o w n that N a Y , w h i c h is 
inact ive for cumene c rack ing , can be made into an act ive catalyst b y the 
a d d i t i o n of H C 1 . T h i s effect of H C 1 is reversible . I n contrast, s i l i ca gains 
no ac t iv i ty o n H C 1 a d d i t i o n , a n d γ-alumina is ac t ivated i r revers ib ly b y 
H C 1 . S i m i l a r observations w e r e m a d e b y K o l e s n i k o v et al. (51), w h o 
f o u n d that i n the p r o p y l a t i o n of benzene, a treatment w i t h p r o p y l ch lor ide 
promotes the ac t iv i ty of N a Y a n d of type X zeolites. 

W h i l e the a d d i t i o n of H C 1 enhanced catalyt ic ac t iv i ty , i t was s h o w n 
b y Benes i (11) that on r e m o v a l of hydroxyls t h r o u g h act ivat ion at p r o 
gressively h igher temperatures the catalyt ic ac t iv i ty first drops a n d then 
vanishes for the c r a c k i n g of toluene, η-butane, a n d n-pentane; a n d that 
the ac t iv i ty is restored u p o n r e a d d i t i o n of water to the catalyst. S imi lar 
deact ivat ion u p o n d e h y d r o x y l a t i o n of rare ear th-exchanged Y a n d C a -
exchanged Y was observed b y Cs icsery (41) a n d H o p k i n s (44), respec
t ive ly . W a r d (104) suggested that the ac t iv i ty f o u n d b y Benes i w i t h 
various act ivat ion temperatures corresponds w e l l w i t h the Bronsted a c i d 
concentrat ion. H o p k i n s (44), R i c h a r d s o n (80), a n d L u n s f o r d (57) 
p o i n t e d out, however , that a c c o r d i n g to the data repor ted earlier b y W a r d 
(102, 106) a n d U y t t e r h o e v e n (96), at the ac t ivat ion temperature 
( < — 6 0 0 ° C ) w h i c h y i e l d e d m a x i m u m act iv i ty , a signif icant f rac t ion of the 
hydroxyls must have been r e m o v e d already. S imi lar , or even more exten-
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62. RABO AND POUTSMA Structural Aspects of Catalysis 291 

sive, d e h y d r o x y l a t i o n is expected o n act ivat ion at 6 0 0 ° a c c o r d i n g to 
C a t t a n a c h et al. (25) a n d B o l t o n (16), respect ively. P i cker t et al. f o u n d 
that i n the a l k y l a t i o n of benzene b y propylene , the L a ( 4 6 % ) - N H 4 ( 4 4 % )-
Y shows highest ac t iv i ty f o l l o w i n g act ivat ion at 7 0 0 ° C ( 6 9 ) . R a b o et al. 
f o u n d that act ivat ion of L a - e x c h a n g e d Y at a h i g h temperature w h i c h 
resulted i n the r e m o v a l of the 3640 c m " 1 b a n d b e l o w the observable l eve l , 
hence r e d u c i n g the h y d r o x y l content b e l o w 1 O H / 1 0 0 A l (74), l e d to 
o n l y p a r t i a l loss of ac t iv i ty for c rack ing of η-butane. H o p k i n s (44) also 
p o i n t e d out that the act iv i ty of N H 4 - e x c h a n g e d Y act ivated at 375 ° C , at 
w h i c h temperature a l l or near ly a l l N H 4

+ ions are decomposed a n d the 
h y d r o x y l content is near m a x i m u m ( 16, 25, 31 ) is s m a l l c o m p a r e d w i t h the 
one act ivated at 600 ° C . H o p k i n s suggests that " o n l y the strongest B r o n -
sted sites are effective catalyt ical ly , a n d that the presence of L e w i s a c i d 
sites is either necessary or has a synergistic effect on the ac t iv i ty . " 

A different type of observation was reported b y T u n g et al. (93). 
T h e y c o m p a r e d the convers ion of n-hexane o n decat ionized Y w i t h a 
series of samples rang ing i n the degree of N H 4

+ exchange—before de-
c a t i o n i z a t i o n — f r o m 15 to 9 5 % . T h e conversion of n-hexane was ob
served at stepwise increased temperatures f r o m 2 0 0 ° to 450 ° C . T h e 
catalyt ic ac t iv i ty increased w i t h increasing degrees of N H 4 - e x c h a n g e as 
demonstrated b y the higher conversions obta ined w i t h these zeolites at 
l o w temperatures. R e a c h i n g the higher temperatures i n this stepwise 
test ing procedure , the ac t iv i ty of the zeolites w i t h lower N H 4 exchange 
s h o w e d increasing conversions, w h i l e those w i t h h i g h degrees of exchange 
s h o w e d peak ac t iv i ty at an intermediate temperature a n d a decl ine i n 
ac t iv i ty at h i g h temperatures, resul t ing i n higher conversions at h i g h 
temperatures w i t h lower N H 4 exchange. It was reported also that, i n 
contrast to the findings of other investigators w h o used cat ion-exchanged 
zeolites (63), coke burn-off b y air w i t h the spent decat ionized Y catalyst 
f a i l e d to restore the catalyt ic act iv i ty . A c c o r d i n g to T u n g et al., the locus 
of ac t iv i ty is a L e w i s a c i d or surface electric field, a n d the deact ivat ion 
f o u n d w i t h decat ionized Y of h i g h degree of exchange is caused b y shifts 
of latt ice oxygen to more stable positions. T h e y also suggest that the shift 
of oxide ions at L e w i s a c i d sites effects the desorpt ion of the react ion 
product , a n d that p r o d u c t desorpt ion (hence oxide jumps) controls the 
rate of react ion. 

It is conceivable , however , that deact ivat ion of Tung's more act ive 
catalysts at lower temperatures is caused b y coke format ion w h i c h has 
a c c u m u l a t e d o n the more act ive catalyst at l o w e r temperatures. T h e lack 
of re turn of ac t iv i ty u p o n regeneration b y air remains to be expla ined. 
T h e j u m p of f r a m e w o r k oxygen as the rate-control l ing step i n catalysis 
is not l i k e l y i n v i e w of the large apparent ac t ivat ion energy of dehydrox
y l a t i o n reported b y V e n u t o (25), > 70-100 k c a l / m o l e , a substantial 
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292 MOLECULAR SIEVE ZEOLITES II 

f rac t ion of w h i c h has to contr ibute to the ac t ivat ion energy of oxygen 
j u m p . W h i l e the j u m p of oxygen at the suggested h i g h rate is not con
sistent w i t h the h i g h ac t ivat ion energy of d e h y d r o x y l a t i o n , occasional 
shifts of oxides are more probable . C o n s i d e r i n g that f r a m e w o r k oxygen 
i n the zeolite consists of 4 different species ( 6 7 ) , i t must be expected that 
o n d e h y d r o x y l a t i o n the crysta l w i l l favor the r e m o v a l of one of the pos
sible 4, w h i c h m a y or m a y not be the one preferent ia l ly associated w i t h 
h y d r o g e n . I n the latter case, the p r i m a r y oxygen-deficient site created 
o n d e h y d r o x y l a t i o n is not pre ferred b y the crysta l ; hence, i t m a y be sub
ject to change t h r o u g h oxygen j u m p , w i t h resul t ing changes i n ad jo in ing 
atoms, i n c l u d i n g h y d r o x y l groups, a n d poss ib ly i n catalyt ic act ivi ty . S i m i 
lar s t ructural change m a y result i f a h y d r o g e n j u m p , w h i c h requires o n l y 
6.9 k c a l / m o l e act ivat ion energy (38), preceeds dehydroxy la t ion . T h e 6.9 
k c a l / m o l e act ivat ion energy was d e r i v e d f r o m N M R measurement w i t h a 
N H 4 (—70) exchanged Y zeoli te w h i c h was thermal ly d e a m m o n i a t e d at 
l o w temperature to m i n i m i z e dehydroxyla t ion . 

Isakov et al. (48) est imated the f rac t ion of 0 6 r ings u n o c c u p i e d b y 
surface cat ion i n Y zeolites, us ing the change of heat of adsorpt ion w i t h 
l o a d i n g as a measure for surface cations a n d consequent ly as a n indi rec t 
measure for single 0 6 rings u n o c c u p i e d b y surface cations (Site 2 ) . T h e y 
suggest a para l le l re lat ionship between catalyt ic ac t iv i ty a n d the f rac t ion 
of 0 6 r ings u n o c c u p i e d b y cations. A s imi lar conc lus ion was d r a w n b y 
M i n a c h e v et al. (63). 

R i c h a r d s o n s tudied the reactions of cumene w i t h a var ie ty of zeolites 
over a w i d e temperature range (80) a n d f o u n d that d e a l k y l a t i o n to 
benzene proceeds at h i g h rates w i t h a l l a lkal ine earth Y zeolites. T h e 
act iv i ty of decat ionized Y was superior to a l l a lkal ine earth Y catalysts, 
w h i l e a l k a l i meta l Y zeolites p r o d u c e d no benzene at a l l . A l l cat ion-
exchanged Y catalysts s h o w e d a sharp dec l ine i n benzene f o r m a t i o n w i t h 
t ime, p r e s u m a b l y because of coke deposi t ion. C o i n c i d e n t a l w i t h the 
decl ine i n benzene format ion , α -methyls tyrene was observed i n the p r o d 
uct at 550 ° C . T h e p r o d u c t i o n of α -methyls tyrene was largely unaffected 
b y cok ing , a n d it was p r o d u c e d even w h e n benzene f o r m a t i o n was e l i m i 
nated , p r e s u m a b l y because of deposi t ion of coke o n the catalyst. S i m i l a r 
experiments c o n d u c t e d w i t h decat ionized Y s h o w e d also a sharp dec l ine 
i n benzene f o r m a t i o n w i t h t ime; however , no α -methyls tyrene was ob
served after benzene f o r m a t i o n ceased o w i n g to coke deposits. T h e 
react ion w i t h cumene at 550 ° C i n the presence of increas ing amounts of 
q u i n o l i n e resul ted i n a g r a d u a l dec l ine i n benzene f o r m a t i o n a n d i n a 
co inc identa l increase i n α -methyls tyrene format ion , s imi lar to the effect 
of coke. R i c h a r d s o n suggests that q u i n o l i n e prefers strongly a c i d i c h y 
droxyls to L e w i s acids ( surface cations, t r i g o n a l A l ), a n d that dec l ine i n 
benzene format ion results f r o m the attachment of coke or q u i n o l i n e at 
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62. RABO AND POUTSMA Structural Aspects of Catalysis 293 

the protonic sites. S ince decat ionized Y deact ivated b y coke p r o d u c e d 
no α-methylstyrene, he c o n c l u d e d that dehydrogenat ion ac t iv i ty is cen
tered o n zeolite cations, that the ac t iv i ty paral lels their c o u l o m b i c 
strength, a n d that dehydrogenat ion is not ca ta lyzed b y L e w i s a c i d sites 
f o u n d i n decat ionized Y . 

I n Richardson's experiment , the amount of q u i n o l i n e needed to e l i m i 
nate most of the ac t iv i ty for benzene f o r m a t i o n w i t h A g + - e x c h a n g e d Y is 
about 1 Χ 1 0 2 0 / g r a m . F o r compar ison , the amount of A l a n d the corre
s p o n d i n g highest possible concentrat ion of O H groups at S i / A l = 2.5 is 
2.5 χ 1 0 2 1 / g r a m . If hydroxyls are i n t r o d u c e d b y r e d u c t i o n of o n l y the 
surface A g + ions, a n d i f some d e h y d r o x y l a t i o n occurs at the react ion tem
perature, the amount of q u i n o l i n e used for f u l l po i son ing of benzene 
f o r m a t i o n corresponds w e l l w i t h the expected n u m b e r of surface h y 
droxyls . A c c e p t i n g Richardson's conclus ion that zeoli te cations are the 
centers for dehydrogenat ion act iv i ty , the lack of effect of q u i n o l i n e o n 
dehydrogenat ion c a n b e taken as evidence that at 5 5 0 ° C the q u i n o l i n e is 
only w e a k l y adsorbed on zeoli te cations. Prev ious ly , T u r k e v i c h et al. 
(95) a n d Boreskova et al. (18) descr ibed s imi lar po isoning experiments. 
A c c o r d i n g to the data s h o w n b y T u r k e v i c h , the amount of q u i n o l i n e 
needed for the f u l l po i son ing of decat ionized X corresponds w i t h the 
order of the est imated deca t ion ized sites ( 5 0 - 1 0 0 % ), w h i l e accord ing to 
Boreskova et al, the amount of q u i n o l i n e needed to e l iminate a c t i v i t y — 
p r e s u m a b l y cumene —» benzene + C 3 — i s several t imes h igher t h a n the 
amount of A l ions, a n d consequently h igher than the highest k n o w n 
h y d r o x y l concentrat ion i n deca t ion ized zeolites. 

W a r d recent ly repor ted (109) in situ i n f r a r e d spectroscopic observa
tions of decat ionized Y d u r i n g cumene c r a c k i n g a n d observed that i n a 
cont inuous flow of cumene a n d h e l i u m mixture at 2 5 0 ° , the h y d r o x y l b a n d 
near 3640 c m - 1 decl ines to a s m a l l f rac t ion of its o r i g i n a l intensity, w h i l e 
the b a n d at 3540 c m - 1 is unaffected. O n ra is ing the temperature to 
365 ° C , a smal l decrease i n the b a n d at 3540 c m " 1 was observed also. 
W a r d suggests that the hydroxyls corresponding to 3640 c m " 1 b a n d inter
act r e a d i l y w i t h cumene b y p r o t o n transfer at l o w e r temperatures, b u t 
at h igher temperatures the less act ive h y d r o x y l groups also become suffi
c ient ly ac id ic or act ivated to interact w i t h cumene a n d thus serve as 
act ive centers. T h e spectra s h o w n b y W a r d indicate a n almost q u a n t i 
tat ive r e m o v a l of the 3640 c m " 1 hydroxyls f o l l o w i n g l o n g exposure to 
cumene. 

T h e complete e l i m i n a t i o n of the 3640 c m " 1 b a n d m a y give some 
support to the i d e a that most of the hydroxyls represented i n this b a n d 
act as catalyt ic centers; however , W a r d points out that changes i n h y d r o x y l 
group intensities c o u l d be a t t r ibuted to the f o r m a t i o n of coke or other 
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294 M O L E C U L A R SIEVE ZEOLITES II 

surface species. S u c h species c o u l d be f o r m e d t h r o u g h secondary reac
tions w i t h the p r o p y l e n e p r o d u c t (17, 32, 40, 56). U p o n g r a d u a l e l i m i n a 
t ion of hydroxyls , no f requency shift of the res idua l b a n d at 3640 c m " 1 was 
reported b y W a r d . S u c h shift c o u l d be taken as evidence that the o r i g i n a l 
b a n d at 3640 c m " 1 is a composite b a n d representing a var ie ty of hydroxyls 
of s l ight ly d i f fer ing f requency a n d different act iv i ty . W i t h the most act ive 
hydroxyls reac t ing first a n d b e i n g e l iminated , i t m a y be expected that 
their r e m o v a l w o u l d cause a change i n f requency of the res idua l b a n d . 

Since most catalyt ic reactions w i t h zeolites are c o n d u c t e d at h i g h 
temperatures, i t was na tura l to investigate the i n f r a r e d spectrum of zeoli te 
hydroxyls at h i g h temperatures. F r i p i a t et al. (34, 35) observed that 
changes i n the apparent intensities of h y d r o x y l bands i n micas a n d clays 
are temperature-dependent . These changes were expla ined o n the basis 
of a progressive d e r e a l i z a t i o n of the protons, a n d a n act ivat ion energy of 
«—4.3 k c a l / m o l e was ca lcula ted for the process. S i m i l a r results have been 
repor ted for h y d r o x y l groups of b o t h X a n d Y zeolites b y U y t t e r h o e v e n 
et al. (97) a n d b y W a r d (105). W a r d suggested that about one- th i rd of 
the h y d r o x y l h y d r o g e n becomes m o b i l e or d e l o c a l i z e d at 450 ° C a n d that 
these hydrogens m a y be responsible for the superact iv i ty of zeolites. 
H o w e v e r , C a n t et al. (23) repeated the high- temperature in f rared mea
surements a n d c o n c l u d e d that be tween r o o m temperature a n d 600 ° C 
the behavior of the h y d r o x y l bands of s i l i c a - a l u m i n a , a l u m i n a , a n d de
ca t ion ized Y zeol i te is indis t inguishable f r o m that of cata lyt ica l ly inert 
s i l i ca . 

R i c h a r d s o n (80) est imated the n u m b e r of act ive sites for cumene 
c r a c k i n g i n a var iety of Y zeolites, based o n k inet ic measurements. H e 
ascr ibed the s m a l l va lue f o u n d for the preexponent ia l factor entirely to 
the n u m b e r of act ive sites, b y i g n o r i n g a l l other components , such as 
entropy change o n chemisorpt ion , etc. H e obta ined values for active sites 
w h i c h were less b y 3 to 5 orders of magni tude than the amount of a l u m i 
n u m ions, a n d hence the largest amount of potent ia l h y d r o x y l sites. I n 
order to expla in the smal l va lue obta ined, he suggested that the b a n d at 
3640 c m " 1 is a composite b a n d represent ing hydroxyls of a w i d e range of 
a c i d i t y a n d catalyt ic act iv i ty . H e suggested that on ly a very s m a l l frac
t ion—the most ac id ic—contr ibutes to catalyt ic ac t iv i ty . 

T h e nature of the oxygen-deficient L e w i s a c i d sites obta ined u p o n 
d e h y d r o x y l a t i o n of decat ionized zeolites was s tudied b y several invest i 
gators, a n d i t was suggested that i t is somewhat s imi lar to comparable 
sites i n s i l i c a - a l u m i n a . Stamires et al. (86) fur ther character ized this site 
b y c a p t u r i n g electrons dis located via g a m m a i r r a d i a t i o n near a l u m i n u m 
L e w i s acids, a n d they were able to i d e n t i f y it b y the hyperf ine interac t ion 
of the captured electron w i t h the 2 7 A l nucleus. T h e y suggested that the 
site is an a l u m i n u m L e w i s a c i d due to " lack of s h i e l d i n g b y a n oxygen 
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a t o m . " L u n s f o r d (57) adsorbed N O radicals o n various oxides a n d zeo
lites a n d f o u n d crysta l field interactions of Δ = 0.21 a n d 0.60 e V for 
N a Y a n d deca t ion ized Y , respect ively. H e also observed that the shape 
a n d the magnet ic parameters of the N O spectra obta ined w i t h decat ionzed 
Y were unaffected b y the temperature of d e h y d r o x y l a t i o n , b u t the n u m b e r 
of spins, i.e., the n u m b e r of chemisorbed N O molecules , was strongly 
inf luenced b y the m e t h o d of act ivat ion. T h e highest sp in concentrat ion of 
1.1 Χ 10 1 9 s p i n / g r a m was observed u p o n act ivat ion be tween 6 0 0 ° - 7 0 0 ° , 
c o i n c i d i n g reasonably closely w i t h the highest catalyt ic ac t iv i ty (11, 41, 
44,67). T h e b r o a d s ignal observed was ident i f ied o n the basis of h y p e r -
fine interact ion w i t h 2 7 A 1 nucleus a n d he suggested that N O m a y be 
b o n d e d d i rec t ly to the a l u m i n u m ion . I n contrast to deca t ion ized Y , the 
N O adsorbed o n N a Y s h o w e d no interact ion w i t h a l u m i n u m ions. 

C h e m i s o r p t i o n of molecules o n deca t ion ized Y zeolites, p r e s u m a b l y 
o n a l u m i n u m L e w i s a c i d sites, f o r m i n g either r a d i c a l ions (pery lene) 
(78) or charge transfer complexes (56) has been repor ted p r e v i o u s l y ; 
however , the observed s p i n concentrations w e r e m u c h smaller t h a n the 
one observed b y L u n s f o r d . L u n s f o r d observed the p a r a l l e l b e t w e e n the 
concentrat ion of N O chemisorbed o n a l u m i n u m L e w i s acids a n d the 
cata lyt ic act iv i ty , a n d suggested that L e w i s a c i d sites increase the ac t iv i ty 
of hydroxyls t h r o u g h an i n d u c t i o n effect in tervening t h r o u g h the zeoli te 
lattice. A c c o r d i n g l y , o n ac t ivat ion f r o m 3 0 0 ° to 6 0 0 ° , the n u m b e r of 
catalyt ic centers is l i m i t e d b y the concentrat ion of L e w i s a c i d sites, w h i l e 
above 6 0 0 ° C the decreasing concentrat ion of hydroxyls adjacent to L e w i s 
acids becomes l i m i t i n g ( 5 7 ) . H o w e v e r , as a n alternative to L u n s f o r d ' s 
interpretat ion of the N O adsorpt ion m a x i m u m at 6 0 0 ° to 7 0 0 ° , i t can be 
argued that be tween 3 0 0 ° a n d 7 0 0 ° the N O sorpt ion rises because more 
oxygen-deficient sites are f o r m e d at the higher temperature for N O 
sorpt ion, a n d that above 7 0 0 ° a g r a d u a l s t ructural degradat ion sets i n . 

R i c h a r d s o n (79, 80) c o n d u c t e d k inet ic experiments o n cumene crack
i n g w i t h N a Y a n d w i t h various cat ion-exchanged Y zeolites ( L i , K , M g ) 
l o a d e d w i t h 2 w t % copper ions b y ca t ion exchange. H e f o u n d great 
differences i n react ion rates be tween C u K Y a n d C u M g Y . T h e ac t iv i ty of 
C u M g Y was s ignif icant ly more t h a n expected b y the l inear c o m b i n a t i o n of 
the activit ies of C u K Y and M g Y . H e f o u n d a s imi lar rise i n the quant i ty 
of r a d i c a l ions obta ined f r o m adsorbed anthracene, perylene , pyrene , 
a n d naphthalene w h e n he c o m b i n e d C u 2 + w i t h b ivalent cations instead 
of a l k a l i meta l cations i n Y zeoli te . H e at t r ibuted the increase i n catalyt ic 
ac t iv i ty a n d the amount of r a d i c a l i o n format ion o w i n g to a synergistic 
effect between C u 2 + a n d M g 2 + ions to p o l a r i z a t i o n of the oxide ions l i n k e d 
to copper ions b y the alkal ine earth cations, w i t h a resul t ing increase i n 
electron affinity of the copper ions. A s a direct evidence for c a t i o n - c a t i o n 
interact ion, he s h o w e d a change i n the magnet ic parameters of the C u 2 + 
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ions, c h a n g i n g w i t h zeoli te cations of h igher electron aff inity: Κ < L i < 
M g . R i c h a r d s o n seems to assume that the d i s t r ibut ion of C u 2 + ions, a n d 
p a r t i c u l a r l y the f ract ion of surface C u 2 + ions, is i d e n t i c a l i n the various 
cat ion-exchanged zeolites. H o w e v e r , i t is conceivable because of the 
preference of b iva lent cations for sites i n the hexagonal r i n g (Si te 1) 
or i n the sodalite cage ( Site 1', 2 ' ) that i n combinat io n w i t h a l k a l i m e t a l 
ions very f e w C u 2 + ions are at surface site ( Site 2 ). H o w e v e r , i n c o m b i 
nat ion w i t h a lkal ine-earth cations, a l l c o m p e t i n g for the more h i g h l y 
coordinated sites (Site 1, 1', 2 ' ) , a significant f rac t ion of the C u 2 + ions 
m a y emerge at the surface site (Site 2 ) , where they can be i n direct 
contact w i t h adsorbed molecules , a n d consequently, m a y give rise to 
the "unexpec ted" increase i n certain propert ies . 

T h e molecular sieve effect i n catalysis w i t h zeolites was w e l l d e m o n 
strated w i t h small -pore zeolites ( ~ 5 A ) i n the early publ ica t ions (33, 
75,110, 111). Recent ly , T h o m a s et al. (89) suggested that i n the c r a c k i n g 
of gas o i l the large molecules do not enter the intracrystal l ine large cavities 
of the zeolite crystal , c rack ing o n the external surface of the zeol i te 
crystals, w h i l e the smaller c racked molecules enter secondary reactions 
m a i n l y t h r o u g h h y d r i d e shift i n the intracrystal l ine large cavities. T h e 
substantial increase i n gasoline y ie lds a n d the r e d u c t i o n of olefin p r o d u c t 
w i t h zeol i te -containing c r a c k i n g catalysts was ascr ibed to a c o m b i n a t i o n 
of factors i n c l u d i n g those m e n t i o n e d above. 

Noncarbonium Ion Type Catalysis. R i c h a r d s o n (80) repor ted that 
cat ion-exchanged Y zeolites show considerable ac t iv i ty for the d e h y d r o 
genat ion of cumène to α -methyls tyrene a n d that the ac t iv i ty paral lels the 
cat ion strength to some extent. 

K , N a = Ο « L i < B a ~ S r ~ C a ~ M g . 

A g u d o et al. (1) f o u n d that the rate of ox idat ion of hexanes at 
2 0 0 ° - 3 5 0 ° C is s ignif icantly enhanced b y N a X . Replacement of N a ions 
b y C a or M n 2 + ions i n N a X decreased ac t iv i ty for the ox idat ion of a l l 
hexane isomers, a n d the sequence of ac t iv i ty was N a X > M n X > C a X , 
w h i l e the c r a c k i n g ac t iv i ty v a r i e d i n the reverse order : C a X > M n X > 
N a X . It was proposed that nonheterogeneous processes are i n i t i a t e d at 
the zeol i te surface, a n d that the superior ox idat ion act iv i ty of N a X is 
a t t r ibuted to its greater a b i l i t y to ini t iate reactions b y Η-atom abstract ion 
a n d to sustain f ree-radical reactions, whereas C a X a n d M n X favor 
c a r b o n i u m - i o n reactions. 

It w i l l be s h o w n later here in that i n the c r a c k i n g of the i someric 
hexanes w i t h a l k a l i meta l Y , the products indicate a n o n c a r b o n i u m i o n 
process a n d that the ac t iv i ty increases i n the order : t h e r m a l c rack ing < 
N a Y < Κ Y < S i 0 2 - A l 2 0 3 . M o r e enhanced differences i n the same order 
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are observed for c r a c k i n g of η-butane, w i t h the ac t iv i ty of N a Y b e i n g 
bare ly d is t inguishable f r o m that of t h e r m a l c r a c k i n g , i n contrast to its 
significant ac t iv i ty demonstrated for c r a c k i n g of large paraffins (110). 
It appears then that for smal l paraffins N a Y is m u c h less act ive, b u t for 
large paraffins i t is more act ive t h a n the s i l i c a - a l u m i n a ge l type catalyst. 

C a t a l y t i c ac t iv i ty of cat ion-exchanged zeolites conta in ing transi t ion 
meta l ions was repor ted b y R o u c h a u d et al. (82), w h o f o u n d that the 
ox ida t ion of n-hexane to acetic a c i d is ca ta lyzed b y M n 2 + - e x c h a n g e d Y at 
160° a n d 25 a tm. A s another example of the effect of t ransi t ion m e t a l 
ions, K r u e r k e (52) f o u n d that acetylene t r i m e r i z e d to benzene o n transi
t i o n m e t a l - e x c h a n g e d Y at near r o o m temperature. T h e ac t iv i ty changes 
w i t h the transi t ion m e t a l : C a a n d N a = Ο < M n 2 + < < C o 2 + = N i 2 + > > 
C u 2 + = Z n 2 + = O . T h i s ac t iv i ty pat tern is consistent w i t h a m o d e l accord
i n g to w h i c h at least 2 acetylenes have to be d i rec t ly coordinated w i t h 
the t ransi t ion m e t a l ca t ion at the same t i m e ; consequently , t ransi t ion 
meta l ions w i t h 2 filled + 2 ha l f - f i l l ed d orbitals are most active. S ig 
ni f icant ly , t r imer iza t ion ac t iv i ty o n l y appeared at a n d b e y o n d 4 0 % i o n 
exchange w h i c h i n d i c a t e d the need for cations at the surface pos i t ion , i n 
direct contact w i t h the acetylene. K r u e r k e (52) also f o u n d that Y zeoli te 
conta in ing C u + ions catalyzes the D i e l s - A l d e r a d d i t i o n of acetylene a n d 
butadiene to f o r m 1,4-cyclohexadiene. D i m i t r o v et al. (29) f o u n d that 
C u 2 + cations i n zeoli te X have a p r o f o u n d effect o n the ac t ivat ion energy, 
rate, a n d stereoselective nature of the n-butene i somer izat ion process. 

Active Sites in Zeolites. B a s e d o n the l i terature r e v i e w e d here, the 
m a i n characteristics of c a r b o n i u m i o n type zeoli te catalysts emerge i n 
the f o l l o w i n g manner . 

T h e recent studies o n the re lat ionship between ac t ivat ion tempera
ture a n d " c a r b o n i u m i o n " type catalyt ic ac t iv i ty of b o t h deca t ion ized a n d 
cat ion exchanged zeolites show that at a n d above the temperature re
q u i r e d for the r e m o v a l of a l l observable hydroxyls w i t h v i b r a t i o n a l fre
quencies b e t w e e n 3700-3500 c m " 1 the ac t iv i ty sharply decl ines. T h e 
lowest concentrat ion of ac id ic lattice h y d r o x y l r e q u i r e d for c a r b o n i u m 
i o n ac t iv i ty seems to d e p e n d o n the react ion i n v o l v e d . F o r example, 
d e h y d r o x y l a t i o n of L a - e x c h a n g e d Y to a l eve l at w h i c h h y d r o x y l content 
was unobservable b y current ly-used i n f r a r e d techniques l e d to tota l loss 
of ac t iv i ty to crack η-butane, but on ly p a r t i a l loss of ac t iv i ty to crack 
cumene (vide infra) a n d to a lkylate toluene w i t h propylene (74). T h e 
act iv i ty a n d h y d r o x y l content lost o n d e h y d r o x y l a t i o n can be restored 
u p o n subsequent treatment w i t h water (11). F u r t h e r m o r e , a l k a l i m e t a l 
zeolites, w h i c h have l i t t le or no c a r b o n i u m i o n type ac t iv i ty can be m a d e 
to show strong ac t iv i ty b y the a d d i t i o n of a p r o t o n source, such as a l k y l 
chlor ides (51, 58). T h e s imi lar i ty of the products obta ined w i t h the 
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298 MOLECULAR SIEVE ZEOLITES II 

decat ionized Y , b i - , a n d m u l t i v a l e n t cat ion-exchanged zeolites X a n d Y , 
a n d their p a r a l l e l behavior i n d e u t e r i u m exchange w i t h benzene (101) 
(see section o n C u m e n e C r a c k i n g ) are a l l consistent w i t h a m e c h a n i s m 
i n v o l v i n g Brons ted a c i d . O f the several types of hydroxyls ident i f ied i n 
zeolites, the one w h i c h gives rise to a n i n f r a r e d b a n d near 3640 c m " 1 

appears to be the most accessible a n d p r o b a b l y most ac idic , a n d i t is 
general ly regarded as the source of ac t iv i ty i n v o l v i n g proton sites. O t h e r 
hydroxyls w h i c h are less accessible a n d / o r less a c i d i c also m a y contr ibute 
to s imi lar ac t iv i ty to a lesser extent. 

It was suggested that " superac t iv i ty" of zeolites is caused b y the 
h i g h concentrat ion of h y d r o x y l s , exceeding that of s i l i c a - a l u m i n a catalysts 
b y more t h a n a n order of m a g n i t u d e ( 3 9 ) . H o w e v e r , w i t h deca t ion ized 
Y , i t appears that u p o n ac t ivat ion at 5 5 0 ° - 6 0 0 ° , w h i c h is r e q u i r e d for 
highest ac t iv i ty for several c a r b o n i u m ion- type reactions, a significant 
f rac t ion of the hydroxyls are r e m o v e d . T h i s is i n d i c a t e d b y the amount 
of chemisorbed p y r i d i n i u m i o n (104), the re ionexchangeabi l i ty (16), the 
amount of d e u t e r i u m exchange (96, 101), a n d the w e i g h t loss of a c i d -
exchanged zeolites (16) a n d of N H 4 - e x c h a n g e d Y (16, 25). 

It is unfortunate that i n the p u b l i s h e d catalyt ic studies w i t h heat-
treated N H 4 - e x c h a n g e d Y the catalyst substrate seems to be insuff ic iently 
character ized, a n d the assignment of s tructural details , w h i c h are most 
important for catalyt ic propert ies , are based o n assumptions, usua l ly 
d r a w n f r o m comparisons w i t h " s i m i l a r " zeolite samples. F u r t h e r m o r e , 
the catalyt ic properties of zeolites w h i c h are more f u l l y character ized 
usual ly are not reported i n the l i terature. Consequent ly , compar i son 
be tween catalysts p r e p a r e d b y different investigators is very dif f icult a n d 
r i sky since the cata lyt ica l ly important details d e p e n d o n several c h e m i c a l 
a n d s tructural characteristics, a l l of w h i c h usual ly are not descr ibed. A s 
a n example of this p r o b l e m , the d e h y d r o x y l a t i o n of heat-treated N H 4

+ -
exchanged Y depends on the temperature, atmosphere, a n d t ime em
p l o y e d on act ivat ion, as w e l l as o n the S i / A l rat io , the degree of N H 4

+ 

exchange (16), a n d the res idua l cations (108). 

O n r e m o v a l of h y d r o x y l groups, oxygen-deficient sites are f o r m e d 
w h i c h have been ident i f ied as a l u m i n u m sites w i t h one oxygen m i s s i n g : 
a l u m i n u m — L e w i s - a c i d sites. I t seems significant that w i t h decat ionized Y 
the highest h y d r o x y l content does not co inc ide w i t h highest catalyt ic ac
t iv i ty , suggesting that some proper ty i n t r o d u c e d o n d e h y d r o x y l a t i o n 
enhances catalyt ic act ivi ty , i n spite of the decrease i n h y d r o x y l content. 
Since i n N H 4 - e x c h a n g e d Y the hydroxyls are f o r m e d u p o n evolut ion of 
N H 3 , the effect of res idua l N H 4 ions or a po i son ing of active sites b y re-
adsorbed N H 3 has to be considered, f o l l o w i n g act ivat ion at l o w tempera
tures. O n isothermal heat treatment i n air at 3 7 5 ° , the r e s i d u a l Ν content 
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62. RABO AND POUTSMA Structural Aspects of Catalysis 299 

of decat ionized Y is unobservable (16), a n d u p o n heat treatment i n h e l i u m 
at 5 5 0 ° o n l y about 5 - 6 % of the o r i g i n a l N H 4 ions are not decomposed 
(101). A c c o r d i n g to the experiments us ing q u i n o l i n e as poison (18, 80, 
95), the poisoning at 6 q u i n o l i n e per 100 h y d r o g e n l e v e l is negl ig ib le . 
Therefore , the effect of res idual N H 3 is l i k e l y to be insignif icant . 

I n order to expla in that the highest ac t iv i ty of decat ionized Y c o i n 
cides w i t h p a r t i a l d e h y d r o x y l a t i o n a n d w i t h the format ion of A l - L e w i s 
a c i d sites f o r m e d at the expense of h y d r o x y l groups, it was suggested that 
strong cations or a l u m i n u m L e w i s a c i d s i tes—in the respective type of 
zeol i tes—intervene through the latt ice to affect each other (80) as w e l l as 
the s tructural hydroxyls , w i t h a resul t ing increase i n a c i d i t y of the latter 
( 5 7 ) . T h e effect of cat ion content on hydroxyls i n various cat ion-
exchanged zeolites a n d i n decat ionized Y is demonstrated i n the changes 
b o t h i n the size a n d the f requency of the >~3640 c m " 1 b a n d . T h e change 
to l o w e r f requency is inversely related to the act iv i ty i n protonat ing 
p y r i d i n e (26), a n d p r o b a b l y to h y d r o x y l ac id i ty , suggesting that the fre
quency of the 3640 c m " 1 b a n d m a y be an i n d i c a t i o n for changes i n the 
h y d r o x y l s intr ins ic catalyt ic act iv i ty . H o w e v e r , the latter re lat ionship 
has not been established b y the compar ison of various zeolites, i.e., 
biva lent cat ion Y a n d decat ionized Y , at a comparable h y d r o x y l level . 

M a j o r changes i n catalyt ic ac t iv i ty are observed not on ly w i t h chang
i n g ca t ion b u t also o n g r a d u a l d e h y d r o x y l a t i o n of the decat ionized Y . 
Therefore , i f h igher ac id i ty a n d catalyt ic ac t iv i ty are associated w i t h a 
shift of the 3640 c m " 1 b a n d to l o w e r f requency, then such a shift m a y be 
expected o n dehydroxy la t ion as w e l l . H o w e v e r , no change i n f requency 
of the 3640 c m " 1 b a n d was reported or can be observed i n the p u b l i s h e d 
i n f r a r e d spectra at increasing degrees of d e h y d r o x y l a t i o n ; hence, there 
is no direct evidence for changes i n the nature of this h y d r o x y l group w i t h 
increas ing n u m b e r of a l u m i n u m L e w i s a c i d sites. 

Some evidence was s h o w n for c a t i o n - c a t i o n interactions, a n d for a n 
apparent "synergist ic" catalyt ic effect w i t h C u - M g cat ion c o m b i n a t i o n i n 
Y zeol i te ; however , the exper imental data suppor t ing the suggested 
interpretat ion are inconclus ive , a n d an alternative explanat ion w i t h o u t 
i n v o k i n g synergist ic effects is also possible , based o n s imple s tructural 
considerat ion. S i m i l a r l y , w i t h gradua l ly d e h y d r o x y l a t e d decat ionized Y , 
the para l l e l be tween the q u a n t i t y of chemisorbed N O a n d catalyt ic 
ac t iv i ty is not as unexpected as suggested, a n d it m a y be expla ined b y 
alternative reasoning w i t h o u t l i n k i n g the 2 phenomena . F u r t h e r m o r e , 
the lack of change i n the spectrum of chemisorbed N O f o l l o w i n g increas
i n g ac t ivat ion temperatures fai ls to give a direct evidence for latt ice 
interactions. H e n c e , i n the absence of substantiat ing evidence for latt ice 
interactions between L e w i s a c i d sites a n d hydroxyls , i t appears that the 
catalyt ic mechanism of d e h y d r o x y l a t e d Y m a y be expla ined either b y the 
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300 MOLECULAR SIEVE ZEOLITES II 

suggested interact ion of the sites in tervening t h r o u g h the lattice or b y 
their interact ion in tervening t h r o u g h the react ing molecules , a n d poss ibly 
b y other s t ructural factors not cons idered so far. 

T h e exper imenta l data a n d the interpretat ion r e g a r d i n g the n u m b e r 
of act ive sites are rather conf l ic t ing. T h e very s m a l l values d e r i v e d f r o m 
kinet i c experiments for act ive sites, about 10~ 3-10~ 6 per f r a m e w o r k a l u m i 
n u m , cannot serve even as a n a p p r o x i m a t i o n for the true n u m b e r of act ive 
sites, as l o n g as a l l important components of the preexponent ia l factor are 
not evaluated a n d considered. T h e interest ing suggestion d e v e l o p e d i n 
order to rat ional ize the s m a l l n u m b e r d e r i v e d for act ive sites, that the 
h y d r o x y l b a n d at 3640 c m " 1 represents a var ie ty of hydroxyls of greatly 
v a r y i n g ac id i ty , is also unsubstant iated. T h e lack of shift of the 3640 
c m " 1 b a n d o n dehydroxyla t ion , or o n g r a d u a l e l i m i n a t i o n b y coke f o r m a 
t i o n i n catalyt ic react ion, a n d p a r t i c u l a r l y the quant i tat ive aspect of the 
po isoning experiments w i t h n i t rogen bases a l l seem to w e a k e n this argu
ment . I n fact, the p o i s o n i n g experiments (18, 80, 95) indicate a g r a d u a l 
dec l ine i n ac t iv i ty w i t h increasing amounts of base, a n d the amount of 
base a p p l i e d for f u l l po i son ing is between 0.5 to 3 per h y d r o x y l . I n 
w e i g h i n g this evidence one m a y consider, however , that the interact ion 
be tween strong n i t rogen bases a n d strongly ac id ic hydroxyls m a y be 
t h e r m o d y n a m i c a l l y greatly favored , a n d i t m a y come to c o m p l e t i o n even 
w i t h hydroxyls of weaker a c i d i t y w i t h o u t d i s p l a y i n g a n easi ly observable 
selectivity. Since the base strength of hydrocarbons is m u c h weaker t h a n 
those of the N-bases used for po i son ing , their select ivi ty t o w a r d changes 
i n h y d r o x y l a c i d i t y m a y be more p r o f o u n d . 

Signif icant changes i n the intr ins ic ac t iv i ty of catalyt ic sites s h o u l d 
result i n corresponding changes i n the act ivat ion energy for any par t i cu lar 
process, a n d consequently changes i n the observed act ivat ion energies 
s h o u l d indicate any qual i ta t ive change i n the cata lyt ic sites i n t r o d u c e d 
either b y cat ion exchange, decat ionizat ion , or dehydroxyla t ion . U n f o r t u 
nately, the p u b l i s h e d data are too f e w (60) and are often inconsistent to 
the extreme (18, 81, 9 1 ) , a n d thus are inadequate for any s tructural 
conf irmat ion. 

I t appears that i n most c a r b o n i u m i o n - t y p e catalysis, the p r i m a r y 
role of zeol i te cations is i n the generat ion of hydroxyls t h r o u g h hydrolys i s , 
a n d i n a d d i t i o n , they m a y further enhance the ac t iv i ty b y a cooperat ive 
effect, in tervening t h r o u g h the lat t ice or t h r o u g h the reactant. T h e role 
of cations i n n o n c a r b o n i u m i o n - t y p e react ions—dehydrogenat ion , ox ida
t ion , t r imer iza t ion of acetylene to benzene, a n d poss ib ly radica l - type 
crack ing—appears to be direct , t h r o u g h interact ion be tween reactant a n d 
surface cations. T h e need for direct contact be tween reactant a n d cat ion 
is demonstrated b o t h i n the dehydrogenat ion of cumene a n d i n the 
t r i m e r iza t i on of acetylene. 
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Cumene Cracking 

C a t a l y t i c dea lky la t ion of cumene is a s tandard test (72) for charac
ter iz ing a c i d i c c r a c k i n g catalysts. O v e r s i l i c a - a l u m i n a , the products are 
largely benzene a n d propylene (72), a l t h o u g h m i n o r amounts of propane , 
C 4 , a n d C 6 products have been reported (90). E a r l y reports of the fac i le 
d e a l k y l a t i o n of cumene b y cat ion-exchanged X a n d Y zeolites at 3 2 5 ° -
5 0 0 ° have been r e v i e w e d (62,100), a n d several more recent studies have 
appeared (18, 58, 80, 81, 91, 104, 106, 109). A l t h o u g h this react ion is 
c lear ly of the F r i e d e l - C r a f t s type a n d general ly is r a t i o n a l i z e d b y p r o t o n 
attack at a n aromat ic c a r b o n a tom w i t h displacement of the s ide-chain 
as a c a r b o n i u m i o n (100), the details of mechanism are the subject of 
c o n t i n u i n g s tudy via k inet ic (80, 81 ) a n d spectroscopic (109) approaches. 
C o m p a r a t i v e l y less attention has been p a i d to a f u l l ident i f icat ion of the 
products . Benzene a n d propylene are reported (18, 58, 104, 106) to be 
the o n l y products under a var ie ty of condit ions , a n d W a r d (104, 106) 
speci f ical ly states the absence of propane over var ious members of the Y 
series at 2 6 0 ° a n d re la t ive ly h i g h conversions ( a l t h o u g h it must be n o t e d 
that analyses were p e r f o r m e d only after some deact ivat ion of the catalyst 
h a d occurred) (109). H o w e v e r , Fr i l e t te et al. (33) r epor ted a def ic iency 
of propylene c o m p a r e d w i t h benzene a n d the presence of "miscel laneous 
a l iphat i cs " f r o m a flow s tudy over C a - e x c h a n g e d Y at 4 7 0 ° , a n d R i c h a r d 
son (80) repor ted a n u m b e r of aromatics besides benzene f r o m runs 
above 5 0 0 ° over a lkal ine ear th -exchanged faujasites. W e report here in a 
f a i r l y complete ac t iv i ty a n d p r o d u c t s tudy for cumene c r a c k i n g at re la
t ive ly h i g h conversions over Ca-exchanged a n d L a - e x c h a n g e d Y u n d e r 
flow condit ions at 3 2 5 ° as a f u n c t i o n of catalyst ac t iva t ion temperature 
a n d of t ime on-stream (80, 81). Several of the catalysts w e r e e x a m i n e d 
also for their ab i l i ty to scramble h y d r o g e n isotopes i n a feed composed 
of n o r m a l a n d perdeuter iobenzene, this exchange b e i n g a s imple m o d e l 
for e lec trophi l ic aromatic subst i tut ion; a re lated s tudy has been descr ibed 
b y V e n u t o et al. (101) for deca t ion ized Y zeolites. 

I n T a b l e I are recorded results obta ined f r o m the f o l l o w i n g sequence 
of operations. A 3 : 1 mix ture of benzene a n d perdeuter iobenzene, d i l u t e d 
w i t h ni t rogen, was passed over the act ivated catalyst at 3 2 5 ° for 2 hours 
i n a n apparatus s imi lar to that prev ious ly descr ibed (74). T h e total 
effluent was col lec ted a n d a n a l y z e d b y low-vol tage mass spectroscopy for 
d e u t e r i u m d i s t r i b u t i o n ; the catalyst was flushed w i t h n i t rogen; finally, a 
mix ture of cumene a n d ni t rogen was f e d for 1 hour before g lpc examina
t i o n of the effluent. A s expected, N a Y s h o w e d negl ig ib le ac t iv i ty for 
either d e u t e r i u m s c r a m b l i n g or dea lky la t ion . I n contrast, C a - e x c h a n g e d 
Y , ac t ivated at 5 5 0 ° , gave a b e n z e n e - d e u t e r i u m d i s t r i b u t i o n a p p r o a c h i n g 
statist ical s c rambl ing (hence r e q u i r i n g a large n u m b e r of i n d i v i d u a l ex-
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Table I. Cracking of Cumene and Redistribution 

Benzene Hydrogen Distribution' 

Catalyst Activation d0 di d2 d* di ds, d6 

N a Y 550° , 16 hr 76.4 0.0 0.0 0.0 0.0 0.4 23.1 
C a Y d 550° , 16 h r 29.9 38.3 22.9 7.5 1.4 0.1 0.0 
C a Y * ' 710° , 2 h r 73.5 1.7 0.1 0.0 0.1 2.3 22.3 
L a Y ' 550° , 16 hr 22.4 43.2 22.7 9.5 2.0 0.2 0.0 
L a Y ' 700° , 3 h r 43.7 23.8 10.5 5.6 5.3 6.1 5.0 
L a Y « ' 750° , 16 h r 63.4 10.1 1.6 0.7 2.0 6.3 15.9 
S ta t i s t i ca l D i s t r i b u t i o n 17.8 35.6 29.7 13.2 3.3 0.4 0.02 

a 325° ; 0.0248 moles/hr 3:1 C 6 H 6 : C e D 6 plus 0.39 moles/hr N 2 fed 2 hr ; pure N 2 fed 
2 hr ; then 0.0157 moles/hr cumene plus 0.39 moles/hr N 2 fed 1 hr ; 10 grams catalyst . 

6 I n i t i a l f e e d — d o i d i ^ ^ d ^ d ô i d e = 75.8:0.0:0.0:0.0:0.0:0.4:23.8. 
c Af te r 1 hr on cumene feed based on benzene: cumene ratio i n effluent. 

Table II. Cracking of 

R e l a t i v e M o l a r A m o u n t s 

Time on Stream, 
Hr. c5 (V 

CaY 

1.00 34.2 35.7 27.8 8.9 7.0 
2.75 81.4 ' 9.8 1.6 1.9 
4.75 61.4 17.6 6.3 1.2 1.2 
6.50 89.3* 4.9 0.7 0.7 
8.25 h 73.3 14.5 4.4 0.8 0.8 

L a Y 
1.00 0.4 53.5 7.6> 4.4 5.4 
2.75 1.3 2.2 40.6 12.7 4.3 3.6 
4.75 1.6 21.9 42.1 9.2 4.4 2.6 
6.50 1.1 55.2 28.7 2.9 1.1 1.3 
8.25* 0.9 63.4 27.3 1.4 0.5 0.7 

° 325° ; 0.0157 moles/hr cumene plus 0.39 moles/hr N 2 ; 10 grams catalyst act ivated 
at 550° i n v a c u u m for 16 hr . 

b N o r m a l i z e d to benzene = 100. 
c Does not include smal l amounts of materials less volat i le than cumene; tota l 

collected effluent f rom C a Y showed di-z-propylbenzenes (14% of the residual cumene) 
and other materials (13% of residual cumene). 

d Large ly ethylene. 
e Large ly paraffinic w i t h isobutane predominant . 

changes) a n d s h o w e d h i g h ac t iv i ty to destroy cumene; however , the 
d e a l k y l a t i o n p r o d u c t conta ined as m u c h propane as propylene . L a -
exchanged Y , ac t ivated at 5 5 0 ° , was even more act ive i n b o t h tests, a n d 
the C 3 f rac t ion was large ly propane . A c t i v a t i o n of b o t h catalysts at 7 0 0 ° 
l e d to dehydroxy la t ion , as j u d g e d f r o m i n f r a r e d spectra (74), T h i s treat
ment r e m o v e d essentially a l l ac t iv i ty i n b o t h tests for the Ca-exchanged Y . 
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62. RABO AND POUTSMA Structural Aspects of Catalysis 303 

of Benzene Hydrogens Over Y Zeolites0 

Cumene "Conversion"0 CzH%/CzHs 

< 0.1 
>97 . 1.0 

2. 
>98 . >20.0 

60. < 0.05 
20. < 0.02 

<*CaY: S i / A l = 2.43; Ca(II) exchange = 8 3 % ; equivalent c a t i o n / A l = 0.99. 
e X - r a y analysis showed no significant loss of crysta l l in i ty after ac t ivat ion and 

reaction. 
f L a Y ; S i / A l = 2.46; La(III) exchange = 8 6 % ; equivalent c a t i o n / A l = 1.03. 

Cumene Over Y Zeolites0 

i n E f f l u e n t 6 c 

CeHe Toluene Ethylbenzene Cumene 

100 — — 4.1 
100 1.4 5.8 31.0 
100 1.6 4.2 41.9 
100 1.5 3.2 42.7 
100 1.3 3.6 59.7 

100 19.8 8.6 0.02 
100 9.2 5.4 1.3 
100 5.8 4.6 6.6 
100 3.3 2.7 26.5 
100 2.6 2.6 33.8 

f Other than benzene. 
0 Propylene plus propane. 
Λ 5 .5% of tota l feed had been converted to nonvolati le carbonaceous residue on the 

catalyst at this point . 
» Too smal l to measure. 
> M i n i m u m value. 
k 10.4% of tota l feed had been converted to residue. 

H o w e v e r , for L a - e x c h a n g e d Y , d e h y d r o x y l a t i o n , even at 7 5 0 ° , gave o n l y 
p a r t i a l loss of ac t iv i ty i n b o t h tests; however , no propane was p r o d u c e d 
n o w , even at 6 0 % conversion. 

A d d i t i o n a l results for cumene c r a c k i n g over C a - a n d L a - e x c h a n g e d 
Y , each act ivated at 5 5 0 ° , are l is ted i n T a b l e I I . T h e f o l l o w i n g concurrent 
changes occurred for L a - e x c h a n g e d Y w i t h increas ing t i m e on-stream. 
C o n v e r s i o n g r a d u a l l y decreased as v is ib le d a r k e n i n g of the catalyst oc-
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304 M O L E C U L A R SIEVE ZEOLITES Π 

c u r r e d ; c a r b o n analyses of spent catalysts after v a r y i n g periods on-stream 
s h o w e d that residue format ion was most serious at the b e g i n n i n g of a r u n 
a n d tapered off as ac t iv i ty d r o p p e d . T h e C 3 f rac t ion changed f r o m b e i n g 
p r o p a n e - r i c h to b e i n g p r o p y l e n e - r i c h . T h e amount of C 2 , C 4 , C 5 , C 6 , 
toluene, a n d ethylbenzene byproducts became less important i n c o m p a r i 
son to the C 3 ' s a n d benzene. T h e rat io of total C 3 ' s : benzene, i n i t i a l l y 
o n l y ~ 0 . 5 , approached the s imple 1:1 stoichiometr ic rat io. Results for 
Ca-exchanged Y were general ly para l le l . These results show h o w c o m 
plex a p r o d u c t mixture is p r o d u c e d at h i g h levels of c rack ing , p r e s u m a b l y 
via secondary reactions par t i cu lar ly of propylene—olef in-des t roying reac
tions over a var ie ty of zeolites are w e l l k n o w n (32, 56, 65, 98)—and show 
that g r a d u a l deact ivat ion of the catalysts b y residue f o r m a t i o n leads more 
near ly to a " c l e a n " mixture of propylene a n d benzene. 

T h e most s t r ik ing p r o d u c t result is the extensive f o r m a t i o n of propane 
over v e r y act ive catalysts. V e n u t o et al. (99) repor ted analogously that 
dea lky la t ion of terf-butylbenzene over rare ear th-exchanged X zeoli te at 
2 6 0 ° gave isobutane as the major gaseous product . S u c h paraff in f o r m a 
t i o n is presumably the result of h y d r i d e transfer reactions to the car-
b o n i u m ions f o r m e d b y i n i t i a l e lec trophi l ic cleavage of the a lkylbenzene 
(100) or b y protonat ion of the olefin. Reasonable h y d r i d e donors are 
cumene a n d propylene ; the resultant hydrogen-def ic ient species are then 
precursors of residue format ion (32, 89). Paraff in format ion b y treatment 
of a lkylbenzenes w i t h a l u m i n u m hal ides i n the presence of cyclohexane 
or d e c a l i n has been k n o w n for 30 years (47), a n d there is ample evidence 
for h y d r i d e transfer be tween c a r b o n i u m ions a n d hydrocarbons (10, 22, 
27,53). 

Cracking of Hexanes Over Alkali MetaU-Exchanged Zeolites 

T w o mechanisms are general ly recognized for c rack ing of paraffins. 
N o n c a t a l y t i c t h e r m a l c r a c k i n g (ca. 5 5 0 ° - 7 0 0 ° ) proceeds b y a f ree-radica l 
route of moderate c h a i n length (77) to give a characterist ic a n d pre
dic table m i x t u r e of products . R a d i c a l mechanisms also have been postu
la ted for c r a c k i n g over " iner t " solids such as s i l ica gel , w h i c h l ead to 
some rate enhancement over the v a p o r phase b u t give t y p i c a l " t h e r m a l " 
products ( 3 6 ) . H o w e v e r , t y p i c a l catalyt ic c rack ing over ac id ic materials 
such as s i l i c a - a l u m i n a gives greater enhancement i n rate a n d a dis t inc t ly 
different p r o d u c t d i s t r ibut ion , a n d is general ly accepted as proceeding 
t h r o u g h c a r b o n i u m i o n intermediates (36, 88). 

U n d e r r a d i c a l condit ions , the paraff in is ac t ivated b y h y d r o g e n ab
straction to p r o d u c e a mixture of a l k y l radicals corresponding to relat ive 
reactivit ies of t e r t : s e c : p r i m hydrogens of ca. 10:3:1 at 6 0 0 ° (77). These 
radicals undergo ^-sc iss ion to p r o d u c e an olefin a n d a smaller r a d i c a l , 
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62. RABO AND POUTSMA Structural Aspects of Catalysis 305 

pre ferab ly the more stable one i f a c o m p e t i t i o n is possible ( 5 0 ) . T h i s 
n e w r a d i c a l ( R - ) has 2 major react ion paths ava i lab le : fur ther ^-sc iss ion 
(rate oc & β

Λ ) or h y d r o g e n abstract ion f r o m the paraff in substrate ( S ) 
to p r o d u c e a n alkane, R H , a n d a n e w c h a i n - c a r r y i n g r a d i c a l (rate oc kH

R' 
[S] ) . A t the u s u a l temperatures a n d [S] e m p l o y e d i n t h e r m a l c r a c k i n g , 
kfiB'/(kH

R' [S] ) > > 1 for a l l radicals , R-, w h i c h can cleave to f o r m a tert, 
sec, or p r i m r a d i c a l . H o w e v e r , w h e n h y d r o g e n a tom o r m e t h y l r a d i c a l 
must be lost, ^ -sc iss ion a n d h y d r o g e n abstract ion become compet i t ive i n 
rate. T h u s , the p r o d u c t m i x f r o m a r a d i c a l c h a i n is character ized b y 
f o r m a t i o n of specific olefins w i t h d o u b l e - b o n d placement p r e d i c t e d b y 
^-sc iss ion w i t h o u t any rearrangement of the intermediate radica ls , o n l y 
s m a l l paraffins, a re la t ive ly large p r o p o r t i o n of C i a n d C 2 products , a n d b y 
the absence of skeletal i somer izat ion of substrate or products . 

I n c a r b o n i u m i o n crack ing , ^-sc iss ion of c a r b o n i u m ions f o r m e d b y 
h y d r i d e abstract ion f r o m the paraff in is n o w the m o d e of C - C b o n d 
cleavage. H o w e v e r , the isomerizat ion reactions avai lable to c a r b o n i u m 
ions b y h y d r o g e n a n d a l k y l g roup migrat ions , w h i c h are m o r e r a p i d than 
those i n radicals , l e a d to convers ion of p r i r a - c a r b o n i u m ions to more 
stable ions before cleavage. T h e resul t ing p r o d u c t m i x is character ized 
b y f o r m a t i o n of h i g h l y i somer ized olefins, paraffins > C 3 , l o w yie lds of 
C i a n d C 2 c o m p a r e d to C 3 a n d C 4 products , a n d b y extensive skeletal 
i somer izat ion of substrate a n d products . 

A l t h o u g h m a n y studies (12, 44, 60, 74, 89) have appeared concerning 
the c r a c k i n g of paraffins over " a c i d i c " zeolites w h i c h f o l l o w the " c a r b o n i u m 
i o n " pattern, less attention has been p a i d to the parent a l k a l i m e t a l -
exchanged zeolites. T h e c rack ing of η-paraffins over N a X a n d C a -
exchanged X zeolites has been s tudied ( 3 3 ) , a n d an ac t iv i ty order C a -
exchanged X > N a X > s i l i c a - a l u m i n a was reported. Whereas C a -
exchanged X gave a t y p i c a l " c a r b o n i u m i o n " p r o d u c t m i x f r o m n-hexane, 
N a X gave a p r o d u c t comparat ive ly m u c h r i cher i n C i a n d C 2 products , 
poorer i n C 4 a n d C 5 paraffins, a n d free f r o m skeletal i somer izat ion 
( a l t h o u g h d o u b l e b o n d m i g r a t i o n h a d occurred i n the olefins ). A l t h o u g h 
no direct exper imenta l compar i son of ac t iv i ty or products was m a d e w i t h 
t h e r m a l c r a c k i n g of n-hexane, a r a d i c a l m e c h a n i s m was assigned therefore 
to the c r a c k i n g over N a X . S i m i l a r results were reported (92) i n the Y 
zeoli te series w h e r e c r a c k i n g of n-hexane at 4 5 0 ° was somewhat more 
r a p i d over N a Y t h a n over s i l i c a - a l u m i n a a n d gave a " r a d i c a l " p r o d u c t 
m i x ; i n t r o d u c t i o n of C a ions l e d to sharply increased ac t iv i ty a n d f o r m a 
t i o n of a " c a r b o n i u m i o n " p r o d u c t b e y o n d 6 0 % i o n exchange. 

W e w i s h to report a s tudy of the c r a c k i n g of n-hexane, 2 -methyl -
pentane, 3-methylpentane, a n d 2 ,3-dimethylbutane over K - e x c h a n g e d Y , 
N a Y , a n d N a , K - e x c h a n g e d L zeolites at 5 0 0 ° a n d 1 arm at l o w convers ion 
levels ( L H S V ~ 0 . 3 ), as w e l l as t h e r m a l c rack ing i n a q u a r t z wool—packed 
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306 M O L E C U L A R SIEVE ZEOLITES II 

T a b l e I I I . C r a c k i n g of Hexanes 

M o l e s / 1 0 0 M o l e s 

Substrate 
τι-Hexane 

Catalyst Thermal KY Na,KL NaY Aerocat 
Conversion, % 2 12-15 6 6 16 

H y d r o g e n 2.8 3.1 6.9 5.0 45.9 
M e t h a n e 50.3 23.5 29.0 27.2 14.5 
E t h y l e n e 56.5 26.0 30.6 29.0 15.2 
E t h a n e 37.7 37.4 40.7 38.3 9.7 
P r o p y l e n e 55.7 58.5 53.9 55.9 46.4 
Propane 10.7 38.2 31.8 37.1 72.2 
1-Butene 31.3 12.0 9.6 9.8 5.0 
2 -Butene 19.6 23.7 21.9 10.6 6 

Isobutene 
Butanes 11.6C 

1-Pentene 7.3 1.9 1.5 1.5 3 .8 d 

2-Pentene 4.7 6.1 1.5 1.1 e 

2 - M e t h y l - l - b u t e n e 0.3 
3 - M e t h y l - l - b u t e n e 0.1 
2 -Methy l -2 -butene 1.7 0.7 
Pentanes 

a 500°C; 10 grams catalyst act ivated 550° i n v a c u u m ; hexane feed 6.14 m l / h r . 
b C o u l d contain n-butane. 
c Isobutane. 
d C o u l d contain isopentane. 

reactor under i d e n t i c a l condit ions . C o n v e r s i o n a n d p r o d u c t data for 
samples act ivated at 5 5 0 ° are s h o w n i n T a b l e I I I . 

T h e t h e r m a l c r a c k i n g data for the 4 substrates can be fit w i t h the 
R i c e r a d i c a l m e c h a n i s m (77) i f one assumes that essentially a l l e t h y l 
radicals abstract h y d r o g e n rather than cleave (note the l o w y i e l d of h y 
drogen c o m p a r e d w i t h e thane) , b u t that η-propyl a n d i s o p r o p y l radicals 
have kfiR' ~ kH

B' [S] (note the propane p r o d u c t ) at the condit ions 
s tudied . T h i s is reasonable since 5 0 0 ° is l o w e r t h a n the temperatures 
u s u a l l y e m p l o y e d for t h e r m a l c rack ing , a n d ^-sc iss ion has a h igher act iva
t i o n energy than h y d r o g e n abstract ion (50). T h e r e is , of course, not 
enough data to fix u n i q u e l y a l l the parameters necessary to describe the 
decompos i t ion of each substrate, b u t a n averaged va lue of 10-15 :2 .5 -3 :1 
for the relat ive reac t iv i ty of t e r t : s e c : p r i m hydrogens reproduces the data 
qui te w e l l . W i t h respect to products , note for example the accuracy of 
the predict ions that n-hexane s h o u l d g ive 1-butene a n d 1-pentene free 
f r o m 2-isomers, that 2-methylpentane s h o u l d g ive isobutene free f r o m 
l inear butènes a n d 3 -methy l - l -butene free f r o m the other isopentenes, 
that 3-methylpentane s h o u l d give 2 -methyl - l -butene as the exclusive C 5 
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62. RABO AND POUTSMA Structural Aspects of Catalysis 307 

Over Alkal i Metal Zeolites" 

Decomposed 

2-Meihylpentane 3-Methylpentane 2,3-Dimethylbutane 

Thermal KY Na.KL Thermal KY Na.KL Thermal KY Na,KL 
2 9.5 5.5 2.5 11 5 2 11 5 

24.4 4.3 7.0 5.6 3.9 3.7 14.5 3.8 5.5 
27.9 21.7 25.0 63.5 57.3 58.0 78.5 76.8 80.7 
11.5 6.5 7.5 23.7 23.0 20.9 0.5 0.4 0.4 
42.4 43.5 43.3 44.2 44.3 42.8 0.1 0.5 0.3 
57.8 44.2 43.4 20.5 15.7 13.4 44.6 37.8 34.3 
19.2 36.4 31.5 0.5 0.7 21.5 33.2 26.2 

7.6 11.2 11.7 ί 
34.2 34.8 34.4 ^0.5 ^0.9 h . i 

40.5 40.1 40.7 Î ) ( 0.2C 1.6C 1.7C 

1.0 2.3 2.8 9 
8.5 8.4 9.1 13.3 6.4 6.8 

20.9 9 1.0 17.2 18.3 
4.5 1.6 1.0 1.0 1.2 0.7 2.4 3.2 

1.7 2.6 19.5 19.8 60.9 41.3 44.2 
1.2 0.2 0.6 

e Could contain n-pentane. 
' Sum = 8.3. 
° Sum = 9.9. 

olefin, a n d that 2 ,3-dimethylbutane should give C 3 a n d C 5 but nei ther 
C 2 nor C 4 olefins. 

I n contrast, c r a c k i n g of n-hexane over amorphous s i l i c a - a l u m i n a 
( A e r o c a t ) gave modest ly increased ac t iv i ty a n d a t y p i c a l " c a r b o n i u m i o n " 
p r o d u c t m i x conta in ing more h y d r o g e n , less methane a n d C 2 ' s , more 
propane, a n d i somer ized higher paraffins ( isobutane ). 

C r a c k i n g over K-exchanged Y also l e d to modest increases i n ac t iv i ty 
(of the same order of magni tude for n-hexane as d i d s i l i c a - a l u m i n a ) 
c o m p a r e d w i t h t h e r m a l c rack ing , but p r o d u c t mixes different f r o m b o t h 
t h e r m a l c rack ing a n d s i l i c a - a l u m i n a c r a c k i n g were observed. H o w e v e r , 
the p r o d u c t s t i l l can be correlated w i t h a r a d i c a l mechanism i f 2 m o d i f i 
cations caused b y the zeolite are i n t r o d u c e d . F i rs t , w e note that there 
were no signif icant changes i n C 4 a n d C 5 y ie lds i f olefins w i t h a g iven 
carbon skeleton w e r e s u m m e d ; for example, n-hexane gives 31.6 m o l e s / 
100 moles of 1- p lus 2-butene c o m p a r e d w i t h 31.3 moles /100 moles of 
1-butene thermal ly w i t h no isobutene i n either case. Therefore , w e 
suspected that d o u b l e b o n d shifts ( w i t h resultant a p p r o a c h to e q u i l i b r i u m 
w i t h i n a g iven c a r b o n skeleton) m i g h t be o c c u r r i n g as a secondary 
react ion subsequent to rather t h a n as an inherent part of c rack ing . T h i s 
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308 MOLECULAR SIEVE ZEOLITES II 

was exper imental ly demonstrated for the 2-butenes f r o m n-hexane. F e e d 
i n g i n d i v i d u a l n-butenes over K - e x c h a n g e d Y at 5 0 0 ° gave extensive 
d o u b l e - b o n d i somer izat ion b u t negl ig ib le c rack ing . A l s o , a series of 
c r a c k i n g runs w i t h progressively shorter contact t imes ( N 2 d i l u t i o n ) gave 
l - : 2 -butene ratios of 0.60, 0.62, 1.80, a n d 2.32 at 12.7, 5.9, 1.8, a n d 0 .7% 
n-hexane conversion. H e n c e , w e conc lude that 1-butene is the p r i m a r y C 4 

c r a c k i n g p r o d u c t as i n t h e r m a l c r a c k i n g , b u t i t is p a r t i a l l y i somer ized b y 
further contact w i t h the catalyst. 

Secondly, h a v i n g considered the C 4 a n d C 5 products , w e note that 
the differences i n C i - C 3 products be tween t h e r m a l a n d K - e x c h a n g e d 
Y - c a t a l y z e d c rack ing can be ra t iona l ized effectively b y i n t r o d u c i n g a 
second effect of the catalyst; namely , for any g iven r a d i c a l , R · , the rat io 
kfiR'/(kH

R' [S] ) is smaller over K - e x c h a n g e d Y than thermal ly . A l l radicals 
w h i c h can cleave to f o r m n e w radicals as stable as e t h y l s t i l l do so, b u t 
the p r o p y l radicals for w h i c h ^-sc iss ion a n d h y d r o g e n abstract ion were 
closely ba lanced thermal ly n o w give comparat ive ly m o r e p r o p a n e a n d 
less ethylene plus methane f r o m η-propyl r a d i c a l a n d more propane a n d 
less propylene plus h y d r o g e n f r o m i s o p r o p y l r a d i c a l . T h e operat ion of this 
effect can be i l lustrated for each substrate. 3 - M e t h y l p e n t a n e gives the 
closest correspondence be tween t h e r m a l a n d cata lyt ic results, a n d exami
nat ion of the R i c e scheme (77) shows no C 3 radicals . n - H e x a n e gives 
increased propane at the expense of methane a n d ethylene w i t h no change 
i n ethane a n d propylene , i n accord w i t h less cleavage of the n - p r o p y l 
r a d i c a l . 2 ,3 -Dimethylbutane , i n contrast, has i s o p r o p y l r a d i c a l as a cha in 
carr ier a n d the expected increase i n propane at the expense of propylene 
a n d h y d r o g e n characterizes the observed products . F i n a l l y , 2 -methyl -
pentane, whose decomposi t ion involves b o t h n - a n d i s o p r o p y l radicals , 
shows b o t h effects. 

C o m p a r e d w i t h materials such as a l u m i n a (21, 42), s i l i c a - a l u m i n a 
(42, 55), c h r o m i a - a l u m i n a (2), or s i l icotungst ic a c i d (21), K - e x c h a n g e d 
Y is re lat ively inact ive for c a t a l y z i n g d o u b l e b o n d shifts i n the n-butenes, 
a temperature of 4 0 0 ° b e i n g r e q u i r e d to achieve > 5 % convers ion at a 
n o m i n a l contact t ime of 4 sec; however , since a n even h igher temperature 
is r e q u i r e d to achieve signif icant paraff in c rack ing , i somer izat ion is r a p i d 
at c rack ing condit ions. T h e mechanism of such d o u b l e - b o n d shifts has 
been considered recent ly i n some de ta i l (42). W e have observed that 
N a Y is cons iderably more active t h a n K Y for this react ion (see also 29, 
37, 83 ), i n contrast to paraff in c rack ing . 

T h e nature of the effect of the zeol i te o n k$B'/(kH
B' [S] ) has not been 

c lar i f ied. M o d i f i c a t i o n of r a d i c a l behavior b y solvents has been observed 
for cer ta in radicals (46, 103) b u t such effects o n carbon radicals are 
m i n i m a l even at ambient temperatures. C a r b o n radicals associated w i t h 
s i l i ca a n d s i l i c a - a l u m i n a surfaces have been observed spectroscopical ly 
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62. RABO AND POUTSMA Structural Aspects of Catalysis 309 

at very l o w temperatures, b u t the strength of the association seems too 
weak to cause a signif icant effect o n relat ive reactivit ies , i.e., k$R'/kH

R\ at 
5 0 0 ° (49). H o w e v e r , another contr ibutor for a l ter ing the β-scission: ab
stract ion rat io m a y be [S] rather than V/y. A n effect ively h igher 
"concentrat ion" of substrate w i t h i n the catalyst pores t h a n i n the v a p o r 
phase at the same a p p l i e d pressure w o u l d exp la in the observed effect. 

A l t h o u g h w e p o i n t out the ca. 5 - fo ld increase i n rate of c r a c k i n g over 
K - e x c h a n g e d Y c o m p a r e d w i t h t h e r m a l c rack ing , a t tempt ing to rat ional ize 
this s m a l l a rate effect seems premature at this t ime. W h e r e a s w e c a n 
consider o n l y the c h a i n steps w h e n p r e d i c t i n g products because i n i t i a t i o n 
steps contr ibute o n l y s l ight ly to the products , w e must consider the nature 
of the in i t i a t ion a n d terminat ion steps (77) w h e n concerned w i t h rate 
phenomena. There is s t i l l controversy as to whether i n i t i a t i o n a n d ter
m i n a t i o n are homogeneous or heterogeneous i n the p u r e l y t h e r m a l react ion 
(54,102). In i t ia t ion of r a d i c a l c h a i n reactions b y the surface of N a X has 
been postulated b y A g u d o et al. (1) for the ox idat ion of hexanes. 

T h e p r o d u c t mixtures over N a Y a n d N a , K - e x c h a n g e d L zeolites w e r e 
indis t inguishable w i t h i n exper imental error f r o m those over K-exchanged 
Y , whereas the activit ies were on ly one-half that of K - e x c h a n g e d Y . 

S i m i l a r experiments also were carr ied out for c r a c k i n g of n-butane 
at 5 5 0 ° ; under i d e n t i c a l condit ions , conversions over A e r o c a t ( s i l i c a -
a l u m i n a ) , K-exchanged Y , N a Y , a n d a n e m p t y tube w e r e 40, 12, 3, a n d 
1.5%, respectively. 
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Discussion 

Jack H . Lunsford (Texas A & M U n i v e r s i t y , C o l l e g e Station, Tex. 
77843 ) : I w o u l d l ike to c lar i fy one p o i n t concerning the discussion of our 
w o r k o n the change i n N O sp in concentrat ion as a f u n c t i o n of ac t ivat ion 
temperature for decat ionized Y zeolites. O u r interpretat ion has been 
that the n u m b e r of N O molecules at a l u m i n u m sites increases f o l l o w i n g 
act ivat ion between 3 0 0 ° a n d 7 0 0 ° because of the f o r m a t i o n of oxygen-
deficient sites, a n d that the n u m b e r of paramagnet ic species decreases 
above 7 0 0 ° because these defect sites b e g i n to anneal out. T h i s is not a n 
alternate to our interpretat ion, as R a b o suggested. 

J. A . Rabo: T h a n k y o u . 
Alfred E . Hirschler ( S u n O i l C o . , M a r c u s H o o k , P a . 19061) : I w o u l d 

l i k e to point out t w o signif icant omissions i n Rabo's r e v i e w dea l ing w i t h 
Brons ted sites i n zeolites. T h e first substantive evidence for the presence 
of Bronsted sites i n cat ionic zeolites was our 1963 paper (/. Catalysis 
1963, 2, 428) , w h i c h s h o w e d that a ry lmethanol indicators generate car-
b o n i u m ions o n contact w i t h C a X a n d other cat ionic zeolites. T h e c i t e d 
w o r k of N o r t o n d i d not establish the presence of Brons ted a c i d i t y for t w o 
reasons. H e used H 0 indicators w h i c h give a c i d colors w i t h L e w i s as 
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w e l l as Brons ted acids, a n d his zeolites conta ined 2 0 % of c lay b i n d e r 
w h i c h itself possesses considerable ac id i ty . 

Secondly , I bel ieve our 1963 paper was the first to suggest, a lbei t 
brief ly , w h a t is n o w be l i eved to be the o r i g i n of the Brons ted a c i d i t y — 
i.e., the cat ion field can polar ize adjacent h y d r o x y l groups or water mole 
cules adsorbed o n the cations such that they become p r o t o n donors. W e 
e x p l i c i t l y suggested that Bronsted a c i d strength s h o u l d increase w i t h 
increasing charge a n d decreasing size of the cat ion. A s s u p p o r t i n g e v i 
dence w e c i ted Rabo's 1960 paper w h e r e i n the catalyt ic ac t iv i ty of 
cat ionic zeolites was f o u n d to d e p e n d o n the electrostatic field of the 
cat ion a n d our o w n a c i d i t y data on cat ionic zeolites a n d cat ion-exchanged 
s i l i c a - a l u m i n a . A t the 1964 Catalys is Congress i n A m s t e r d a m (Proceed
ings, V o l . 5, p . 726) , w e p o i n t e d out that the hexane i somer iza t ion data 
of P icker t a n d R a b o for a series of cat ionic zeolites were a l inear f u n c t i o n 
of the loss on i g n i t i o n , w h i c h is the amount of potent ia l Bronsted sites 
d e r i v e d f r o m h y d r o x y l groups a n d adsorbed water . W e also p o i n t e d 
out that h y d r o g e n zeolites h a d stronger Brons ted a c i d i t y than the cat ionic 
zeolites a n d that therefore a lkal ine earth cations p a r t i a l l y po isoned the 
ac id i ty of h y d r o g e n zeolites just as i n amorphous sil ica—alumina. W e 
repor ted here also that the cumene c r a c k i n g data of the h y d r o g e n a n d 
cat ionic zeolites para l l e led their strong Brons ted ac id i ty as measured b y 
H R a c id i ty t i trat ion. W e therefore suggested that the active centers are 
Brons ted sites; the electrostatic field of the cations does not d i r e c t l y 
polar ize the h y d r o c a r b o n molecules b u t exerts its influence via the B r o n 
sted a c i d i t y w h i c h is inf luenced b y the cat ion field. L a t e r workers have 
p r o v i d e d m u c h more deta i led exper imental evidence for this v i e w p o i n t 
as w e l l as more expl ic i t mechanist ic interpretations a n d have often over
looked our p r i o r suggestion. 

J . A . R a b o : Y o u must have over looked p . 289 a n d Ref. 43 i n our 
rev iew. 

W . H . F l a n k ( H o u d r y Laborator ies , M a r c u s H o o k , P a . 19061) : I n 
connect ion w i t h the p r o b l e m of re lat ing the h y d r o x y l content of the ca l 
c i n e d N H 4 - e x c h a n g e d synthetic faujasites to the behavior of these mater i 
als, i t m i g h t be n o t e d that there are amounts that are poss ib ly qui te s ignif i 
cant cata lyt ical ly , that are not go ing to be detected b y i n f r a r e d or some of 
the other techniques that have been used to look for them, a n d these h y 
d r o x y l groups do persist to v e r y h i g h temperatures. K e r r a n d more re
cent ly some people at L i n d e , B o l t o n a n d L a n e w a l a , repor ted that they 
have observed a d e h y d r o x y l a t i o n step i n thermogravimetr ic curves that 
they have obta ined. W e have also noted that such steps exist a n d that they 
increase i n size w i t h increas ing degree of exchange a n d w i t h decreasing 
S1O.2/AI2O3 ratio. W e have further noted i n agreement w i t h B o l t o n a n d 
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L a n e w a l a that the temperature at w h i c h this step occurs decreases w i t h 
increas ing degree of exchange a n d w i t h decreasing S i 0 2 / A l 2 0 3 rat io . B u t 
i n almost a l l cases, w e have repeatedly f o u n d that there are significant 
amounts of r e s i d u a l h y d r o x y l that r e m a i n after this step i n the thermo-
gravimetr i c curve . These resistant groups m a y be some of the ones that 
y o u are l o o k i n g for. B u t I don' t t h i n k that their concentrat ion n e e d be 
very h i g h . 

J . R a b o : Y o u r comment is w e l l taken. H o w e v e r , the c h e m i c a l c o m 
pos i t ion of the p r o d u c t released i n the referred T G A step s h o u l d be 
established before any assumption is m a d e r e g a r d i n g its o r i g i n or its 
re lat ionship to catalyt ic properties . 
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Catalytic Activity and the Nature of 
Active Centers in Zeolites 

JOHN T U R K E V I C H and YOSHIO ΟΝΟ 

Princeton University, Princeton, N. J. 

Catalyst preparations with controlled number and nature 
of acid sites were used to study the cracking of cumene, 
2,3-dimethylbutane, and isomerization of xylenes. In all 
these cases, the Bronsted acid with its surface OH group was 
responsible for the catalytic activity. The cracking of 2,3-
dimethylbutane required a small number of Lewis acid 
sites to initiate the reaction, presumably caused by abstrac
tion of a hydride ion from the saturated hydrocarbon. The 
cracking of 2,3-dimethylbutenes was studied also. The hy
drogen—deuterium equilibration is catalyzed by the Lewis 
acid sites. Introduction of palladium into the catalyst and 
the use of hydrogen as the gas carrier affects the cumene 
cracking favorably, but represses the branched chain hydro
carbon cracking. 

*T<he catalyt ic properties of the zeolites are of u n u s u a l interest. T e c h -
n i c a l l y , they are the most impor tant catalyst used i n the pe t ro leum 

industry . Scient i f ical ly , they are specimens "par excel lence" for s t u d y i n g 
the nature of active centers o n a l u m i n a s i l i ca catalysts a n d for determin
i n g the mode of act ivat ion of the various molecules whose reactions they 
accelerate. T h e y have the advantage over a l u m i n a s i l i ca gel catalysts 
i n that they are crystal l ine. T h e m a i n features of their s t ructural arrange
ment can be del ineated f r o m x-ray invest igat ion. T h i s permits the i d e n t i 
fication a n d character izat ion of a l i m i t e d n u m b e r of discrete sites of 
cata lyt ic act ivi ty . O n the other h a n d , the structure of the a l u m i n a s i l i ca 
ge l catalyst can o n l y be surmised f r o m general theoret ical considerations. 
T h e x-ray a n d electron di f f ract ion patterns are too b r o a d to give any 
usefu l s t ructural interpretat ion. F u r t h e r m o r e , indirec t evidence indicates 
a b r o a d continuous spectrum of active sites ref lect ing the amorphous 
state. T h i s complicates character izat ion of the act ivat ion process. A n -

3 1 5 
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316 M O L E C U L A R SIEVE Z E O L I T E S II 

other c o m p l i c a t i n g feature of the gel type catalysts is the var iab le pore 
structure, m a k i n g the preparations i r r e p r o d u c i b l e a n d the catalyt ic 
act ivi ty var iable . 

W e present some recent results obta ined i n the Pr ince ton U n i v e r s i t y 
C h e m i s t r y D e p a r t m e n t on the nature of the active center i n catalysts 
d e r i v e d f r o m s o d i u m type faujasite catalyst (17, 18, 23, 25, 26, 27, 28, 
29, 30, 31). A general survey of the s tructural characteristics has been 
g iven b y one of us a n d b y others (1,4,9, 25, 33). 

W e shal l r e v i e w brief ly those s tructural results w h i c h w i l l be relevant 
to the determinat ion of the nature of the active site. T h e f o r m u l a for 
s o d i u m faujasite is N a 5 6 ( A 1 0 2 ) 5 6 ( S i 0 2 ) i 3 6 * nH20. T h e water can be 
r e m o v e d b y heat treatment w i t h o u t destroying the crystal structure. T h e 
n u m b e r of s o d i u m ions is e q u a l to the n u m b e r of a l u m i n u m atoms. I n 
zeolites, this n u m b e r is at most e q u a l to the n u m b e r of s i l i con atoms. 
T h e a l u m i n u m atoms are never i n ad jo in ing oxygen tetrahedra b u t are 
separated b y at least 1 s i l icon-oxygen tetrahedron. T h e s o d i u m i o n can 
be i o n exchanged b y monovalent , d ivalent , a n d certa in tr ivalent ions. 
I n this i o n exchange, certain precautions must be observed. T h e direct 
replacement of the s o d i u m i o n b y h y d r o g e n i o n us ing a c i d treatment 
m a y result i n the destruct ion of the zeoli te crystal structure, p a r t i c u l a r l y 
w h e n the s i l i c o n - a l u m i n u m ratio is close to 1. T h i s is a v o i d e d b y re
p l a c i n g s o d i u m b y a m m o n i u m i o n a n d then decompos ing the a m m o n i u m 
i o n . 

T h e w a s h i n g of the zeoli te must be carr ied out careful ly to a v o i d 
hydrolys is a n d replacement of the cat ion b y the h y d r o g e n i o n . T h i s is 
p a r t i c u l a r l y true of the divalent a n d tr ivalent cations. A n o t h e r c o m p l i c a 
t i o n m a y arise i n the case of d iva lent a n d tr ivalent cations, i n that o n 
d e h y d r a t i o n of a h y d r o x y salt cat ion m a y be f o r m e d such as [ M ( O H ) ] + , 
[ M ( I I I ) ( O H ) 2 ] + , [ M ( I I I ) ( O H ) ] 2 + . Since the catalyt ic ac t iv i ty of the 
a c i d f o r m of the zeolite is v e r y h i g h , the hydrolys is processes m a y mask 
the act ion of the mul t iva lent ions a n d be ascr ibed to them. S o d i u m a n d 
h y d r o g e n nuclear magnet ic studies indicate that the s o d i u m ions are 
h y d r a t e d b y 6 water molecules i n an octahedral array a n d are free to 
move i n the zeoli te cavi ty w h e n the zeoli te is h y d r a t e d . O n d e h y d r a t i o n , 
w h e n there are less than 6 water molecules a r o u n d the s o d i u m i o n , i t 
becomes l o c a l i z e d near 1 of the oxygen ions next to the a l u m i n u m . 

I n the faujasite type zeolite , the s i l i ca -a lumina tetrahedra are l i n k e d 
t h r o u g h shar ing of oxygen into 2 p r i m a r y cages: the hexagonal p r i s m 
a n d the t runcated octahedron ( soda l i te ) . These p r i m a r y cages combine 
to f o r m a superstructure of cages b y h a v i n g 4 of the hexagonal faces of 
the sodalite l i n k e d i n a te trahedral manner via " v i r t u a l " hexagonal pr isms 
to give the faujasite structure w i t h the impor tant secondary cage, the 
faujasite cage. T h i s is the cage w h e r e i n the cata lyt ic ac t iv i ty takes place . 
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63. TURKEVICH AND Ο Ν Ο Catalytic Activity and Active Centers 317 

Its 4 ports have a diameter 8 - 9 A , p e r m i t t i n g b o t h straight a n d b r a n c h e d 
hydrocarbons to enter the pore. T h e port holes of the sodalite cage a n d 
the hexagonal prisms are too s m a l l for the h y d r o c a r b o n to enter, b u t 
they do p l a y an important role i n the act ivat ion process. T h e n u m b e r of 
a c i d sites can be contro l led b y the d e p t h of the replacement of s o d i u m 
b y the a m m o n i u m ion . T h e r e are 3 different sites for the s o d i u m i o n , 
16 i n the inter ior of the hexagonal pr isms, 32 at the hexagonal faces i n 
the sodalite cages, a n d 8 i n the large cage next to the square oxygen 
faces (20, 21). 

T h e kinetics of c r a c k i n g of cumene was d e t e r m i n e d b y the pulse 
technique i n t r o d u c e d b y E m m e t t , K o k e s , a n d T o b i n ( S ) , m o d i f i e d b y 
T u r k e v i c h and coworkers to determine the n u m b e r of active sites a n d 
the specific ac t iv i ty (30). T h e n u m b e r of sites act ive for cumene c r a c k i n g 
was equa l to the n u m b e r of s o d i u m ions rep laced b y h y d r o g e n ions (via 
the a m m o n i u m route) u n t i l about hal f of the s o d i u m ions h a d been 
replaced. F r o m that, the n u m b e r of active sites r e m a i n e d constant. 
A p p a r e n t l y , ha l f of the a c i d sites p r o d u c e d b y replacement of the s o d i u m 
i o n b y a m m o n i u m i o n a n d subsequent heat ing were not avai lable for 
catalyt ic ac t iv i ty a n d must be located i n either the sodalite cage or the 
hexagonal p r i s m b u t not i n the faujasite supercage. F u r t h e r m o r e , the 
technique of a l ternat ing pulses of react ion ( cumene ) a n d poison ( q u i n o -
l i n e ) p e r m i t t e d the determinat ion of ac t iv i ty per act ive site. T h i s i n 
creased w i t h the n u m b e r of sites even w h e n the sites are not avai lable to 
the reactant, i n d i c a t i n g an interact ion between the sites via transport of 
h y d r o g e n i o n or electrons, b o t h of w h i c h c o u l d pass t h r o u g h the s m a l l 
port holes. F u r t h e r m o r e , measurement of the temperature coefficient of 
the rate of c r a c k i n g of cumene p e r m i t t e d the determinat ion of b o t h the 
act ivat ion energy of the c r a c k i n g react ion a n d the entropy of act ivat ion. 
T h e act ivat ion energy decreased w i t h increase i n n u m b e r of sites because 
of the interact ion of sites. O n the other h a n d , the entropy of act ivat ion 
was negative, i n d i c a t i n g that i n the transi t ion state the adsorbed mole 
cules are ordered. F u r t h e r m o r e , w i t h increase i n n u m b e r of sites, the 
entropy of act ivat ion decreases, i n d i c a t i n g that the greater the n u m b e r of 
sites, the greater the r e q u i r e d order ing . I n the cata lyt ic c r a c k i n g of 
cumene, a large n u m b e r of cumene molecules adsorbed on a large n u m b e r 
of interact ing sites, w i t h 1 of these adsorbed molecules u n d e r g o i n g the 
react ion. T h e process does not involve 1 cumene molecule react ing w i t h 
1 site. It is the crystal l ine structure of the zeoli te , w h i c h permits inter
act ion between a large n u m b e r of a c i d sites, that makes the zeolite catalyst 
superior to the amorphous a l u m i n a s i l ica ge l catalyst. 

T h e next step i n the determinat ion of the m e c h a n i s m of the catalyt ic 
act ion of the a c i d zeoli te catalyst is e l u c i d a t i n g the nature of the act ive 
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318 M O L E C U L A R SIEVE ZEOLITES II 

site—is i t a Brons ted a c i d , L e w i s a c i d , or base site? T h e Brons ted a c i d 
site is a proton adsorbed o n an oxygen a tom next to an a l u m i n u m atom. 
T h e L e w i s a c i d sites are p r o d u c e d f r o m 2 Bronsted sites b y e l i m i n a t i o n 
of water w i t h 2 protons a n d a n oxygen f r o m the a luminum—sil icon b o n d . 
T h e d e h y d r a t i o n process was quant i ta t ive ly s tudied b y T u r k e v i c h a n d 
C i b o r o w s k i (27), us ing a stream of h e l i u m gas for d e h y d r a t i o n a n d a 
t h e r m a l c o n d u c t i v i t y for determinat ion of the amount of water or a m 
m o n i a p r o d u c e d at any des ired temperature. A l l the water was r e m o v e d 
f r o m the s o d i u m faujasite b y 2 5 0 ° C a n d no further water was e v o l v e d 
even w h e n the s o d i u m faujasite was heated to 9 0 0 ° C . T h i s was taken as 
proof that i n a s o d i u m zeoli te there are no free h y d r o x y l groups nor any 
h y d r o g e n bonds h o l d i n g the structure together. These findings are con
sistent w i t h the structure of the faujasite as de termined b y x-ray crysta l 
lography . T h e water e v o l v e d i n the d e h y d r a t i o n of the s o d i u m faujasite 
was the water i n the cavities. W h e n the same procedure was a p p l i e d to 
a m m o n i u m faujasite, the same amount of water was p r o d u c e d b e l o w 
2 5 0 ° C as f r o m the p u r e s o d i u m faujasite. T h e a m m o n i a evolut ion is 
c o m p l e t e d b y heat treatment at 4 0 0 ° C . T h e p r o d u c t at this stage is 
essentially a Bronsted a c i d . F u r t h e r heat treatment i n the temperature 
range of 4 5 0 ° - 6 0 0 ° C produces fur ther dehydra t ion , w h i c h converts the 
Brons ted acids into a L e w i s a c i d a n d a Brons ted base site w i t h r e m o v a l 
of 2 h y d r o g e n atoms a n d an oxygen be tween an a l u m i n u m a n d s i l i con 
a tom i n the faujasite skeleton. T h u s , the condit ions have been establ ished 
for the preparat ion of the a c i d zeol i te i n the Brons ted f o r m — h e l i u m flow 
gas at a temperature u p to 400 ° C — a n d the L e w i s a c i d Brons ted base 
f o r m b y d e h y d r a t i o n i n a flow of h e l i u m at a temperature at least of 
5 5 0 ° C . A mixture of b o t h types of a c i d centers is p r o d u c e d i n the tem
perature range of 4 5 0 ° - 5 5 0 ° C . W e are thus i n a pos i t ion to establish 
w h i c h type of a c i d i t y is responsible for the various types of catalyt ic 
ac t iv i ty of the zeolites. 

O t h e r workers have s t u d i e d the t h e r m a l decomposi t ion of s o d i u m 
a n d a m m o n i u m zeolites b o t h before a n d after the T u r k e v i c h a n d C i b o 
r o w s k i studies. 

T h e results were at best semiquant i tat ive , since they were carr ied 
out i n a static gas flow or i n a v a c u u m where the rate of r e m o v a l of 
gaseous products , water , a n d a m m o n i a was u n d o u b t e d l y di f fusion con
t ro l led . T h e analysis was m a d e us ing moist l i tmus paper or i n f r a r e d 
spectral bands, b o t h methods qual i ta t ive or semiquanti tat ive . N o q u a n 
t i tat ive re lat ionship was establ ished be tween the amount of a m m o n i a 
e v o l v e d i n the first stage a n d the water evo lved i n the process of 
d e h y d r o x y l a t i o n i n the second stage (2, 3, 5, 6, 7, 10, 11, 12, 13, 14, 15, 
16,19,22,24,32, 34,35,36). 
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Experimental 

T h e catalyst was p r e p a r e d b y 70-hour treatment of 100 grams of 
L i n d e s o d i u m Y zeol i te w i t h 1700 m l of 22.1 w t % of a m m o n i u m nitrate . 
T h e s lurry was occasional ly s t i rred. A f t e r filtration, the s o l i d was w a s h e d 
several t imes w i t h d i s t i l l e d water a n d d r i e d at r o o m temperature. T h e 
amount of s o d i u m r e p l a c e d b y a m m o n i u m i o n was 5 2 % b y analysis of 
the filtrate for s o d i u m us ing the m a g n e s i u m u r a n y l acetate reagent. T h i s 
compares f a v o r a b l y w i t h the result ob ta ined b y T u r k e v i c h a n d C i b o r o w -
ski . T h e p a l l a d i u m catalyst was p r e p a r e d b y contact ing a sample of 
s o d i u m Y zeoli te w i t h P d ( N H 3 ) 4 C l 2 to give P d 3 . 5 % , N a 96.4% Y zeoli te 
a n d s i m i l a r l y t reat ing a sample of N H 4

+ 5 4 % , N a 4 6 % Y zeoli te to give 
P d 2 . 6%, N H 4

+ 5 4 % , N a 4 6 % Y zeolite . 
Exper iments s t u d y i n g the change i n retent ion t ime of b r a n c h e d 

hydrocarbons s h o w e d that there was no change i n pore size, a n d conse
quent ly crystal l ine structure, o n the heat pretreatment i n the temperature 
s tudied . 

A convent ional pulse cata lyt ic microreactor was used w i t h 15-65 m g 
of the catalyst for the cumene runs a n d 65 m g for the 2 ,3 -dimethylbutane 
runs. T h e catalyst was h e l d be tween 2 s m a l l p lugs of borosi l icate glass 
w o o l i n a 5 - m m I D diameter borosi l icate reactor. I n some experiments, 
the catalyst was d i l u t e d w i t h 9 6 % si l ica porous glass p o w d e r . T h e h e l i u m 
gas was p u r i f i e d b y passage t h r o u g h a l u m i n a kept at l i q u i d n i t rogen 
temperature. T h e react ion temperature was measured b y a thermocouple 
located adjacent to the reactor. T h e catalyst was pretreated at the des ired 
temperature for 16 hours i n a stream of h e l i u m . T h e products w e r e 
a n a l y z e d w i t h a d i o c t y l phthalate gas chromatography c o l u m n at 1 1 0 ° C . 

Cumene Cracking 

T h e cumene c r a c k i n g react ion was s tudied at 3 2 5 ° C . T h e s imple 
k inet ic equat ion 

F 1 
k = W r In 

W 1 — χ 
( w h e r e F is the flow rate of the carr ier gas, W the w e i g h t of the catalyst, 
k the react ion constant, a n d χ the i n i t i a l f rac t ion conver ted) c o u l d not 
be used because the active catalysts (those p r e p a r e d b y heat treatment 
b e l o w 5 0 0 ° C ) a lways gave convers ion above the e q u i l i b r i u m conversion. 
T h i s was caused b y the separation of the products f r o m each other a n d 
f r o m the cumene i n the reactor. T h e r e is a sharp d r o p i n the ac t iv i ty of 
the catalyst on pretreatment of the catalyst at temperatures above 5 0 0 ° C . 
T h e act ivat ion energy of the react ion i n the temperature range of 285°— 
325 ° C for an active catalyst was est imated to be 24 k c a l . T h e q u i n o l i n e 
t i t rat ion of the samples obta ined b y heat treatment at var ious tempera
tures s h o w e d a s imi lar decrease i n the n u m b e r of act ive centers w i t h 
increase i n the temperature of pretreatment ( F i g u r e 1 ) , a n d this is 
s imi lar to the curve obta ined b y d e h y d r a t i o n of the Brons ted acids into 
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350 400 450 500 550 600 

TEMPERATURE OF PRETREATMENT 

( ° C ) 

Figuré 1. Effect of pretreatment temperature on 
catalytic cracking of cumene and on hydrogen-

deuterium exchange 

L e w i s a c i d a n d Brons ted bases. T h u s , Bronsted a c i d sites are responsible 
for the catalyt ic c r a c k i n g of cumene. T h e q u i n o l i n e does not react w i t h 
the L e w i s a c i d sites at 3 2 5 ° C but o n l y w i t h the Brons ted a c i d sites. 
F u r t h e r m o r e , for samples whose pretreatment temperature is e q u a l or 
less than 400 ° C , the n u m b e r of active sites is 8.3 χ 10 2 0 . T h i s va lue is 
to be c o m p a r e d w i t h 9.9 X 1 0 2 0 / g r a m ca lcula ted f r o m stoichiometry, 
assuming 25 w t % of water a n d a m m o n i a as d e t e r m i n e d b y T u r k e v i c h 
a n d C i b o r o w s k i . 

T h e role of p a l l a d i u m i n zeoli te was invest igated. T h e N a 100% 
zeoli te has no ac t iv i ty for cumene c r a c k i n g at 450 ° C . O n the other h a n d , 
P d 3 5 % N a 96.4% Y zeoli te cracks cumene i n a stream of h y d r o g e n 
w i t h rate constants of 16.7 m l / m i n / g r a m at 400 ° C a n d 63.8 m l / m i n / g r a m 
at 443 ° C . T h e chromatographic c o l u m n d i d not d is t inguish between 
propylene a n d propane. T h e p a l l a d i u m u n d o u b t e d l y is r e d u c e d to the 
meta l , p r o d u c i n g protons o n the surface w h i c h act as Brons ted a c i d . T h e 
i n t r o d u c t i o n of decat ionated sites enhances the favorable effect of p a l -
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63. TURKEVICH AND ΟΝΟ Catalytic Activity and Active Centers 321 

l a d i u m , the rate constant at 3 2 5 ° C for P d 2.6% N H 4 5 4 % N a 4 3 % Y 
zeoli te b e i n g 1850 after the catalyst is p l a c e d i n a stream of h y d r o g e n 
overnight at 4 4 0 ° C . T h e p a l l a d i u m can be v i s u a l i z e d as ac t ivat ing the 
h y d r o g e n to remove carbonaceous mater ia l w h i c h forms on the surface 
at these h i g h temperatures. H o w e v e r , i t is also possible that the p a l 
l a d i u m heterolyt ica l ly dissociates the h y d r o g e n molecule into H " a n d H + , 
a n d these convert any s m a l l n u m b e r of L e w i s a c i d - B r o n s t e d base o n the 
surface into a l u m i n u m h y d r i d e a n d Bronsted a c i d sites. E x p e r i m e n t s 
car r ied out at h igher temperatures conf irm this po in t of v i e w . W i t h 
p a l l a d i u m o n decat ionated zeolite , c r a c k i n g of cumene can take p lace 
w h e n catalyst is treated at m u c h h igher temperatures than w i t h o u t 
pal ladium—e .g . , the rate constant (at 3 2 5 ° C ) for the catalyst treated at 
4 9 0 ° C is 1850, at 5 4 0 ° C is 1190, at 4 5 4 ° C is 1070, at 5 5 6 ° C is 440, a n d 
at 6 0 0 ° C is 300. A t these temperatures, the Brons ted acids w o u l d be 
converted to L e w i s a c i d - B r o n s t e d base sites. These w o u l d be ineffective 
for cumene c r a c k i n g a n d w o u l d favor carbon format ion . 

Cracking of 2,3 -Dimethylbutanè 

T h e c r a c k i n g of this b r a n c h e d cha in paraff in was c a r r i e d out at 
4 0 0 ° - 4 5 0 ° C . T h e products of the react ion were not s i m p l y p r o p y l e n e 
a n d propane , as w o u l d be expected f r o m s imple scission, b u t 38.4 mole % 
C 3 H 8 , 24 .8% C 3 H 6 , 13.8% C 2 H 4 , 3.7% C 2 H 6 , 4 . 2 % C 4 H 1 0 , 1.3% a n d 
0.8% of a nonident i f iable C 4 h y d r o c a r b o n . T h e convers ion was p r o p o r 
t iona l to the w e i g h t of the catalyst used a n d inversely p r o p o r t i o n a l to 
the flow rate of the carrier gas. A n examinat ion of the degree of de-
cat ionizat ion o n the react ion s h o w e d that the 1 2 % a m m o n i a exchange 
for s o d i u m d i d not p r o d u c e act ive centers, b u t f r o m that p o i n t the 
act ivi ty of the catalyst was p r o p o r t i o n a l to the degree of decat ionat ion. 
T h e act ivat ion energy is 27 k c a l / m o l e . T h e effect of the temperature of 
pretreatment on the ac t iv i ty of the catalyst shows a m a x i m u m of ac t iv i ty 
after pretreatment at 4 5 0 ° C a n d then a m a r k e d d r o p i n the 5 0 0 ° - 5 3 0 ° C 
reg ion ( F i g u r e 2 ). These results suggest that L e w i s a c i d sites are neces
sary i n a d d i t i o n to Bronsted a c i d sites to crack b r a n c h e d c h a i n h y d r o 
carbons. These L e w i s a c i d sites abstract a h y d r i d e i o n , p r o d u c i n g a 
c a r b o n i u m i o n w h i c h then undergoes var ious c a r b o n i u m i o n reactions 
w i t h the he lp of Bronsted a c i d a n d base sites. T h e necessity of a cer ta in 
n u m b e r of L e w i s sites for the c r a c k i n g of paraffins finds fur ther support 
i n the results obta ined w i t h p a l l a d i u m . Replacement of 3 .4% of the 
s o d i u m ions b y p a l l a d i u m does not enhance the c r a c k i n g of 2 ,3 -dimethyl -
butane. T h e i n t r o d u c t i o n of p a l l a d i u m i n the decat ionated Y zeol i te 
( P d 2 .6%, N H 4 5 4 % , N a 43.4% ) a n d treatment w i t h h y d r o g e n at 3 6 0 ° 
or 495 ° C overnight p r o d u c e d a catalyst w h i c h s h o w e d no ac t iv i ty for 
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10, 

ot=-=J 1 1 1— 
400 450 500 550 

Figure 2. Effect of pretreatment tem
perature on catalytic cracking of 2,3-di-
meihylbutane, using a decationated zeo
lite and a paUadium-decationated zeolite 

the c r a c k i n g of 2 ,3-dimethylbutane at 4 0 0 ° C , w h i l e it c racked cumene 
r e a d i l y at 3 2 5 ° C . T h e func t ion of p a l l a d i u m a n d p r o b a b l y other m e t a l 
h y d r o g e n a t i n g addit ions i n suppor ted oxide systems is to catalyze the 
heterolyt ic sp l i t t ing of h y d r o g e n gas into negative h y d r i d e i o n a n d a 
proton . T h e negat ive h y d r i d e i o n serves as a h y d r o g e n b r i d g e b e t w e e n 
the a l u m i n u m a n d s i l i con atoms of the L e w i s a c i d site, a n d the p r o t o n 
neutral izes the Brons ted base site to m a k e a Brons ted ac id . T h i s a c i d 
m a y be a l l the stronger because of the close p r o x i m i t y of the A l - H - S i 
b o n d . T h u s , b y us ing p a l l a d i u m a n d a decat ionated zeoli te , the c r a c k i n g 
of i n d u s t r i a l l y va luab le b r a n c h e d c h a i n hydrocarbons is m i n i m i z e d w h i l e 
the " c l i p p i n g off" of a l k y l side chains f r o m aromatics can be c a r r i e d out 
r e a d i l y even at h i g h temperatures. 

Cracking of Branched Chain Olefins 

T h e c r a c k i n g of the 2,3-dimethyl-2-butene a n d 2 ,3 -d imethyl - l -butene 
s h o w e d that the rates of the various reactions they undergo w e r e i n d e 
pendent of the pos i t ion of the double b o n d or the temperature of pre 
treatment of the catalyst. B o t h Brons ted a n d L e w i s acids were effective. 
A t 200 ° C , the d o u b l e b o n d m i g r a t i o n react ion was d o m i n a n t a n d a 
signif icant carbon skeleton i somer izat ion to 3 ,3 -d imethyl - l -butene was 
observed. A s l ight amount of c rack ing was noted. A t 3 0 0 ° C , the 2,3-
dimethylbutenes h a d i somer ized extensively into the 3 ,3-dimethylbutene, 
a n d this c o m p o u n d u n d e r w e n t c r a c k i n g to p r o d u c e 1 3 % C 5 ' s a n d 2 6 % 
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63. TURKEVICH AND ΟΝΟ Catalytic Activity and Active Centers 323 

C 4 ' s . A t 4 0 0 ° C , an apprec iable amount of 3 ,3-dimethylbutene s t i l l per
sists, the C 4 s a n d C 5 s r e m a i n at the same leve l as at 3 0 0 ° C , b u t the y i e l d 
of propylene increases to 1 0 % of the product . These results indica te 
that the crack ing of an olefin first involves a skeleton i somer izat ion to 
an olefin whose subsequent c r a c k i n g reactions are not expla ined r e a d i l y 
b y a s imple c a r b o n i u m i o n mechanism. 

Xylene Isomerization 

T h e convers ion of ortho- to meta- a n d para-xylene was carr ied out 
o n a series of decat ionated catalysts w h i c h were subjected to t h e r m a l 
treatment at various temperatures. 10-yl pulses of o-xylene were used, 
the catalyst amount was 300-350 m g , a n d the flow rate of the h e l i u m 
carrier gas was 50-100 m l / m i n . T h e products were a n a l y z e d o n 7.8-
b e n z o q u i n o l i n e o n C h r o m o s o r b W gas-chromatographic c o l u m n . T h e 
ra-xylene p r e d o m i n a t e d over the p a r a isomer. A s m a l l toluene p r o d u c t i o n 
seemed to p a r a l l e l that of i somerizat ion . T h e convers ion of xylene χ 

400 440 480 520 560 

TEMPERATURE OF PRETREATMENT 

( ° C ) 

Figure 3. Effect of pretreatment temperature on 
catalytic isomerization of ortho-xylene 
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324 M O L E C U L A R SIEVE ZEOLITES II 

( rat io of meta- a n d para-xylenes to total xylenes) f o l l o w e d first-order 

where xeq was the e q u i l i b r i u m value of 0.782. T h e p lo t of the l o g a r i t h m 
t e r m against W/F0 gave a straight l ine whose slope gave the first-order 
react ion constant, k. A plo t of k against the temperature of the pretreat
ment of the catalyst s h o w e d a m a r k e d d r o p i n the curve at 5 0 0 ° - 5 2 0 ° C , 
again i n d i c a t i n g that Brons ted a c i d sites are responsible for xylene 
i somer izat ion ( F i g u r e 3) (15, 36). 

N o t a l l reactions take place on the Bronsted a c i d sites. T h e h y d r o 
g e n - d e u t e r i u m e q u i l i b r a t i o n takes place on the L e w i s a c i d sites 
( F i g u r e 1 ) . 

T h e character izat ion of these L e w i s a c i d sites b y magnet ic resonance 
techniques has been extensively p u r s u e d i n the laboratory. 
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Discussion 

R. C . Pink (Queens U n i v e r s i t y , Belfast , N o r t h e r n I r e l a n d ) : T u r k e 
v i c h has sa id that only the D - H exchange react ion can, w i t h certainty, be 
a t t r ibuted to the L e w i s a c i d act iv i ty . T h e cyc lopropane i somerizat ion 
react ion, however , seems to respond to b o t h the Bronsted a n d the L e w i s 
act ivi ty . N H 4

+ Y zeolites ac t ivated at different temperatures show t w o 
temperature regions of act iv i ty , one corresponding closely to the Bronsted 
ac t iv i ty of the catalyst, the other at a m u c h h igher temperature ( — 6 5 0 ° ) 
corresponding to the temperature at w h i c h the electron d o n o r - a c c e p t o r 
propert ies are at a m a x i m u m . 

J. Turkevich: I was i n error i n the statement that h y d r o g e n - d e u 
t e r i u m exchange react ion is the o n l y react ion that takes place w i t h the 
he lp of a c i d sites, for w e have f o u n d that butene-1 to butene-2 trans
format ion is ca ta lyzed b y b o t h Bronsted a n d L e w i s a c i d sites. T h e B r o n 
sted sites, however , give a m a r k e d stereospecificity i n p r o d u c i n g n o n e q u i -
l i b r i u m mixtures of cis a n d trans, w h i l e the L e w i s a c i d sites give an 
e q u i l i b r i u m mixture of the geometr ic isomers. 

M . S. Goldstein ( A m e r i c a n C y a n a m i d , S t a m f o r d , C o n n . 06902) : I 
th ink that the results f r o m y o u r pulse m e t h o d a n d our continuous flow 
m e t h o d for po isoning w i t h q u i n o l i n e ( G o l d s t e i n , M . S., M o r g a n , T . R. , 
/. Catalysis 1970, 16, 232) are i n general agreement. H o w e v e r , w e f o u n d 
a correspondence between q u i n o l i n e adsorpt ion a n d q u i n o l i n e poisoning . 
W e also f o u n d that N a Y adsorbed q u i n o l i n e as w e l l as H Y . W e inter
pre ted the q u i n o l i n e po isoning as caused b y supercage blockage. W o u l d 
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326 M O L E C U L A R SIEVE ZEOLITES II 

y o u agree that o u r results indicate that q u i n o l i n e is not a specif ic poison 
for Brons ted sites? 

J . T u r k e v i c h : N o , w e are c o n v i n c e d more than ever f r o m the q u a n 
t i tat ive results that w e have p u b l i s h e d that q u i n o l i n e i n the po i son ing 
experiments b locks specific sites i n supercages. T o t a l adsorpt ion of q u i n 
ol ine can take p lace b e y o n d this specific po i son ing a n d , b e i n g nonspecif ic 
to sites, has no relevance to catalysis. 

P . B . V e n u t o ( M o b i l O i l C o r p . , Paulsboro , N . J . 08034) : I n y o u r 
second sl ide, y o u s h o w e d a p l o t of catalyt ic ac t iv i ty vs. n u m b e r of catalyt ic 
sites for a n a m m o n i u m - e x c h a n g e d Y system. I n this s l ide, cata lyt ic ac
t i v i t y d i d not increase i n a s imple l inear re la t ionship ; rather, i t increased 
great ly at the h igher site concentrations. D o y o u attr ibute this to the 
appearance of sites w i t h h igher energy (dif ferent type sites) or to the 
" co l l ec t ive" act ion of sites of s imi lar types? 

J . T u r k e v i c h : T h e sl ide was f r o m an earlier p u b l i s h e d w o r k pre
sented at the A m s t e r d a m Internat ional Congress o n Cata lys is . I t indicates 
first that the cata lyt ic ac t iv i ty per site is not constant as one increases the 
n u m b e r of sites, but more d r a m a t i c a l l y that it increases w i t h increases i n 
site n u m b e r even w h e n these n e w sites are not avai lable to the substrate 
( c u m e n e ) or po ison quino l ine . T h i s w e interpret to be o w i n g to inter
act ion a n d m i g r a t i o n of protons ( a n d / o r electrons) among the various 
sites. 
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Acidic and Exchange Properties of X and Y 
Zeolites. Correlation with Catalytic Activity 
for Some of Them 

R. BEAUMONT, D. BARTHOMEUF, and Y. TRAMBOUZE 

Institut de Recherches sur la Catalyse, 39 Boulevard du 11 Novembre 1918, 
69-Villeurbanne, France and Faculté des Sciences de Lyon, France 

The acidic properties of X and Υ zeolites containing various 
amounts of Na+, Ca2+, and La3+ ions have been measured. 
The exchange of one sodium ion by H+ provides a fraction 
a of acid site which characterizes the type of the zeolite 
(X or Y). The number of acid sites provided when calcium 
or lanthanum ions are exchanged depends mainly on the 
valency of the ion. The cracking of isooctane (used to study 
catalytic properties of zeolites) is enhanced considerably by 
hydrogen. Then a particular kind of sites has hydrogenative 
properties. Either acidic or catalytic properties are lowered 
by ions located near or in the supercage, and they increase 
when inner sites are exchanged. 

T ) r o p e r t i e s of zeolites d e p e n d strongly o n the nature a n d content of the 
A cat ion. A n u m b e r of investigators have s h o w n that locat ion of cations 
is important to consider. It depends on several factors, such as the va lency 
of the i o n a n d the pretreatment temperature. Therefore , i t is rather 
dif f icult to compare different catalysts i f they do not contain exactly the 
same n u m b e r of meta l l i c ions a n d have not been heat-treated i n the same 
w a y . 

F o r a g iven meta l l i c i o n , nei ther the a c i d i t y nor the catalyt ic ac t iv i ty 
are d i rec t ly p r o p o r t i o n a l to cat ion content, a n d the relations be tween 
these factors are rather complex ( I , 2, 7, 8, 9, 11-19). 

I n order to have a better unders tanding of the correlations be tween 
different propert ies , w e w i l l first systematical ly s tudy the var ia t ion of 
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328 MOLECULAR SIEVE ZEOLITES II 

a c i d propert ies w i t h the degree of exchange of N a + ions b y protons, de
sc r ib ing the results concerning only the w h o l e ac id i ty , Brons ted a n d / o r 
L e w i s , w i t h o u t t r y i n g to dis t inguish between the 2 forms. Di f ferent 
strengths of a c i d i t y w i l l be p o i n t e d out w h e n increas ing the degree of 
exchange. 

Results obta ined lead to extension of the study to the case of p o l y 
valent ions i n order to ver i fy the hypothesis of p a r t i a l neutra l izat ion of 
ac id i ty b y b i - or tr ivalent ions. 

C r a c k i n g of isooctane is used to check cata lyt ic ac t iv i ty of p r o 
gressively exchanged Na-zeol i tes a n d to t r y to correlate a c i d a n d catalyt ic 
propert ies . 

Experimental 

Materials and Sample Preparation. T h e start ing materials are 
c o m m e r c i a l U n i o n C a r b i d e zeolites N a X a n d N a Y , i n p o w d e r f o r m . 
T h e c h e m i c a l composit ions are N a 8 6 ( A l O 2 ) 8 6 ( S i O 2 ) i 0 6 * * H 2 0 a n d N a 5 6 -
( A 1 0 2 ) 5 6 ( S i 0 2 ) i 3 6 * x H 2 0 , respect ively. 

T h e s o d i u m - a m m o n i u m forms ( N a - N H 4 - X a n d N a - N H 4 - Y ) were 
p r e p a r e d b y repeated exchange of the s o d i u m zeoli te w i t h a m m o n i u m 
acetate solutions at r o o m temperature. T h e s o d i u m - h y d r o g e n forms 
( N a - H - X a n d N a - H - Y ) were obta ined b y heat ing the a m m o n i u m zeoli te 
at 3 8 0 ° C for 15 hours. 

Several cat ionic forms were p r e p a r e d f r o m N a - Y . N e a r l y 9 5 % of 
N a ions were exchanged b y Κ a n d C a ions w i t h ch lor ide solutions. These 
zeolites n a m e d K - Y a n d C a - Y were progressively exchanged b y N H 4 ions 
a n d t ransformed i n K - H - Y a n d C a - H - Y forms. L a ions were i n t r o d u c e d 
i n a zeoli te N H 4 - Y , i n w h i c h the res idua l s o d i u m content is o n l y 1 % , b y 
repeated exchange w i t h L a C l ^ solutions. T h e samples were heated i n d r y 
air at 3 8 0 ° a n d 5 5 0 ° C for 15*hours. 

X - r a y di f f ract ion studies s h o w e d that the structure of N a - X is de
stroyed i f more than 5 0 % of N a ions are exchanged b y N H 4 ions. F o r 
a l l other catalysts, x-ray di f f ract ion measurements s h o w the samples to 
be h i g h l y crystal l ine. 

Since zeolites differ f r o m each other i n the content a n d atomic w e i g h t 
of the cations, a l l results ( a c i d i t y a n d cata lyt ic ac t iv i ty ) are expressed for 
a uni t ce l l . 

Technique. ACIDITY. T h e n u m b e r of a c i d sites was de termined b y 
t i t ra t ion w i t h n -buty lamine . H a m m e t t a n d a r y l m e t h a n o l indicators chosen 
a c c o r d i n g to D r u s h e l a n d Sommers ' studies (4) were used to obta in the 
catalyst ac id i ty i n terms of a c i d strength ( 7 ). N u m e r i c a l results obta ined 
b y this m e t h o d are s imi lar to those obta ined b y other methods, for ex
ample , adsorpt ion (1, 14, 15). 

CATALYTIC ACTIVITY. T h e crack ing of isooctane was s tudied. F o r 
cata lyt ic ac t iv i ty measurements, the samples were heated i n flowing he
l i u m or h y d r o g e n f r o m r o o m temperature to 4 6 5 ° C for 15 hours. T h e n 
the gas saturated w i t h isooctane passed t h r o u g h the catalyst i n the m i c r o -
reactor a n d was a n a l y z e d b y gas chromatography. 
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4 

0 10 20 30 40 50 
η 

Figure 1. Acidity as a function of η Na+ ions exchanged per U.C. 

NaHY NaHX 
1 Hammett indicator (3.10~*% H,S0 4 / ) 
2 a Arylmethanol (50% H£Oh) 
3 b Arylmethanol (77% H*SC\) 
4 c Arylmethanol (88% H2SOO 

Results 

Acidity. Z E O L I T E S N A - H - X A N D N A - H - Y . F i g u r e 1 shows the increase 
of a c i d i t y (at least e q u a l i n strength to the a c i d strength noted) vs. the 
n u m b e r of s o d i u m ions exchanged per un i t ce l l . 

C u r v e s concern ing N a - H - X are meaningless w h e n the degree of ex
change is greater than 5 0 % ; the crystal l ine structure is destroyed. 

F o r zeolites X a n d Y , 2 i m p o r t a n t facts m a y be d e d u c e d f r o m F i g u r e 
1. F o r a g iven type of zeolite X a n d Y , the slopes of the straight l ines 
are s imi lar , regardless of ind ica tor ( H a m m e t t or a ry lmethanol ) a n d 
strength of ac id i ty . Secondly, the a c i d i t y A is a l inear func t ion of the 
n u m b e r Ν of exchanged ions A = aN + b. 

N u m e r i c a l values of a can be de termined f r o m the straight lines of 
F i g u r e 1 w i t h i n an error of ± 4 % . ( T h e coefficient b w i l l not be dis
cussed here . ) T h e slope a gives the n u m b e r of equivalents of a c i d i t y 
p r o v i d e d b y the exchange of one equivalent of N a + i o n . 

F o r N a Y , w h e n less than 3 7 - 3 8 atoms have been exchanged, a = 0 . 7 8 . 
T h i s cannot be re la ted to a restr ic t ion i m p o s e d b y the large molecules of 
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330 MOLECULAR SIEVE ZEOLITES II 

b u t y l a m i n e a n d indicators , since results obta ined b y N H 3 adsorpt ion g ive 
yet smal ler values for α ( 1 ). F u r t h e r m o r e , the va lue of a on ly depends 
o n the valencies of the cations, not on their size—i.e., not o n the size of 
the pore. T h e value of a = 1 (more t h a n 37-38 atoms have been ex
changed) w i l l be discussed further . 

T h e slope for zeolite X is o n l y 0.22. T h e difference be tween the 2 
slopes (0.22 a n d 0.78) can be expla ined only i n terms of c h e m i c a l 
structure. 

F i g u r e 1 a n d T a b l e I s h o w that for zeolites X a n d Y the n u m b e r of 
exchanged N a + ions itself is not important , b u t i n order to get strong a c i d 
sites the rat io n N a / ^ 0 % must be the same. 

T h i s result emphasizes the locat ion of sites i n h y d r a t e d zeolites X 
a n d Y . Sites Si (16 per u n i t ce l l ) are i n the hexagonal p r i s m be tween 
sodalite cages. Sites S n (32 per un i t ce l l ) are located on the free six-
m e m b e r e d rings of oxygen of the sodalite cage; sites S m ( Y : 8 a n d X : 48 
per u n i t ce l l ) are located on the wal ls of the large cav i ty ( supercage) . 

I n d e h y d r a t e d forms, Sr a n d S n ' l ie ins ide the sodalite cage a n d face 
Sj a n d S n across the relevant hexagonal w i n d o w s . T h e y m a y be o c c u p i e d 
at the expense of S m sites ( 5 ). 

I n h y d r a t e d forms i n solut ion, Sherry (12) has s h o w n that S m sites 
are exchanged first, then sites S n a n d Si. T h e results descr ibed here l ead 
us to a s imi lar conclus ion ( F i g u r e 1 a n d T a b l e I ) . 

T h e t i t rat ion of the a c i d i t y i n d e h y d r a t e d catalysts b y b u t y l a m i n e , 
w h i c h p r o b a b l y on ly goes t h r o u g h larger cavities, depends on several 
factors, p a r t i c u l a r l y the interactions i n the supercage. T h e ac id i ty of 
one a c i d site w h i c h has been exchanged m a y be p a r t i a l l y l o w e r e d b y the 
neutra l iza t ion b y a N a + i o n c o m i n g f r o m another pos i t ion , since under 
heat ing ions have the o p p o r t u n i t y to migrate a n d then to lose their m o 
b i l i t y b y d e h y d r a t i o n (6, 10, 14, 16). T h e greater the n u m b e r of cations 
i n the supercage, the greater w i l l be this neutra l iza t ion effect. T h e ac id i ty 
of X zeolites w h i c h conta in more ions i n (or near) the supercage than 
Y zeolites w i l l be m u c h l o w e r e d . T h e n α ( X ) is smaller than a ( Y ) . 

Table I. Effect of » N a / n o { X ) O n Acid Strength 

Zeolite Na-H-X Na-H- -Y 

Acid Strength, 
% H2SO, ftNa 

n*° 07a 

HO (X) 
r i i V a 

nNa ~ 
~ /o 
r i o m 

50 
77 
88 

0 
19 
27 

0 
22 
31.5 

4.5 
8 

17 

7.7 
14.5 
30 

fl%8 = number of N a + ions exchanged; n0 = number of N a + ions i n start ing 
zeolites: X = w0(x) = 86; ηο<γ) = 56. 
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Table II. a Values at 50% A c i d Strength 

Zeolite Slope a — Cation Valency 
a 

N a - H - Y 0.78 1 1 
K - H - Y 0.81 a ° 1 1 
C a - H - Y 0.40 2 2 
L a - H - Y (550°) 0.51 3 /2 3 
L a - H - Y (300°) 0.25 3 3 

T h e steadiness of a values (0.78 and 0.22) w i t h i n a large degree of 
exchange means that as l o n g as there are N a + ions i n (or near) a super-
cage the p a r t i a l neutra l iza t ion goes on. 

B e y o n d the exchange of 37-38 atoms i n N a - H - Y , slope a becomes 1. 
T h i s means that the last-exchanged sites, p r o b a b l y located i n Si a n d S γ 
positions, m a y i n d u c e i n the supercage an ac id i ty w h i c h depends o n the 
m o b i l i t y of O H group protons a n d ab i l i ty of the adsorbate to delocal ize 
H atoms (16,19). A s there is no more N a + i o n i n such a pos i t ion to lower 
the efficiency of a c i d sites, the t i trated n u m b e r of a c i d sites becomes 
e q u a l to the n u m b e r of exchanged N a + ions. These considerations on the 
values of α Ν α ( Χ ) a n d a N a ( Y ) have l e d to some conclusions o n the i m p o r 
tance of some discrepancy be tween X a n d Y zeolites. T h e y expla in w h y 
X zeolites, w h i c h conta in more A l atoms than Y zeolites, are less ac id . 
Studies of a values for Y zeolites conta in ing various cations w i l l g ive 
important results. 

Z E O L I T E S K - H - Y - C a - H - Y - L a - H - Y . T h e ac id i ty of these 3 series of 
catalysts is s tudied i n the same w a y as for the N a Y . A c i d strength can 
be de termined w h e n samples are not colored. O n l y results concerning 
5 0 % H 2 S 0 4 are descr ibed here ( T a b l e I I ) . These acidit ies (equivalents 
per un i t ce l l ) are p lo t ted ( F i g u r e 2) vs. the n u m b e r of equivalents of 
exchanged cat ion per un i t ce l l . E x c e p t for one case, a l l the samples were 
heated at 550 ° C . L a - H - Y , heated at 3 0 0 ° C after its preparat ion , gives 
curve 5. 

S o d i u m a n d potassium, w h i c h are monovalent ions, l e a d to v e r y s i m i 
lar slopes. K + ions are located i n positions rather s imi lar to the N a ^ ions, 
a n d the results for a are not surpr is ing . aQ = 0.8 is the average value of a 
for monovalent ions. C a 2 + ions are located i n Si a n d S n sites, Si b e i n g the 
most dif f icult to exchange. Results have to be c o m p a r e d for degree of 
exchange i m p l y i n g Si sites to be filled. T h e slope a ( C a ) is hal f of a for 
monovalent ions. S ince c a l c i u m is bivalent , the rat io of slopes a0/a{Ca) 

equals the rat io of valencies of C a 2 + / N a + . T h i s means that 2 equivalents 
of C a 2 + ions (one C a 2 + i o n ) p r o v i d e the same n u m b e r of a c i d sites as 
1 equivalent or i o n of N a + . T h i s hypothesis has been assumed b y other 
authors (11), a c c o r d i n g to the e q u i l i b r i u m for C a on the surface, 
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η 

Figure 2. Acidity (strength ^ 50% H 2 S O J as a function of η equivalents 
of cations exchanged per U.C. 

1 ( + ) KY 
2 ( · ) NaY 
3 (•) LaY (550°C) 
4 ( X ) CaY 
5 ( Δ ) LaY (300°C) 

C a 2 + ( O H 2 ) ^± C a ( O H ) + + H + . O n e C a atom o n the surface replaces 
2 equivalents of s o d i u m , but neutral izes o n l y one a c i d site. 

T h e results obta ined here conf irm the hypothesis a n d v e r i f y it n u 
m e r i c a l l y for the degrees of exchange s tudied a n d for a l l a c i d strengths, 
since the slopes are independent of the indicator used. I f the L a - H - Y 
samples are heated at 3 0 0 ° C , the rat io a 0 / ^ L a - 3 o o , ca lculated f r o m the 
slopes, becomes e q u a l to the va lency of L a 3 + i o n (3 equivalents ) a n d 
gives the same n u m b e r of a c i d sites as the exchange of one N a + ( e q u i v a 
lent or i o n ) . In f rared a n d E P R studies show (3, 17, 18) that heat ing at 
3 0 0 ° C leads to an e q u i l i b r i u m on the surface 

L a ( O H 2 ) 2
3 + <=> L a ( O H ) 2 + + 2 H + 

T h e exchange of one equiva lent of L a 3 + i o n provides aQ/3 a c i d site, a n d 
the slope of a L a . 300 is one- th i rd of a0. 

F u r t h e r m o r e , results obta ined after heat ing at 5 5 0 ° C are i n good 
agreement w i t h the postulated d e h y d r o x y l a t i o n of L a - H - Y zeol i te u n d e r 
hea t ing (3). A c c o r d i n g to this idea , increasing the temperature b e y o n d 
3 0 0 ° - 4 0 0 ° C el iminates one p r o t o n f r o m the surface; then the slope 
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#La-55o shows that one cat ionic site becomes L a ( O H ) 2 + u n d e r heat ing , 
a n d the exchange of one L a 3 + i o n ( 3 equivalents ) provides 2 a0 e q u i v a 
lents of ac id i ty . 

L a ( O H ) 2 + + 2 H + -> L a ( O H ) 2 + + H + + H 2 0 

F o r L a zeol i te , the slopes a L a . 3 0o a n d a L a - 550 v e r i f y the assumptions based 
o n results obta ined b y different exper imenta l methods ( i n f r a r e d analysis 
a n d E P R ) . 

I n conclusion, for a l l the samples s tudied , values of a a n d their rat io 
e x p l a i n the a c i d propert ies of M e - H - Y zeolites, c o m p l e t i n g results a l ready 
k n o w n . I n par t icular , the constant va lue of a w i t h i n a large degree of 
exchange a n d for several a c i d strengths verifies the postulated a c i d p r o p 
erties of zeolites conta in ing b i - a n d tr ivalent cations w h e n v a r y i n g ex
change or a c i d strength. T h e m e t h o d of d e t e r m i n i n g the slope a can 
be a p p l i e d to other p o l y v a l e n t ions a n d r a p i d l y provides easily under 
standable results. 

T h e g o o d agreement be tween slopes, ratios, a n d valencies shows 
that the slope a depends m a i n l y on va lency a n d that other factors s u c h 
as the i o n size are of m i n o r importance . 

I I I I I I • 
0 10 20 30 40 50 

η 

Figure 3. Catalytic activity of NaHY (v0 = initial rate for isobutene pro
duction) as a function of η Na+ ions exchanged per U.C. 

a = Helium stream 
b = Hydrogen stream 
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C a t a l y t i c A c t i v i t y . T h e cata lyt ic propert ies of N a H Y zeolites w e r e 
s tudied . Results are s h o w n i n F i g u r e 3. A semi logar i thmic scale is chosen 
to s h o w more c lear ly the v a r i a t i o n of ac t iv i ty for an exchange i n c l u d i n g 
17-37 atoms. 

T h e increase of cata lyt ic act ivi ty w i t h i o n exchange has a l ready been 
s h o w n . F i g u r e 3 indicates that results d e p e n d on exper imenta l factors. 
C u r v e a deals w i t h h e l i u m as carrier gas, resembl ing p u b l i s h e d curves 
o b t a i n e d w i t h the same gas (15, 19). O n the other h a n d , curve b (hy 
drogen stream ) is s imi lar to results of benzene a l k y l a t i o n w i t h p r o p y l e n e 
(8). I n this w o r k , the authors s tudied cata lyt ic ac t iv i ty w i t h the exchange 
of N a + for C a 2 + ions. Si sites are o c c u p i e d either b y N a + or b y C a 2 + ions, 
a n d no effect can be seen of the influence of the exchange o n ac t iv i ty 
of the last sites. A c c o r d i n g l y , curve a ( F i g u r e 3 ) , l i m i t e d to an exchange 
f r o m 0 to 28 ions, is exactly s imi lar to curves ob ta ined for benzene a l k y l a 
t ion (8). 

F i g u r e 3 shows that u p to the exchange of near ly 17 N a + ions there 
is no difference at tr ibutable to the nature of the gas. B e y o n d this point , 
a r a p i d increase i n act iv i ty is measured w i t h h y d r o g e n b u t not w i t h 
h e l i u m . A second a n d impor tant increase starts w i t h the exchange of 
37-38 N a ions. A t the same t ime, ac t iv i ty i n h e l i u m r a p i d l y becomes 
greater. T h e h i g h e r effectiveness of the last-exchanged sites has been 
descr ibed (15, 19). Results a n d conclusions of the s tudy of a c i d i t y de
s c r i b e d i n the first par t of this paper s h o w that u p to 37-38 ions ex
changed, propert ies i n the supercage d e p e n d on N a + ions i n ( or near ) the 
supercage. B e y o n d this va lue , slope a increases, a n d the a c i d i t y only 
depends on the n u m b e r of last-exchanged sites. T h e n properties i n d u c e d 
i n the supercage b y u n o c c u p i e d last-exchanged sites great ly differ i n 
nature f r o m propert ies i n the supercage before their exchange. 

U p to 37-38 atoms, cata lyt ic propert ies are l o w e r e d b y cations i n 
(or near) the supercage. A f t e r 37-38 atoms exchanged, catalyt ic ac t iv i ty 
depends on the n e w propert ies i n the supercage o w i n g to replacement 
of s o d i u m i o n i n inner sites, whatever be the nature of the gas. 

I n h y d r o g e n atmosphere, the first increase i n act iv i ty for the ex
change of 17 ions m a y be expla ined p a r t i a l l y a c c o r d i n g to the v iews of 
R u b i n s t e i n et al. (8). T h e y demonstrated that catalyt ic ac t iv i ty varies, 
for this degree of exchange, w i t h the n u m b e r of u n o c c u p i e d S n sites. 
Nevertheless , curve b of F i g u r e 3 shows some other propert ies of zeolites 
(2). T h e specific effect of h y d r o g e n is detected for a l l the products ob
ta ined i n isooctane c r a c k i n g (propene , isobutene, isobutane, 2 -butene) . 
Nevertheless , the rise i n ac t iv i ty ( f r o m H e to H 2 for a g iven degree of 
exchange) varies f r o m 9 for isobutane to 3 a n d 2 for propene a n d iso
butene, respect ively. T h e enhancement is the most important for i sobu-
tane. Several experiments s h o w e d that isobutane comes f r o m isobutene 
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hydrogénation. H i g h ac t iv i ty for isobutane p r o d u c t i o n is l i n k e d to h y d r o -
genat ing properties of the zeolites e m p l o y e d . T h e increase i n p r o d u c t i o n 
of other hydrocarbons m a y be expla ined as f o l l o w s : as i n b i f u n c t i o n a l 
catalysts, some sites of e m p l o y e d zeoli te are act ive i n hydrogénation 
reactions, f o r m i n g heavy products of the isooctane c rack ing . T h i s pre 
vents coke deposi t ion a n d increases the w h o l e cata lyt ic ac t iv i ty . Iso
butene, w h i c h can be hydrogenated easily, gives more isobutane than i n 
absence of h y d r o g e n . T h i s explanat ion is corroborated b y the color of the 
zeoli te after the c r a c k i n g react ion : samples are grey i n H 2 a n d b lack i n 
H e stream. 

T h e effect of h y d r o g e n a t i n g sites is on ly impor tant w h e n the exchange 
increases f r o m 17 to 37-38 atoms. A f t e r that, the influence of Si sites 
prevai ls a n d h y d r o g e n a t i n g propert ies decrease. 

A c c o r d i n g l y , for successive exchanges of sites, hydrogenat ing p r o p 
erties m a y come f r o m a f rac t ion of S n sites. 

Conclusions 

T h e a c i d i t y of progressively exchanged zeolites has been s tudied , 
p r o v i d i n g the n u m b e r of a c i d sites (a) ob ta ined w h e n one equiva lent 
of meta l l i c i o n is r e m o v e d . 

It m a y be considered that a characterizes the a c i d i c efficiency of one 
exchanged site a n d is independent of the a c i d strength b u t depends on 3 
m a i n factors : 

F o r a g iven cat ion ( N a + ) a n d w h e n the degree of exchange is not 
too h i g h , a varies w i t h the t y p e of zeoli te X a n d Y . T h i s effect has to be 
connected to the n u m b e r of ions w h i c h are located i n (or near) the 
supercage. 

F o r a g iven cation ( N a + ) a n d a g iven type of zeoli te ( Y ) , a depends 
o n the locat ion of the ions. T h i s factor is l i n k e d to the degree of exchange; 
i.e., a < 1 w h e n there are ions i n (or near) the supercage a n d a = 1 w h e n 
these ions are a l l r e m o v e d a n d therefore the inner sites are exchanged. 

F o r a g iven type of zeoli te , a depends m a i n l y on the va lency of the 
cat ion; other factors such as i o n size are of m i n o r importance . 

C a t a l y t i c ac t iv i ty is inf luenced also b y ions i n (or near) the super-
cage. A s long as these ions are not exchanged, the c r a c k i n g of isooctane 
is not important . I n N a - H - Y zeolites, o n l y the exchange of the last ions 
not iceably increases it . 

A c i d a n d cata lyt ic studies enable us to assume that cations located 
near the wal l s of the supercage reduce the a b i l i t y a n d change the char
acter of molecule adsorpt ion on the a c i d a n d active sites. A f t e r the w h o l e 
exchange of these cations, the r e m o v a l of ions f r o m the inner sites leads 
to another k i n d of adsorpt ion of the molecules . 
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336 MOLECULAR SIEVE ZEOLITES II 

F u r t h e r m o r e , h y d r o g e n a t i n g propert ies are detected for intermediate 
degrees of exchange. Some exchanged sites i n the supercage can h y d r o -
genate olefins. 
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Acidity, Accessibility, and Stability of 

Hydroxyl Groups in Y-Zeolites 

L. MOSCOU 

Koninklijke Zwavelzuurfabrieken v/h Ketjen N.V., P.O. Box 15-C, 
Amsterdam, The Netherlands 

Determination of acidic OH groups in Y-zeolites by LiAlH4 

reaction and Karl Fischer titration indicates that after heat
ing to 200°-300°C, REY zeolite contains only OH groups 
in α-cages equivalent to one OH for each rare earth ion in
troduced. Further heating causes dehydroxylation, which is 
accompanied by a new formation of Bronsted sites in 
α-cages, up to a maximum of half the amount present at 
250°C. In NH4Y zeolite, deammoniation causes OH group 
formation in both a- and β-cages. Fully exchanged N H 4 Y 
zeolite contains 1021 OH groups in α-cages per gram of zeo
lite. HY zeolite behavior compares well with the NH4Y 
zeolite properties. The data support the assumption that 
OH groups with 3640 cm-1 infrared frequency are the acces
sible OH groups in a-cages. 

/ C a t a l y t i c propert ies of crystal l ine aluminosi l icates general ly are corre-
^ la ted w i t h a c i d i c species i n the zeolite f ramework . M a n y reports 
d e a l w i t h the nature a n d locat ion of this ac id i ty , w h i c h has been exten
s ively invest igated w i t h i n f r a r e d spectroscopy before a n d after react ion 
of the zeoli te w i t h basic species. 

T h e l i m i t a t i o n of i n f r a r e d studies o n zeolites is the strong adsorpt ion 
of water , g i v i n g rise to b r o a d o v e r l a p p i n g bands i n the i n f r a r e d spectrum. 
F o r this reason, o n l y those zeolites can be s tudied w h i c h are h i g h l y 
d e h y d r a t e d , either b y heat ing to 200 ° C a n d above or b y evacuat ion. 

P r i o r w o r k (3 ) has i n d i c a t e d that a c o m b i n a t i o n of 3 ana ly t i ca l 
techniques—loss of w e i g h t o n i g n i t i o n ( L O I ) , K a r l F i s c h e r t i t ra t ion 
( K F ) , a n d react ion w i t h L i A l H 4 — r e s u l t s i n quant i ta t ive data o n the 
amount of ac id ic O H groups i n the zeolite , even i n nonheated wet sam
ples. T h i s m e t h o d discr iminates be tween ac id ic a n d n o n - a c i d i c O H 
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338 M O L E C U L A R SIEVE Z E O L I T E S Π 

Table I. Measurement of Water and Hydroxyl Groups in Y-Zeolites 

Measured With 

Group Position LOI KF LiAlH4 

H 2 0 Be tween crystal l i tes X X X 
H 2 0 α-Cages X X X 
H 2 0 β-Cages X 
A c i d i c O H α-Cages X X 
N o n a c i d i c O H α-Cages X 
A c i d i c + nonacidic O H β-Cages X 

Table II. Chemical Analysis of Zeolites (Dry Basis) 

% Να,Ο % REzOz %ΝΗ; 

N a Y zeolite sample A 13.7 
R E Y zeolite sample Β 3.53 16.1 
R E Y zeolite sample C 5.90 12.9 
R E Y zeolite sample D 9.1 7.2 
N H 4 Y zeolite sample Ε 5.95 4.02 
N H 4 Y zeolite sample F 0.54 7.7 
H Y zeolite sample G 5.90 

groups a n d also be tween groups present i n the supercages (α-cages) of 
the crysta l a n d groups present i n sodalite cages ( β - c a g e s ) a n d hexagonal 
pr isms. 

T h e present paper deals w i t h the a p p l i c a t i o n of these techniques to 
s tudy the f o r m a t i o n , accessibi l i ty , a n d stabi l i ty of a c i d i c h y d r o x y l groups 
i n Y - t y p e zeolites. C o m p a r i s o n is made between N a Y , R E Y , N H 4 Y , a n d 
H Y zeolites. 

Experimental 

T h e ana ly t i ca l techniques used are descr ibed f u l l y i n the earl ier 
paper (3). A s u m m a r y is g i v e n i n T a b l e I, s h o w i n g the various methods 
a n d the groups de termined b y them. 

T h e L O I is def ined as the w e i g h t loss of the heat-treated sample o n 
its subsequent ca lc inat ion at 1000 ° C for 1 hr . T h u s , it gives the s u m of 
r e s i d u a l water a n d O H groups w h i c h can be d e h y d r o x y l a t e d at 1 0 0 0 ° C . 

F o r N H 4 - c o n t a i n i n g zeolites, the L O I is corrected for the w e i g h t of 
N H 3 i n the sample. T h e K F t i t ra t ion m e t h o d is based o n the react ion 
of w a t e r w i t h i o d i n e a n d S 0 2 ; a possible s low react ion of h y d r o x y l groups 
w i t h the reagent is exc luded b y extrapolat ing the t i t ra t ion curve to zero 
t ime, w i t h constant excess of reagent (4). T h e analysis w i t h L i A l H 4 is 
based o n its react ion w i t h water a n d ac id ic h y d r o x y l groups, b o t h u n d e r 
evo lut ion of h y d r o g e n gas. 
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65. Moscou Hydroxyl Groups in Ύ-Zeolites 339 

Acidity of Hydroxyl Groups. T a b l e I shows that the amount of 
ac id ic O H groups ( Bronsted sites, O H + ) i n α-cages is obta ined b y t a k i n g 
the difference be tween L i A l H 4 a n d K F titrations. E a r l i e r w o r k i n d i c a t e d 
that even w e a k l y ac id ic s i lanol groups i n amorphous s i l i ca react q u a n 
t i ta t ive ly w i t h L i A l H 4 ( I ) . E a c h h y d r o g e n i o n w i t h a n a c i d strength 
^ s i lanol a c i d i t y is expected to react w i t h the reagent. Bas ic h y d r o x y l 
groups l ike those present i n rare earth hydroxydes are inert to L1AIH4. 

Accessibility of Acidic Hydroxyl Groups. T h e difference be tween 
L1AIH4 a n d K F t i t ra t ion data gives the ac id ic O H content i n α-cages o n l y 
because neither the L1AIH4 nor the iod ine molecule can enter the β-cage. 

Stability of Acidic Hydroxyl Groups. T h e stabi l i ty of ac id ic O H 
groups is invest igated b y t i t ra t ing zeolites after various heat treatments. 
C a r e was taken that d u r i n g h a n d l i n g of the heat-treated zeolite on ly 
negl ig ib le amounts of water c o u l d be readsorbed. 

Zeolite Preparation. N a Y zeolite, obta ined f r o m U n i o n C a r b i d e , 
L i n d e D i v i s i o n , was p u r i f i e d f r o m free s o d i u m sil icate b y repeated w a s h 
i n g w i t h water u n t i l the molar rat io of the zeolite was N a 2 0 : A l 2 0 3 : S i 0 2 

= 1.03:1.00:4.90. T h e R E Y zeolites were obta ined f r o m the p u r i f i e d 
N a Y zeoli te b y exchange of s o d i u m ions w i t h rare earth ions i n R E C 1 3 

solut ion. N H 4 Y zeolites were obta ined b y treat ing the p u r i f i e d N a Y zeo
l i te w i t h NH4CI so lut ion ( 5 0 % exchange) . M o r e exchange steps w e r e 
needed to remove 9 5 % of the N a + ions. H Y zeoli te was obta ined f r o m 
the p u r i f i e d N a Y zeoli te b y treat ing a z e o l i t e - w a t e r suspension w i t h a 
w e a k l y a c i d i c ion-exchange res in i n the proton f o r m at 2 0 ° C (2). T a b l e 
I I shows the c h e m i c a l compos i t ion of the zeolites obta ined. A l l zeolites 
w e r e h i g h l y crystal l ine i n x-ray analysis. 

Results 

A n a l y s i s data of 4 samples of zeolites are s u m m a r i z e d i n T a b l e I I I , 
w h e r e N a Y , R E Y , N H 4 Y , a n d H Y zeolites are compared . F o r each zeo
lite, 3 sets of data are g i v e n : the loss on i g n i t i o n , the difference between 
L O I a n d L1AIH4 = H 2 0 - f O H i n β-cages ( a n d nonac id ic O H i n 
α - c a g e s ) , a n d the difference between L i A l H 4 a n d K F = a c i d i c O H i n 
α-cages. N o n a c i d i c O H i n α-cages cannot be d is t inguished separately 
a n d hence are not discussed further . H e a t pretreatment of zeolites was 
carr ied out i n 2 ways— i .e . , heat ing for a f e w hours at a constant tem
perature a n d heat ing at a constant rate of 1 0 ° C / m i n u n t i l a g i v e n temper
ature is reached. 

X - r a y di f f rac t ion analysis of the various heat-treated samples i n 
dicates that f r a m e w o r k collapse occurs above the f o l l o w i n g tempera
tures: N a Y , 8 0 0 ° C ; R E Y , 9 0 0 ° C ; N H 4 Y , 8 0 0 ° C ; H Y , 8 0 0 ° C . T h e data 
i n T a b l e I I I show that i n N a Y zeoli te no ac id ic O H groups are present 
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340 M O L E C U L A R SIEVE Z E O L I T E S II 

T a b l e I I I . A n a l y s i s of Zeoli tes , 

NaY, Sample A REY, Sample Β 

Pretreatment LOI H20 + OH 0H+ LOI H20 + OH 0H+ 
Temp., °C ( » («) (β) («) 

A t 120 15.3 5.8 0.0 
A t 160 7.9 3.4 0.0 8.0 3.9 1.0 
T i l l 200 10.3 2.9 0.0 19.4 4.2 0.0 
T i l l 250 
T i l l 300 4.1 2.1 0.0 4.8 2.5 0.9 
T i l l 350 4.5 3.4 0.3 
T i l l 400 2.0 1.1 0.0 2.9 1.8 0.5 
T i l l 500 1.6 1.1 0.1 2.4 1.7 0.5 
T i l l 600 1.3 0.9 0.0 1.9 1.3 0.5 
T i l l 700 1.0 0.6 0.0 1.6 1.1 0.4 
T i l l 800 1.4 1.1 0.1 
T i l l 900 0.6 0.4 0.0 
a All data in % H 2 0 d.b. 

i n «-cages. T h e m a x i m a l ac id ic O H - a content f o u n d for the 3 R E Y 
zeolites under invest igat ion is g iven i n T a b l e I V , c o m p a r i n g the experi 
m e n t a l l y f o u n d values w i t h the values ca lcula ted f r o m the R E content 
of the zeoli te , assuming that each R E i o n gives one a c i d i c O H group ( 5 ) . 
T a b l e I V indicates that each rare earth i o n i n the zeoli te forms a p p r o x i 
mate ly one ac id ic h y d r o x y l g roup i n α-cages. 

I n F i g u r e 1, the difference between L O I a n d L i A l H 4 is p lo t ted 
against the L O I for the 4 types of zeolites u n d e r invest igat ion. I t shows 
that the curves for the R E Y a n d N a Y zeolites above 4 . 5 % L O I are near ly 
ident i ca l . A t l o w e r L O I values, the R E Y curve is i d e n t i c a l to the N H 4 Y 
a n d H Y curves. 

T h e t h e r m a l s tabi l i ty of ac id ic O H groups i n α-cages is s h o w n i n 
F i g u r e 2. T h e curve for R E Y zeoli te shows 2 characterist ics—viz. , a sig
nif icant m i n i m u m i n the curve at temperatures be tween 3 5 0 ° a n d 500 ° C , 
a n d the height of the second part of the curve is hal f that of the first 
par t of the curve. A l l 3 R E Y zeoli te samples ( B , C , a n d D ) s h o w e d 
these characteristics. 

T h e results f r o m the N H 4 Y a n d H Y zeolite analysis are g i v e n i n 
Tables I I I a n d V a n d i n F igures 1 a n d 2. 

F i g u r e 1 indicates that for b o t h N H 4 Y a n d H Y zeolites, the content 
of water a n d O H groups i n β-cages is s ignif icant ly h igher t h a n for N a Y 
a n d R E Y zeolites, w h i c h indicates that i n contrast to N a Y a n d R E Y , the 
N H 4 Y a n d H Y zeolites do conta in O H groups i n the β-cages. T h i s agrees 
w e l l w i t h the data i n Tables I I I a n d V , s h o w i n g that N H 4 Y sample Ε 
exposes a m a x i m u m of ac id ic O H groups i n α-cages after a 250 ° C treat-
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65. Moscou Hydroxyl Groups in Y-Zeolites 341 

Dried at Different Temperatures 

NH4Y, Sample Ε HY, Sample G 

LOI H20 + OH OH+ LOI H20 + OH OH+ 
(β) («) ( » («) 

10.4 5.2 0.8 11.8 7.9 0.0 
15.8 5.9 0.0 21.9 6.4 0.0 
6.0 3.9 1.1 

6.4 5.1 0.4 

3.9 2.8 0.6 3.6 2.5 0.7 
3.6 2.4 0.6 3.4 2.6 0.6 
2.8 1.9 0.4 1.6 0.9 0.4 
1.9 1.3 0.1 1.3 0.7 0.4 
1.6 1.0 0.2 1.3 0.8 0.2 

Table IV. Comparison of Measured and Calculated O H (a) 
Densities in R E - Y Zeolites 

Measured Calculated 

Max. Number of 
OH (a) OH (a) % RE2Oz Number of (λ 
content, per gram in per gram 

Sample %H20 zeolite zeolite zeolite 

R E Y sample Β 1.04 6.9 Χ 10 2 0 16.1 6.4 Χ 10 2 0 

R E Y sample C 0.82 5.5 Χ 10 2 0 12.9 5.2 Χ 10 2 0 

R E Y sample D 0.58 3.9 Χ 10 2 0 7.2 2.9 Χ 10 2 0 

Figure 1. Relation between the difference of LOI and LiAlHt (H20 + 
OH in β-cages and nonacidic OH in α-cages) and foss on ignition for 

Y-type zeolites 
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Acidic 1,2 
OH in 
oc-cages 
(%H20) 

RE-Y 

H-Y 
200 400 600 800 1000 

> Pretreatment temp (°C) 

Figure 2. Thermal stability of acidic OH groups in α-cages of Y-type 
zeolites 

ment w h i c h is exactly ha l f the amount of O H groups, as ca lcula ted f r o m 
the N H 4 content of the zeolite. F o r the H Y zeolite , 1/3 of the total 
amount of O H groups is present i n α-cages. T h e temperature regions 
w h e r e f o r m a t i o n a n d d e h y d r o x y l a t i o n of O H groups i n α-cages of H Y 
a n d N H 4 Y zeolites occur are clear f r o m F i g u r e 2. 

Discussion 

I n N a Y zeoli te , no a c i d i c h y d r o x y l groups are f o u n d i n α-cages; the 
presence of O H groups i n β-cages cannot be d e t e r m i n e d quant i ta t ive ly , 
b u t seems very u n l i k e l y f r o m in f rared studies (10). 

T h e m a x i m u m i n the a c i d i c O H content i n α-cages of R E Y zeolites is 
present after heat ing the zeol i te to 2 0 0 ° - 3 0 0 ° C ( F i g u r e 2 ) , w h i l e u n d e r 
these condit ions O H groups i n β-cages are p r o b a b l y absent, as can be 
i n f e r r e d f r o m the ident i ty of the N a Y a n d R E Y curves i n F i g u r e 1. T h e 
absolute q u a n t i t y of O H (a ) groups is i n g o o d agreement w i t h the 

Table V . Comparison of Measured and Calculated 

Measured 

Max. OH (a) 
content. Number of OH (a) 

Sample % H20 per gram zeolite 

N H 4 Y sample Ε 1.06 7.1 X 102 ( 

Δ = 2.5 X 102' 

N H 4 Y sample F 1.44 9.6 X 10 2 0) 

H Y sample G 0.69 4.6 X 10 2 0 
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65. Moscou Hydroxyl Groups in Y-Zeolites 343 

proposed f o r m a t i o n of a c i d sites b y P l a n k (5 ) 

R E 3 + ( H 2 0 ) > [ R E ( O H ) ] 2 + + H + 

w h e r e each rare earth i o n forms one Brons ted site ( T a b l e I V ) . 
A t h igher temperatures ( 3 0 0 ° - 4 0 0 ° C ) , d e h y d r o x y l a t i o n occurs ; the 

dis t inct m i n i m u m i n the R E Y curve of F i g u r e 2 indicates that at the same 
moment n e w hydroxyls are f o r m e d b y another dissociat ion of water 
molecules , u p to a m a x i m u m w h i c h has ha l f the va lue of the l o w - t e m 
perature m a x i m u m . Perhaps this can be expla ined b y the d e h y d r o x y l a 
t i o n m e c h a n i s m w h e r e 5 0 % of the O H groups lose their oxygen a t o m 
d u r i n g d e h y d r o x y l a t i o n a n d consequently cannot be restored b y a n e w l y 
f o r m e d proton. It is l i k e l y that the increase i n the R E Y curve i n F i g u r e 1 
d u r i n g d r y i n g f r o m 5 to 4 % L O I ( w h i c h occurs be tween 3 0 0 ° a n d 4 0 0 ° C 
u n d e r the condit ions used) is caused b y the format ion of O H groups 
i n the β-cage system. 

T h e observed f o r m a t i o n a n d d e h y d r o x y l a t i o n of Brons ted sites i n 
R E Y zeoli te can be s u m m a r i z e d as f o l l o w s : be tween 2 0 0 ° a n d 3 0 0 ° C 
each R E i o n dissociates one water molecule w i t h the f o r m a t i o n of one 
Brons ted site i n α-cages, f o l l o w e d b y a d e h y d r o x y l a t i o n be tween 3 0 0 ° 
a n d 4 0 0 ° C . T h i s is a c c o m p a n i e d b y a n e w dissociat ion of water mole
cules, g i v i n g rise to | Bronsted site i n α-cages for each R E i o n a n d to the 
f o r m a t i o n of O H groups i n β-cages. 

T h i s is i n reasonable agreement w i t h W a r d ' s conc lus ion that for 
every 3 exchange sites a m a x i m u m of 2 Bronsted sites are f o r m e d i n R E Y 
zeoli te ( 8 ) . T h e thermal s tabi l i ty curve for ac id ic O H ( a ) groups i n 
R E Y zeolites is i n remarkable agreement w i t h its a l k y l a t i o n ac t iv i ty curve 
as g i v e n b y V e n u t o ( 7 ) . T h e analysis of N H 4 Y zeolites shows that ex
change of N a + b y N H 4

+ p r i m a r i l y results i n e q u a l amounts of O H groups 
i n a- a n d β-cages ( T a b l e V , Sample E ) . 

E x c h a n g e of the more di f f i cul t ly exchangeable N a H ions m a i n l y leads 
to inaccessible O H groups i n β-cages ( T a b l e V , Δ between samples Ε 
a n d F ) , w h i c h is i n agreement w i t h W a r d ' s conclusions (10). T h i s agree-

O H (a) Densities in N K U Y and H Y Zeolites 

Calculated 

% NHA in 
zeolite 

4.02 

7.7 

Total number 
of OH (a) 

per gram zeolite 

14.0 Χ 10 2 0 

27.0 X 10* 
Δ = 13 X 102' 

Ratio of 
Measured OH (a) 

and Total 
Number of OH 

1 : 2.0 
1 : 5.2 
1 : 2.7 

14.0 Χ 10 2 0 1 : 3.0 
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ment supports the assumption that O H groups w i t h 3640 c m " 1 i n f r a r e d 
f requency are the accessible O H groups i n α-cages of the zeolite (6,9,11). 
T h e behavior of H Y zeoli te resembles c losely that of N H 4 Y zeol i te ; h o w 
ever, i t is surpr is ing that H Y zeol i te does not show accessible O H groups 
after low-temperature d r y i n g of the samples. 
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Discussion 

J . R a b o ( U n i o n C a r b i d e Research Institute, T a r r y t o w n , Ν. Y . 10591 ) : 
Y o u r conclusions general ly agree w i t h the results w e reported at the last 
Internat ional Congress on Catalys is i n M o s c o w . W h a t rare earth cations 
d i d y o u use, a n d w h a t was the total cat ion equivalent to a l u m i n u m rat io 
of y o u r catalyst preparat ions? 

L . M o s c o u : W e used a c o m m e r c i a l l y avai lable rare earth ch lor ide 
so lut ion i n w h i c h the m a i n rare earth elements are l a n t h a n u m a n d c e r i u m . 
T h e total cat ion equivalent to a l u m i n u m ratio was between 1.00 a n d 1.05. 

D . A . H i c k s o n ( C h e v r o n Research C o . , R i c h m o n d , C a l i f . 94802) : If, 
as s h o w n i n F i g u r e 2, a c i d i c h y d r o x y l groups i n ac id-exchanged Y zeoli te 
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65. Moscou Hydroxyl Groups in Y-Zeolites 345 

appear o n l y o n heat ing above 200 ° C , w h e r e are these groups loca ted i n 
the zeol i te structure b e l o w 2 0 0 ° C ? 

L. Moscou: I n our o p i n i o n , the H - Y curve i n F i g u r e 2 indicates that 
at l o w e r temperatures the a c i d i c h y d r o x y l groups are located i n β cages 
a n d that they m o v e into a cages at . — 2 0 0 ° C . These data support the 
concept of p r o t o n m o b i l i t y i n zeolites. 

F. W . Kirsch ( S u n O i l C o . , M a r c u s H o o k , P a . 19061) : C a n y o u t e l l 
me the size range of samples used for K a r l F i s c h e r a n d l i t h i u m a l u m i n u m 
h y d r i d e t i trations? 

L. Moscou: T h e size of samples depends strongly o n the water con
tent a n d thus o n pretreatment temperature of the sample. I n pract ice , 
i t varies be tween 0.1 a n d 1.0 g r a m . 

P . C h u ( M o b i l Research & D e v e l o p m e n t C o r p . , Paulsboro , N . J. 
08066) : I a m v e r y interested i n the w a y y o u p r e p a r e d the H - Y sample. 
W h y d i d w e a k l y a c i d i c organic exchange resins have to be used? W h a t 
degree of exchange can y o u achieve w i t h o u t damage to the zeol i te struc
ture? H o w stable t h e r m a l l y is the final H—Y sample? 

L. Moscou: G e n e r a l l y , w e a k l y a c i d i c i o n exchange resins have been 
used i n order to prevent loss of zeol i te crysta l l in i ty . T h i s m e t h o d enables 
one to exchange at least 7 5 % of the s o d i u m i n Y - t y p e zeolites. T h e r m a l 
s tabi l i ty of these H - N a - Y zeolites is be tween 7 0 0 ° a n d 8 0 0 ° C . 
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Development of Acidity in the 
Sodium-Y Zeolites 

EDUARDO A. LOMBARDO,1 G. A. SILL, and W. KEITH HALL2 

Mellon Institute, Carnegie-Mellon University, Pittsburgh, Pa. 15213 

The isomerization of n-butenes was used as a test reaction 
to follow the development of catalytic activity in Na-Y zeo
lite. The acidity was varied by the substitution of some of 
the Na+ (0.3 to 5.7%) with Ca2+ and by creating a Na+ 

deficiency (up to 0.94%); both series of catalysts were stud
ied with and without water added as cocatalyst. A pure 
Na-Y zeolite containing no decationated sites was found cat-
alytically inactive for this reaction. In contrast with silica
-alumina catalysts, carbonaceous residues did not appear to 
play a role in the formation of the catalytic sites as long as 
H2O was used as cocatalyst. 

A l t h o u g h there is general agreement regard ing the v e r y l o w catalyt ic 
ac t iv i ty of G r o u p Ι Α X or Y zeolites for c a r b o n i u m i o n reactions, 

considerable controversy exists concerning the effects of vacancies, i m 
puri t ies ( m a i n l y d iva lent ca t ions ) , a n d cocatalysts o n this proper ty . O n e 
group of investigators repor ted no corre lat ion be tween cat ion def ic iency 
a n d cata lyt ic ac t iv i ty ( 7 ) . Several others (1, 5, 6, 7, 13) repor ted a 
m a r k e d increase o n a d d i t i o n of pro ton donors to N a - a n d C a - X or Y zeo
lites. A n o t h e r (17) reported o n l y a smal l increase for C a - Y zeolite, b u t 
no var ia t ion was f o u n d (19) for pure N a - Y zeolite. T w o firmly estab
l i s h e d conclusions d e r i v e d f r o m I R spectroscopy are that p u r e N a - X or 
Y zeolites, either p a r t i a l l y or tota l ly d e h y d r a t e d , show no evidence of 
s t ructura l h y d r o x y l groups (4, 18, 19, 20, 21, 22), a n d Bronsted ac id i ty 

1 Present address : Facul tad de Ingenieria Q u i m i c a , Univers idad Nac iona l de l L i t o r a l , 
Santa F e , Argent ina . 
* T o w h o m correspondence should be addressed; G u l f Research and Development C o . , 
P .O. Box 2038, Pi t tsburgh, P a . 15230. 
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develops i n d iva lent ( M e 2 + ) X a n d Y zeolites d u r i n g d e h y d r a t i o n (2, 4, 
14, 15, 18, 20, 21, 22) t h r o u g h R e a c t i o n I. 

H O O H 
/ \ / \ " / \ / \ / 

M e 2 + : Ο + S i ΑΙ τ± M e + O H + S i A l (1) 
\ / \ / \ / \ / \ 

Η Ο Ο 0 0 

T h i s chemistry suggests a role for H 2 0 as cocatalyst w i t h the monovalent 
zeolites i f the e q u i l i b r i u m is m o v e d to the r ight i n the presence of a base. 
I n the present w o r k , the effects of smal l del iberate replacements of N a + 

b y C a 2 + , of cat ion defic iency, a n d of H 2 0 o n the catalyt ic properties of 
N a - Y zeol i te w e r e s tudied . A l s o invest igated was the poss ib i l i ty that 
carbonaceous residues f o r m the catalyt ic sites, as was repor ted for the 
isomer izat ion of n-butenes over s i l i c a - a l u m i n a catalysts (3, 8, 9). T h e 
isomerizat ion of the n-butenes p r o v i d e d a use fu l tool for these studies be
cause i t fo l lows first-order kinetics (10) a n d proceeds over N a - Y zeolite 
via the sec -buty lcarbonium i o n (11, 12). 

Experimental 

T h e static reactor, w h i c h was connected to a convent iona l B E T 
system, a n d the pur i f i ca t ion of the reactants have been descr ibed else
w h e r e (10). 

Catalyst Preparation. N a - Y zeoli te was s u p p l i e d b y L i n d e ( L o t N o . 
1280-133) . T h e c h e m i c a l compos i t ion p r o v i d e d b y the suppl ier w a s : 

C o m p o n e n t A 1 2 0 3 S i 0 2 N a 2 0 C a O M g O ( T i 0 2 + F e 2 0 3 ) 

% 22.4 63.2 12.6 0.7 0.2 0.1 

A c c o r d i n g l y , the total cat ionic charge ( N a + + 2 M g 2 + + 2 C a 2 + ) was just 
about ba lanced b y the total negative charge o n the latt ice; the rat io was 
0.449/0.440 = 1.02. T h e i m p u r i t y a lkal ine earth ions h a d a p r o f o u n d 
effect o n the cata lyt ic ac t iv i ty for butene i somer izat ion a n d , therefore, 
the concentrat ion of these was r e d u c e d greatly b y successive exchanges 
w i t h p u r i f i e d N a A c solut ion. T h e resul t ing catalyst was w a s h e d thor
o u g h l y w i t h s l ight ly a lkal ine d i s t i l l e d water ( p H = 10) , to a v o i d de
c a t e n a t i o n . A l i q u o t s of this "parent catalyst" ( I ) conta in ing only 0.02% 
C a 2 + u n d e r w e n t 2 k i n d s of treatments: Catalysts I I to V were back ex
changed to increase the C a 2 + content f r o m 0.02 to 0.4% ( T a b l e I ) , a n d 
Catalysts V I to X w e r e made b y w a s h i n g al iquots of the parent m a t e r i a l 
w i t h increasing amounts of d i s t i l l e d d e i o n i z e d water . I n this w a y , some 
N a + was r e m o v e d , creat ing v a r y i n g degrees of decat ionat ion ( T a b l e I I ). 
T h e amount of N a + extracted was determined i n the w a s h i n g water , a n d 
the degree of decat ionat ion w£s ca lcula ted therefrom. N o C a , M g , or F e 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington. D.L 20036 
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348 M O L E C U L A R SIEVE ZEOLITES II 

was detected b y atomic absorpt ion spectroscopy i n the w a s h i n g water . 
T h e r e was no signif icant v a r i a t i o n i n the leve l of m i n o r impur i t i es ( B , 
B a , C r , C u , F e , M g , M n , T i ) be tween the parent mater ia l a n d the final 
catalyst. 

P r o c e d u r e . A l l the catalysts were pretreated w i t h 0 2 at 500 ° C a n d 
evacuated overnight at this temperature before each r u n . T h e experi 
ments were a l l m a d e us ing the same amount of reactant (55 ce S T P ) a n d 
catalyst. T h e r e q u i r e d amount of H 2 0 was v a c u u m transferred into the 
reactor before a d d i n g the reactant. T h e carbonaceous mater ia l w h i c h 
w o u l d not desorb o n overnight evacuat ion at r o o m temperature was de
t e r m i n e d b y combust ion to C 0 2 [see also Ref . 12]. P r o d u c t analysis 
was b y G L C . 

Results 

T h e effect of increasing amounts of water , a d d e d as cocatalyst, is 
s h o w n i n F i g u r e 1 for the catalyst w i t h highest C a 2 + content ( V ) . T h e 
react ion rate increased sharply w i t h s m a l l water addit ions a n d then 
leve led off at about 10 H 2 0 / C a 2 + ( 2 H 2 0 / c a g e ) . S imi lar behavior was 
observed w i t h the other 4 catalysts of this series. Separate experiments 
s h o w e d that a n increasing f ract ion of this H 2 0 was i n the gas phase w i t h 
increas ing a d d i t i o n under react ion condit ions . 

T h e over -a l l rate constants (k2i + k31) for 1-butene disappearance 
for Catalysts I to V are g iven i n T a b l e I. T h e rate constants are def ined b y 

1-butene — ^ cis-2-butene 

trans-2-butene 

W h e n the rate constants corresponding to 2 H 2 0 / c a g e were p l o t t e d 
against C a 2 + concentrat ion, a straight l ine passing t h r o u g h the o r i g i n 
(zero rate at zero C a 2 + ) resulted. I n each case, the a d d i t i o n of this 
amount of H 2 0 , w h i c h was sufficient to m a x i m i z e the rate, increased the 
rate b y a factor of about 40. 

T h e cata lyt ic ac t iv i ty is correlated w i t h increas ing extent of de
c a t e n a t i o n i n T a b l e I I . W h e n the rates for the d r y catalyst w e r e p l o t t e d 
vs. ca t ion defic iency, a straight l ine passing t h r o u g h the o r i g i n aga in re
sul ted. W h e n the rates for the wet catalyst were p lo t ted , another straight 
l ine was obta ined , b u t w i t h an intercept corresponding to the rate of 
C a t a l y s t I i n T a b l e I (6 Χ 10" 2 m i n - 1 g r a m " 1 ) . 

W i t h a l l these catalysts, a s m a l l p o r t i o n of the reactant was re ta ined 
b y the catalyst w h i c h c o u l d not be r e m o v e d b y an overnight evacuat ion 
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Table I. Variation of Catalytic Activity with Ca 5 

Content of N a - Y Zeolite" 

Calcium 
Number of 

Na+ 

Rate of Isomerization of 
1-Butene (fc2i + kz\) X 

102 Min-1 G~l 

Ads. 
Gases + 
Residues, 
n-Butene/ 

Cageb 

Catalyst 
No. 

Analysis, 

% 
Replaced 

by Ca 2 +, % 
Dry 

Catalyst 
2H20/ 

Cage 

Ads. 
Gases + 
Residues, 
n-Butene/ 

Cageb 

I 
I I 
I I I 
I V 
V 

0.02 
0.07 
0.1 
0.2 
0.4 

0.3 
1.0 
1.4 
2.9 
5.7 

0.01 
0.55 

2.20 

6.0 
21.9 
20.0 
38.4 
84.0 

0.08 
0.10 

0.40 
a Stat ic reactor, 55 ce (STP) of reactant, 76 m g of catalyst (dry basis), reaction 

temperature 260°C. 
b Residues determined after runs using water as cocatalyst when the n-butene 

mixture was close to equi l ibr ium. 

Table II. Variation of Catalytic Activity with 
Decationation of N a - Y Zeolite" 

Extent of * j somer{zai{on 0f l-Butene 

Catalyst ^NulTo? fei + k 3 Î ) Χ 102 Min,-1 G~l 

No. Na+Removed, % Dry Catalyst 2H20/Cage 

V I 
V I I 
V I I I 
I X 
X 
X 

0.15 
0.35 
0.54 
0.79 
0.94 
0.94 

0.45 
0.70 
1.00 
1.8 
2.0 

6.7 
8.9 

10.4 
10.4 
11.9 

Adsorbed 
Gases + 
Residues, 

n-Butenes/ 
Cageb 

0.15 
0.60 

0.40 
0.15 

a Same as for Table I. 
6 Residues were determined after using d r y catalyst when the n-butene mixture 

was close to equi l ibr ium. 

at r o o m temperature. U s i n g radioact ive tracers a n d Cata lys t I , i t was 
s h o w n that this consisted of 2 fractions, 1 corresponding to exchangeable 
adsorbed butènes, a n d the other to residues or t i g h t l y h e l d ( p o l y m e r 
i z e d ? ) molecules (12). T h e total amount of this mater ia l is repor ted i n 
the last co lumns of Tables I a n d II . T h e amount of gas re ta ined b y the 
s o l i d increased w i t h increas ing C a 2 + content ( T a b l e I I ) . 

Discussion 

T h e results s h o w e d that d iva lent cations, present at i m p u r i t y levels 
( as n o r m a l l y f o u n d i n the c o m m e r c i a l L i n d e zeolites ) m a r k e d l y increased 
the cata lyt ic ac t iv i ty of N a - Y zeolite . I f these ions w e r e a l l i n the hex-
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agonal p r i s m posit ions, as c o m m o n l y supposed for these l o w replacement 
levels, this effect w o u l d not be expected. Re la t ive ly m u c h larger increases 
per C a 2 + a d d e d w e r e observed after the S 7 sites w e r e filled. N o t e that 
these effects appeared w i t h the d r y catalyst; i t is possible that the a d d e d 
H 2 0 p l a y e d a role i n d r a w i n g more cations f r o m these posit ions. S l ight 
decat ionat ion ( or cat ion def ic iency ) p r o d u c e d a s imi lar effect. T h e inter
cepts of the rate plots s h o w e d that the ac t iv i ty for ac id-ca ta lyzed reac
tions w o u l d be n e g l i g i b l y l o w for a n impur i ty - f ree , nondecat ionated, N a - Y 
zeolite . These facts support the idea that the catalyt ic ac t iv i ty is asso
c ia ted w i t h Brons ted sites f o r m e d b y interact ion of H 2 0 w i t h d iva lent 
cations or b y decat ionat ion t h r o u g h hydrolys i s . If the in situ in teract ion 
of N a + w i t h water contributes to the catalyt ic act iv i ty , this c o n t r i b u t i o n 
is negl ib le for a l l p r a c t i c a l purposes. T h i s po int is c lar i f ied b y the data 
s h o w n i n F i g u r e 1. T h e tangent to the exper imental curve ( s o l i d l i n e ) 
corresponds to 1 H o O / C a 2 + ; the catalyt ic ac t iv i ty w o u l d f o l l o w this curve 
i f every H 2 0 a d d e d c o u l d be adsorbed o n C a 2 + . T h e dashed l ine , s h o w n 
for compar ison , corresponds to 2 H 2 0 / C a 2 + . T h e rate does not reach 
its m a x i m u m saturat ion va lue , however , u n t i l 10 H 2 0 / C a 2 + have been 
a d d e d . T h i s is p r o b a b l y because w i t h larger addi t ions , a major f r a c t i o n 
of the H 2 0 remains i n the gas phase. M o v e m e n t of d iva lent ions f r o m 
the S/ sites, effected b y increas ing solvat ion of the zeolite surface, c o u l d 
contr ibute also. T h i s analysis , together w i t h the fact that the react ion 
rate levels off m u c h before 1 H 2 0 / N a + is present i n the system, supports 
the i d e a that the m e c h a n i s m represented i n E q u a t i o n 1 is responsible for 
the catalyt ic ac t iv i ty , viz., that the Bronsted sites are o n b r i d g i n g oxygens 
between s i l i ca a n d a l u m i n a tetrahedra a n d that these m a y be f o r m e d 
either b y hydrolys i s of d iva lent cations or b y creat ing a cat ion defic iency. 
It is, of course, a moot quest ion whether more of these sites are f o r m e d 
adjacent to C a 2 + i n the presence of H 2 0 or this molecule p l a y e d a re lated 
role as cocatalyst. I n either case, the p i c t u r e agrees w e l l not o n l y w i t h 
the avai lable spectroscopic data , b u t also w i t h the k inet ic results of 
G o u r i s e t t i et al. (6) for a l c o h o l dehydra t ion . C a r e f u l analysis of the 
present rate data suggests that Brons ted sites f o r m e d b y i n t r o d u c t i o n of 
d iva lent ions are more act ive t h a n those f o r m e d b y decat ionat ion. T h i s 
m a y be expla ined b y the p o l a r i z i n g effect of the d iva lent cations, as dis
cussed b y R i c h a r d s o n (16). T h e r e is, however , one other poss ib i l i ty not 
r u l e d out b y the present data . T h e Brons ted sites created b y decat iona
t i o n or b y E q u a t i o n 1 c o u l d have been par t ia l ly d e h y d r o x y l a t e d d u r i n g 
pretreatment. T h e effect of H 2 0 on the rate c o u l d then correspond to 
the interact ion of H 2 0 molecules w i t h these d e h y d r o x y l a t e d sites. I n 
v i e w of the present state of k n o w l e d g e concern ing the t h e r m a l s tabi l i ty 
of these materials , this explanat ion is d e e m e d b o t h u n l i k e l y a n d unnec
essary. 
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•β——β u-

Figure 1. Variation of catalytic activity with amount of cocatalyst 

T h e results presented here in afford a n explanat ion for some of the 
discrepancies f o u n d i n the l i terature (1, 5, 7, 13, 19, 23) w h e r e usua l ly 
the c h e m i c a l compos i t ion of the zeolite has not been specif ied care fu l ly 
—e.g., H a b g o o d (7) noted that the ac t iv i ty changed f r o m one lot of zeo
l i te to another a n d reported that the ac t iv i ty of the N a zeolites increased 
o n a d d i t i o n of water ; W a r d (19), o n the other h a n d , f o u n d that a pure 
N a - Y zeoli te was not act ivated b y H 2 0 . Therefore , to define c lear ly a 
G r o u p Ι Α X or Y zeoli te catalyst, i t is very important to speci fy the k i n d 
a n d amount of impur i t ies present. 

T h e carbonaceous mater ia l w h i c h was re ta ined b y the catalysts after 
evacuat ion was h e l d i n 2 forms : 1 c o u l d be recovered as butene mole 
cules (12) b y exchange w i t h i sotopica l ly l a b e l l e d 1-butene; the other 
c o u l d be r e m o v e d o n l y b y combust ion to C 0 2 . W i t h s i l i c a - a l u m i n a cata
lysts, the latter (residues) is thought to f o r m the act ive sites for car-
b o n i u m i o n ac t iv i ty (3,8,9). T h e present results showed that the ac t iv i ty 
correlated w i t h the degree of decat ionat ion or the C a 2 + content of the 
catalyst. M o r e o v e r , the amount of residue re ta ined b y the catalyst ( n o n -
exchangeable ) was about 2 orders of magni tude smaller t h a n the n u m b e r 
of decat ionated sites of the sample (12). It seems probable , therefore, 
that residues do not p l a y an important role i n the development of cata lyt ic 
ac t iv i ty of these materials i n the presence of H 2 0 ; however , residues m a y 
s u p p l y the necessary protons for cata lyt ic ac t iv i ty i n its absence. 
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Discussion 

Gourisetti Balamalliah ( I n d i a n Institute of P e t r o l e u m , D e h r a d u m , 
I n d i a ) : I w o u l d l i k e to d r a w the authors' attention to the fact that the 
re lat ionship be tween the n u m b e r of water molecules a n d the n u m b e r of 
c a l c i u m ions for m a x i m u m catalyt ic ac t iv i ty of C a X a n d C a Y molecular 
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sieves i n the d e h y d r a t i o n of tert-butyl a l c o h o l was first repor ted b y G o u r i 
setti et al, Compt. Rend. 1964, 258 ( 1 8 ) , 4547-9. I t was obta ined b y 
d r a w i n g tangents to rate curves as s h o w n i n the present paper . 

E . L o m b a r d o : W e r e p o r t e d i n our paper u n d e r Ref . 6 a later w o r k 
of Gour ise t t i , B . , et ai. that inc ludes the data g iven i n the short c o m m u 
n i c a t i o n re ferred to b y Gour ise t t i . 
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Catalytic Activity of Alkaline Earth 
Hydrogen Y Zeolites 

ROWLAND C. HANSFORD and JOHN W. WARD 

Union Oil Company of California, Union Research Center, Brea, Calif. 92621 

Studies on ammonium Y zeolite back-exchanged with cal
cium and magnesium are reported. Calcium content above 
55% of the exchange capacity leads to a sharp drop in con
centration of the 3650 cm-1 hydroxyl groups and in catalytic 
activity. Exchange levels above 55% involve replacement 
of ammonium in accessible positions by calcium, decreasing 
accessible acid site concentration. In the sodium system, 
calcium promotes the activity. In both cases, the acid site 
concentration is influenced by calcium but in different ways. 
Similar results are obtained with magnesium. At lower ex
change levels, the 3650 cm-1 hydroxyl group concentration 
is constant but the activity changes with the cation. These 
differences in activity may be ascribed to variations in the 
polarizing effects of the 2 cations on the site strength. 

T " \ i v a l e n t a n d a m m o n i u m forms of Y zeoli te possess catalyt ic activit ies 
for m a n y ac id-ca ta lyzed reactions (11, 12, 16, 19). A l t h o u g h i t is 

general ly accepted that a c i d i c h y d r o x y l groups are responsible for the 
ac t iv i ty of the c a l c i n e d a m m o n i u m f o r m (4, 6,19, 24), the reasons for the 
ac t iv i ty of the cat ion forms have been less w e l l e luc idated ( 6, 7, 9,15,19, 
20, 25). S ince the catalyt ic ac t iv i ty of the divalent cat ion forms usua l ly 
is exh ib i ted w h e n sufficient cations have been i n t r o d u c e d so as to o c c u p y 
accessible posit ions i n the lattice, i t has been suggested that var ious 
propert ies of the cations m a y be responsible for the i n t r o d u c t i o n of active 
sites. Propert ies of the cations such as their electrostatic field a n d surface 
di f fus ion have been suggested (12, 15). A l t e r n a t i v e l y , i t has been sug
gested that the diva lent cations can introduce Brons ted a c i d i t y b y dis
sociat ion of water (3, 5, 6,18,19, 20), thus 

3 5 4 
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C a ( O H 2 ) 2 + + - O - Z e o l i t e - » C a O H + + H - O - Z e o l i t e 

B o t h the O H groups at tached to the cat ion a n d to the zeoli te latt ice 
c o u l d act as active sites, a l though recent evidence indicates that the 
C a O H + groups are nonac id ic (18, 22). T h e H - O - z e o l i t e groups are the 
same as those f o u n d i n h y d r o g e n Y zeolite. In t roduct ion of c a l c i u m or 
other d iva lent cations into s o d i u m Y zeoli te to an extent greater than 
necessary to fill the inaccessible exchange sites introduces C a O H + a n d 
H - O - z e o l i t e groups i n accessible positions (18, 22). A t the same t ime, 
cata lyt ic ac t iv i ty is i n t r o d u c e d (7, 15) after about 5 5 % exchange, w h i c h 
corresponds to the in t roduct ion of about 16-18 c a l c i u m ions per uni t ce l l . 
T h e first 17 c a l c i u m ions enter the Si a n d S / posit ions ( inaccessible ), a n d 
the remainder enter the Su posit ions (accessible) (1, 2). S i m i l a r l y , the 
first 16-18 c a l c i u m ions i n t r o d u c e d into a m m o n i u m Y zeoli te o c c u p y 
inaccessible positions a n d the remainder accessible positions (23). H e n c e , 
the inf luence of the c a l c i u m content o n the catalyt ic ac t iv i ty of a m m o n i u m 
Y zeol i te s h o u l d give an i n d i c a t i o n of the role of the cat ion as an act ive 
site. F u r t h e r m o r e , i t should also show i f the Bronsted a c i d sites are 
m o d i f i e d b y the cations (5, 13). 

Experimental 

Materials. A m m o n i u m Y zeoli te was p r e p a r e d b y convent ional i o n 
exchange of s o d i u m Y zeolite (SiOo/AloOs = 4.9) to a s o d i u m content of 
1 .1%. T h e a lkal ine earth a m m o n i u m Y zeolites were p r e p a r e d b y i o n 
exchange of the parent a m m o n i u m Y zeolite ( surface area 965 m 2 g r a m - 1 

after heat ing i n flowing h e l i u m at 4 0 0 ° C ) w i t h suitable solutions of ca l 
c i u m a n d m a g n e s i u m salts. T h e degrees of exchange a n d surface areas 
(obta ined b y n i t rogen adsorpt ion at P/P0 « 0.02) are l i s ted i n T a b l e I. 
T h e surface area a n d x-ray di f f ract ion measurements show a l l samples 
to be h i g h l y crystal l ine. 

Table I. Analysis of Zeolite Samples 

Calcium Hydrogen Y Magnesium Hydrogen Y 

% Exchanged Surface Area 
to M2+ Form M2 Gram-1 

% Exchanged Surface Area 
to M2+ Form M2 Gram'1 

92 
74 
65 
56 
51 
37 
18 

842 
860 
890 
900 
908 
924 
920 

79 
63 
52 
50 
45 
35 

891 
863 
861 
868 
884 
948 
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HYDROXYL GROUPS X Ca, V Mg, · H 

X 
- O -

1 ^ 

• Η 
|— ACIDITY Ο Co 

• Mg 
I I L 

H40 

30 

Η 20 

- 10 

J * . 
20 40 60 80 

PERCENT EXCHANGED WITH CALCIUM/MAGNESIUM 

Figure 1. Dependence of acidity and 3650 cm 1 OH groups on cation 
content 

Experimental Techniques. I n f r a r e d a n d catalyst ac t iv i ty measure
ments were m a d e as descr ibed elsewhere (24). Surface areas also were 
measured after c a r r y i n g out the xylene i somer izat ion react ion to conf i rm 
that the structure h a d not been destroyed. 

Results 

Infrared Spectra of Structural Hydroxyl Groups. Spectra of h y 
d r o x y l groups on alkal ine earth Y a n d m a g n e s i u m h y d r o g e n Y zeolites 
have been discussed i n deta i l elsewhere (18, 20, 21, 22, 23). A f t e r ca l 
c ina t ion at 4 5 0 ° C , absorpt ion bands are observed at 3740 a n d 3650 c m " 1 . 
D e p e n d i n g u p o n the degree of exchange, a b a n d m a y be observed also 
at 3550 c m " 1 . Since the 3550 c m " 1 b a n d p r o b a b l y represents h y d r o x y l 
groups ins ide the hexagonal pr isms of the structure (10) a n d the 3740 
c m " 1 s i lanol - type groups are inert , they are u n i m p o r t a n t to this discussion 
of the cata lyt ic propert ies of a lkal ine earth h y d r o g e n Y zeolites. H o w 
ever, b y analogy w i t h other systems, the 3650 c m " 1 h y d r o x y l groups are 
p r o b a b l y impor tant catalyt ic centers. T h e var ia t ion of the intensity, ex
pressed as absorbance /sample mass, of the 3650 c m " 1 b a n d as a f u n c t i o n 
of the degree of i o n exchange is p lo t ted i n F i g u r e 1. 

Acidity Studies. A d s o r p t i o n of p y r i d i n e on Brons ted a c i d sites results 
i n the format ion of p y r i d i n i u m ions w i t h a characterist ic absorpt ion b a n d 
near 1540 c m " 1 . A d s o r p t i o n o n L e w i s a c i d sites produces a b a n d at about 
1451 c m " 1 , w h i l e interact ion w i t h the exchangeable cations produces 
bands at 1444 a n d 1448 c m " 1 for the c a l c i u m a n d m a g n e s i u m forms, 
respect ively. T y p i c a l spectra of p y r i d i n e adsorbed on m a g n e s i u m h y 
drogen Y zeoli te have been repor ted prev ious ly (22). Spectra of c a l c i u m 
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67. HANSFORD AND WARD Alkaline Earth Hydrogen Y Zeolites 357 

h y d r o g e n Y zeol i te are s imi lar except for the f requency of the p y r i d i n e -
cat ion absorpt ion b a n d . T h e p y r i d i n e interacts w i t h the 3650 c m " 1 h y 
d r o x y l groups, causing their e l iminat ion , b u t does not appear to interact 
w i t h the 3550 c m " 1 h y d r o x y l groups. 

F o r the samples s tudied , no p y r i d i n e adsorbed o n L e w i s a c i d sites 
was detected, i n d i c a t i n g that the zeoli te h a d not been p a r t i a l l y dehy
droxy la ted to f o r m such sites. T h e b a n d ref lect ing p y r i d i n e - c a t i o n inter
act ion was detected o n l y after about 16 a lkal ine earth ions h a d been 
i n t r o d u c e d into the u n i t ce l l . It g r e w steadi ly i n intensity as more d iva lent 
ions w e r e i n t r o d u c e d into the structure. I n F i g u r e 1, the intensi ty of the 
p y r i d i n i u m i o n b a n d , expressed as absorbance /sample mass, is p l o t t e d 
as a f u n c t i o n of the per cent exchange b y d iva lent ion . T h e concentrat ion 
of a c i d sites is a f u n c t i o n of the degree of exchange. 

Measurements of a c i d site strengths w i t h HR indicators s h o w e d that 
the Bronsted a c i d sites were stronger than 7 0 % sul fur ic a c i d . N o v a r i a 
t ion w i t h the degree of cat ion exchange was observed. 

Activity Measurements. T h e rate constants at 260 ° C are p lo t ted as 
a f u n c t i o n of per cent exchange i n F i g u r e 2, w h i c h shows that they are 
a complex f u n c t i o n of the c a l c i u m a n d m a g n e s i u m contents of the zeo-

P E R C E N T E X C H A N G E D WITH CALCIUM / M A G N E S I U M 

Figure 2. Dependence of rate constant on cation content 
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lites. T h e ac t ivat ion energy for the α-xylene i somer izat ion was ca lcula ted 
to be 20 ± 1 k c a l / m o l e . T h i s va lue is the same as that f o u n d for the 
s o d i u m h y d r o g e n Y system a n d for a n u m b e r of cat ion Y zeolites. 

Discussion 

F o r c a l c i u m zeolites, x-ray di f f rac t ion a n d i n f r a r e d studies together 
have s h o w n that the first 16 or 18 c a l c i u m ions i n t r o d u c e d into the u n i t 
c e l l of the s o d i u m f o r m are located i n the hexagonal pr isms a n d sodali te 
port ions of the structure (1, 2, 23). A d d i t i o n of fur ther c a l c i u m ions re
sults i n the occupat ion of sites i n the supercages. T h e changes i n intensity 
of the h y d r o x y l i n f r a r e d bands a n d the onset of the cation—pyridine inter
actions indicate that the same preferent ia l locat ion of c a l c i u m ions i n 
c a l c i u m h y d r o g e n Y zeol i te occurs (23). 

T h u s , the 3550 c m " 1 b a n d has been e l iminated a n d the c a t i o n -
p y r i d i n e b a n d is observed after incorpora t ion of about 16—18 c a l c i u m 
ions into a m m o n i u m Y zeolite. T h e data of F i g u r e 1 show that the 3650 
c m - 1 h y d r o x y l group concentrations r e m a i n constant u n t i l about 16-18 
c a l c i u m ions ( 5 5 % exchange) have been i n t r o d u c e d . T h e h y d r o x y l 
groups then progressively decrease i n intensity as the concentrat ion of 
c a l c i u m ions is increased. These data indicate that after i n t r o d u c t i o n of 
about 16 c a l c i u m ions, c a l c i u m ions replace a m m o n i u m ions located i n 
the supercages, p r o b a b l y near the S n sites, thus r e d u c i n g the n u m b e r 
of h y d r o x y l groups on d e a m m i n a t i o n . T h e 3650 c m " 1 h y d r o x y l groups are 
almost cer ta inly the same type as those exist ing on the h y d r o g e n Y zeoli te . 

C h e m i s o r p t i o n of p y r i d i n e results i n the disappearance of these 
groups a n d the f o r m a t i o n of p y r i d i n i u m ions. T h e concentrat ion of 
p y r i d i n i u m ions, a n d hence accessible Brons ted a c i d sites, fo l lows a s i m i 
lar re la t ionship to that of the h y d r o x y l group concentrations. T h u s , the 
a c i d site concentrat ion remains constant u n t i l about 16-18 c a l c i u m ions 
have been i n t r o d u c e d . T h e a c i d i t y concentrat ion then decreases r a p i d l y 
as the c a l c i u m ions are exchanged for a m m o n i u m ions i n accessible pos i 
tions. A t the same degree of exchange, the c a t i o n - p y r i d i n e b a n d near 
1444 c m " 1 is observed first, conf i rming the appearance of c a l c i u m ions i n 
accessible posit ions i n the structure. 

These observations can be c o m p a r e d w i t h the a c i d i t y of the s o d i u m 
h y d r o g e n Y zeolites (24). I n that system, the a c i d i t y remains a p p r o x i 
mate ly constant u n t i l 16—18 s o d i u m ions have been i n t r o d u c e d a n d then 
decreases r a p i d l y as more s o d i u m ions are a d d e d . 

T h e data of F i g u r e 2 indicate a complex re la t ionship between the 
cata lyt ic act iv i ty a n d degree of c a l c i u m exchange. T o p c h i e v a et al. (14) 
s t u d i e d C a H Y w i t h c a l c i u m contents of 20, 40, 62, a n d 9 0 % of the ex-
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change capac i ty a n d c o n c l u d e d that the ac t iv i ty was a complex f u n c t i o n 
of the cat ion content. T h e i r data f o l l o w the t re nd of F i g u r e 2. H o w e v e r , 
the change i n ac t iv i ty can be ra t iona l ized i n terms of the p h y s i c a l p r o p 
erties of the zeoli te . A t about 5 5 % exchange, corresponding to the c a l 
c i u m concentrat ion at w h i c h cations are expected to start ion-exchanging 
into accessible posit ions, the cata lyt ic ac t iv i ty starts to decrease r a p i d l y 
f r o m a p la teau va lue of the rate constant. B y compar i son of F igures 1 
a n d 2, i t is seen that the concentrat ion of h y d r o x y l groups a n d Brons ted 
a c i d sites a n d the cata lyt ic ac t iv i ty f o l l o w the same pat tern, that is, above 
5 5 % exchange, they a l l decrease i n a s imi lar manner w i t h increas ing 
c a l c i u m content. F r o m these observations, i t can be c o n c l u d e d that the 
c a l c i u m ions, i n contrast to their effect i n the C a N a Y system, deact ivate 
the a m m o n i u m Y system, p r o b a b l y b y r e d u c i n g the concentrat ion of 
accessible ac id ic h y d r o x y l groups. T h e process can be represented b y 
the f o l l o w i n g schemes: 

F o r N a Y 2 N a Y + C a 2 + + H 2 0 -> C a O H Y + H Y + 2Na+ 

F o r N H 4 Y 2 N H 4 Y -> 2 H Y + 2 N H 3 

2 N H 4 Y + C a 2 + + H 2 0 -> C a O H Y + H Y + 2 N H 4 + 

A n e q u i l i b r i u m i n v o l v i n g the divalent i o n , C a ( O H 2 ) 2 + ^ C a O H + + H + , 
p r o b a b l y exists. 

H e n c e , whereas i n the case of s o d i u m Y u p to one a c i d site is intro
d u c e d for each c a l c i u m i o n , w i t h a m m o n i u m Y at least one a c i d site is 
e l i m i n a t e d for each c a l c i u m i o n . T h e results suggest that the c a l c i u m ions 
themselves or h y d r o x y l groups at tached to cations are not act ive sites, 
b u t b o t h i n the s o d i u m a n d a m m o n i u m systems, the a c i d i c h y d r o x y l 
groups represented b y the 3650 c m " 1 b a n d are the p r i m a r y active centers. 
These sites p r o b a b l y are i n t r o d u c e d because of the p o l a r i z i n g effects of 
the cat ion fields (3, 5, 8,12,13,19, 20); thus, C a ( O H 2 ) 2 + ^± C a O H + + H + . 
S i m i l a r results were obta ined w i t h m a g n e s i u m i n place of c a l c i u m . 

A second p h e n o m e n o n is i l lus tra ted b y the data of F i g u r e 2. W h e r e a s 
the concentrat ion of the 3650 c m " 1 h y d r o x y l groups a n d of a c i d sites re
mains constant u p to about 5 5 % exchange, the catalyt ic ac t iv i ty drops 
w h e n c a l c i u m ions, insufficient to fill the inaccessible sites, are a d d e d . 
W i t h m a g n e s i u m ions, the cata lyt ic ac t iv i ty ac tual ly increases i n c o m 
par ison w i t h h y d r o g e n Y zeoli te , a l though the a c i d site concentrat ion is the 
same. It is probab le that the differences i n ac t iv i ty result f r o m different 
p o l a r i z a t i o n effects exerted o n the a c i d i c h y d r o x y l groups b y the fields 
of the different cations. S u c h effects were first proposed b y H i r s c h l e r (5 ) 
a n d R i c h a r d s o n (13). T h e stronger p o l a r i z i n g effect of the m a g n e s i u m 
c o m p a r e d w i t h the c a l c i u m w o u l d be expected to p r o d u c e stronger a c i d 
sites w h i c h m i g h t be more act ive cata lyt ic centers. 
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Discussion 
J . B. Uytterhoeven ( U n i v e r s i t y L e u v e n , 3030 H e v e r l e e , B e l g i u m ) : 

Y o u r samples were pretreated at 460 ° C . T h e samples used i n the cata
l y t i c experiment were p r o b a b l y ca l c ined i n a deeper b e d than the i n f r a 
r e d samples. Is i t possible that this deep-bed ca lc inat ion p r o d u c e d , b y 
d e h y d r o x y l a t i o n , a g iven amount of a k i n d of ultra-stable mater ia l? T h e 
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67. HANSFORD AND WARD Alkaline Earth Hydrogen Y Zeolites 361 

increas ing amount of M g 2 + ions c o u l d favor this d e h y d r o x y l a t i o n . T h i s 
c o u l d be another explanat ion for the increas ing catalyt ic ac t iv i ty . Some 
of the ultra-stable faujasites conta in hydroxyls v i b r a t i n g a r o u n d 3600 
c m - 1 . S u c h a b a n d is also observed i n C a 2 + a n d M g 2 + zeolites, a l though, 
i n that case, this b a n d is usua l ly a t t r ibuted to a C a ( O H ) + species. 

J . W . W a r d : It was p r e v i o u s l y s h o w n ( W a r d , / . Catalysis 1968, 
11, 251, " N a t u r e of A c t i v e Sites on Zeol i tes" V I ) that a lka l ine earth ions 
s tab i l i zed the h y d r o g e n - Y zeoli te . E x a m i n a t i o n of the i n f r a r e d spectra, 
un i t c e l l constant, i o n exchange capaci ty , t h e r m a l analysis data , a n d other 
propert ies indicates that this m a t e r i a l is not the so-cal led ultra-stable 
zeoli te . 

F u r t h e r m o r e , a l though the absorpt ion f requency of the b a n d as
s igned to C a O H groups is s imi lar to that of bands observed i n " u l t r a -
stable" zeoli te , subst i tut ion of other a lkal ine earth cations—e.g., M g , Sr, 
Ba—resul ts i n a f requency shift of the absorpt ion b a n d under discussion, 
the shif t v a r y i n g regular ly w i t h the cat ion size a n d electrostatic proper 
ties. T h i s s trongly suggests association of the h y d r o x y l group w i t h the 
cat ion ( W a r d , J . W . , / . Phys. Chem. 1968, 72, 4211) . 
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Acidic and Oxidizing Properties of Rare 
Earth Exchanged Y Zeolites 

YOUNES BEN TAARIT, MICHEL-VITAL MATHIEU, and 
CLAUDE NACCACHE 

Institut de Recherches sur la Catalyse, C.N.R.S., 39, Boulevard du Onze 
Novembre 1918, 69-Villeurbanne, France 

Infrared techniques are used to study the nature of the OH 
groups present on rare earth forms of Y zeolite. The infrared 
spectra of pyridine adsorbed on REY, after calcination at a 
series of temperatures, show that Bronsted and Lewis 
acidities are present. ESR techniques are used to measure 
the number of anthracene radical ions which can be formed 
on the REY zeolite. Electron transfer occurs at the tricoordi-
nated aluminum atoms in the case of LaY zeolite, while for 
Ce4+Y, the centers have been identified as Ce4+ ions. 

C ynthet ic Y type zeolites have been s tudied w i d e l y i n recent years. M a n y 
^ techniques were u s e d — p a r t i c u l a r l y i n f r a r e d spectroscopy—to deter
m i n e the nature of act ive sites. A t first, o n l y the H X a n d H Y forms w e r e 
concerned, a n d the ac id ic nature of the h y d r o g e n h e l d o n these catalysts 
was demonstrated b y several i n f r a r e d investigations (10, 20). T h e o r i g i n 
of the s tructural h y d r o x y l groups was a subject of general agreement. O n 
the contrary, the a t t r ibut ion of some ( O H ) bands, such as the b a n d at 
3550 c m " 1 , remains u n d e r discussion (6, 9,18, 21, 26). M o r e recently , the 
M ( I I ) - a n d M ( I I I ) - e x c h a n g e d X a n d Y forms came into study. S i m i l a r 
h y d r o x y l groups w e r e observed a n d , u n d e r certa in condit ions , some O H 
groups were recognized as b o u n d to the cat ion (4, 13, 25). T h e o r i g i n of 
these h y d r o x y l groups has been a t t r ibuted u n a n i m o u s l y to the i o n i z a t i o n 
of water molecules b y the strong electrostatic fields i n the cat ion ne igh
b o r h o o d , as stated b y R a b o (13). H o w e v e r , the nature a n d role of 
h y d r o x y l groups is not c lear ly demonstrated. Recent ly , W a r d (24) con
c l u d e d an exhaustive s tudy of the nature of active sites for cumene crack
i n g i n this w a y : " I n conc lus ion , a s tudy of various cat ion-exchanged X 
zeolites has s h o w n that the ca ta ly t i ca l ly act ive forms are B r o n s t e d acids 
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68. B E N T A A R i T E T AL. Rare Earth Exchanged Y Zeolites 363 

a n d conta in s t ructural h y d r o x y l groups. . . . H o w e v e r , there is no appar
ent re lat ionship be tween the concentrat ion of Brons ted acids sites a n d 
catalyt ic ac t iv i ty . It is possible that the a c i d site strength is i m p o r t a n t . " 

It seemed of some interest to test the a b i l i t y of a series of R E Y zeolites 
to ion ize po lynuc lear aromatics since the o x i d i z i n g propert ies of zeolites 
were p o i n t e d out (8, 16), b u t the nature of the electron acceptor site is 
s t i l l u n d e r discussion. H a l l et al. ( 5 ) , s tudying d e h y d r o x y l a t e d H Y zeo
lites, p r e s u m e d it to be molecular oxygen t r a p p e d i n a n a n i o n vacancy , 
w h i l e H i r s c h l e r ( 7 ) asserted that the protons m a y be the oxidat ive cen
ters. I n a previous w o r k , as stated b y T u r k e v i c h et al. (16), w e c o n c l u d e d 
that the active sites are L e w i s centers, w h i l e the chemisorbed oxygen 
increases their electron affinity (27). I n a recent w o r k , R i c h a r d s o n (14) 
re lated s p i n concentrat ion to the electron affinity of the cat ion, p r e s u m i n g 
that the electron transfer took place f r o m the anthracene to the c u p r i c 
i o n , b u t he c o u l d not observe any v a r i a t i o n of the C u 2 + peak intensities. 

T h e slightest change i n the pretreatment condit ions m a y have a great 
inf luence o n the oxidat ive propert ies of the sample, m a k i n g a s imultaneous 
i n f r a r e d s tudy necessary. 

Experimental 

Materials. A l l the samples are issued f r o m the same L i n d e N a Y 
start ing zeolite . T h e N H 4 C e Y , C e N a Y , N a L a Y , a n d N a C u Y forms were 
obta ined b y convent ional ion-exchange technique. I n the case of the 
N H 4 C e Y , the a m m o n i u m f o r m is obta ined first a n d then exchanged w i t h 
C e ( N 0 3 ) 3 so lut ion to the des ired level . 

T h e N a C e Y , N a L a Y , a n d N a C u Y are exchanged w i t h nitrate solu
tions; the degree of i o n exchange is d e t e r m i n e d b y flame spectrometry 
analysis of the res idua l s o d i u m . T h e results are set i n T a b l e I. X - r a y 
examinat ion s h o w e d a l l the samples to be h i g h l y crystal l ine. 

T h e p y r i d i n e is d r i e d over a 5 - A molecular sieve. T h e po lynuc lear 
aromatic solutions are d r i e d a n d degassed b y the f r e e z e - p u m p - t h a w 
technique. 

Techniques. In f rared measurements were conducted i n a prev ious ly 

descr ibed c e l l ( I I ) , a l l o w i n g the sample t h i n wafers to be heated u n d e r 

v a c u u m 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 . T h e samples were corn-

Table I. Degree of Ion Exchange 
Sample Sodium Ion Ce Ion La Ion NHA Ion Cupric Ion 

N a C e Y 38 6 0 0 0 
N a N H 4 C e Y 23 6 0 15 0 
N a C u Y 16 0 0 0 20 
N a L a Y 14 0 14 0 0 
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364 M O L E C U L A R SIEVE Z E O L I T E S II 

pressed u n d e r 6000 k g / c m 2 in to 18-mm-diameter disks. These disks con
t a i n 12-16 m g of s o l i d / c m 2 . Spectra were recorded after c o o l i n g the 
sample at r o o m temperature o n a P e r k i n - E l m e r M o d e l 125 spectropho
tometer u s i n g a spectral slit w i d t h of 3 c m " 1 be tween 4000 a n d 1200 c m " 1 . 

T h e E P R studies are car r ied out i n a specia l c e l l a l l o w i n g the adsorp
t ion of aromatics a n d screening the catalyst f r o m the act ion of moisture or 
oxygen. T h e spectra are recorded cont inuously before a n d after anthra
cene adsorpt ion. A f t e r e q u i l i b r i u m , the s p i n concentrat ion is measured 
b y c o m p a r i n g the r a d i c a l cat ion E P R spec t rum w i t h that of ca l ibra ted 
D P P H solut ion. 

T h e samples either are d e h y d r a t e d d i rec t ly u n d e r v a c u u m or c a l c i n e d 
i n oxygen a n d evacuated. 

Samples w h i c h have not been pretreated w i t h 0 2 show no r a d i c a l i o n 
format ion ; w i t h the same pretreatment condit ions , N H 4 Y forms have the 
same behavior . These results seem somewhat disconcert ing, since the 
oxygen-pretreated N H 4 Y zeol i te was oxidat ive enough to ionize anthra
cene even at l o w exchange levels. S u c h strange results m a y be expla ined 
b y the f o r m a t i o n of a coke deposit . T h e c a r b o n m a y either p o i s o n the 
sites or mere ly prevent the anthracene f r o m c o m i n g close enough to the 
act ive centers. 

W h e n C e ( I I I ) Y zeolites are c a l c i n e d under oxygen at 4 0 0 ° - 5 0 0 ° C , 
they t u r n pale y e l l o w , p r o b a b l y b y C e 3 + ox idat ion to C e 4 + . A d s o r p t i o n of 
anthracene o n these samples gives rise to a strong E P R signal . T h e same 
spec t rum was observed b y R o o n e y a n d P i n k on s i l i c a - a l u m i n a ( J 5 ) and 
interpreted as ar is ing f r o m an anthracene posi t ive r a d i c a l . 

Results for N a C e ( I V ) Y , N H 4 C e ( I V ) Y , a n d N a C u 2 + Y are g i v e n i n 
T a b l e I I . 

I n the same w a y , the C e ( I I I ) Y samples w h i c h have b e e n heated 
u n d e r v a c u u m are inact ive . F u r t h e r ox idat ion gives t h e m the same p r o p 
erties as i f they were oxygen-pretreated, i n contrast to the N H 4 Y f o r m . 

T h e electron-acceptor proper ty of C e Y zeolites m a y be a t t r ibuted to 
C e 4 + ions. These results c o u l d b e c o m p a r e d to Richardson's w o r k s o n C u Y 
zeolites (14). L a 3 + Y is more stable than C e 3 + Y , a n d L a 3 + remains i n the 
three-valency state w h e n treated under oxygen. F i g u r e 1 gives the s p i n 
concentrat ion vs. the ac t ivat ion temperature for L a Y . T h e n u m b e r of 

Table II. Anthracene Positive Radicals Concentration 

Results 

Sample 

C a l c i n a t i o n temperature 
( A . + ) / g r a m 

NaCeY NH4CeY NaCuY 

500 
2.10 1 9 

500 
16.10 1 9 

500 
6.10 1 8 
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68. B E N TAARiT E T A L . Rare Earth Exchanged Y Zeolites 365 

I I • 

400 500 600 

Figure 1. Concentration of anthracene positive ions formed on LaY as a func
tion of activation temperature; = rehydrated 

3600 

Figure 2. Spectra of the stretching hydroxyls of 
LaY 

(a) Evacuated at 200°C 
(b) Evacuated at 450° C 
(c) Evacuated at 550°C 

act ive sites increases w i t h increasing temperature u n t i l 4 0 0 ° C a n d t h e n 
remains constant. T h e sl ight decrease observed after 6 0 0 ° C m a y be 
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366 M O L E C U L A R SIEVE ZEOLITES Π 

at t r ibuted to a structure col lapse or at least to a p r o b a b l e decrease i n the 
diameter of the cavities. R e h y d r a t i o n results i n a large decrease of the 
s p i n concentrat ion. 

Infrared Measurements. O H G R O U P S . I n f r a r e d spectra i n the h y 
d r o x y l s tretching r e g i o n are s h o w n i n F i g u r e 2 for L a Y zeoli te . 

P h y s i c a l l y adsorbed water is r e m o v e d b y desorpt ion of the sample 
at 200 ° C , as m a y be c o n c l u d e d f r o m the disappearance of the 1640 c m " 1 

b a n d . I n s u c h condit ions , ( O H ) bands at 3745, 3640, a n d 3530 c m " 1 w i t h 
a shoulder at 3550 c m - 1 are observed. F u r t h e r d e h y d r a t i o n r e d u c e d these 
bands ' intensities, except for the one at 3745 c m - 1 . E v a c u a t i o n at 5 0 0 ° C 
affects the 3550 c m 1 a n d 3640 c m 1 bands, w h i l e the 3530 c m " 1 b a n d s t i l l 

Figure 3. Spectra of pyridine ad
sorbed on LaY activated at 450°C 

(a) Evacuated at 150°C 
(b) Evacuated at 250°C 
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68. B E N T A A R i T E T AL. Rare Earth Exchanged Y Zeolites 367 

remains. These spectra are qui te s imi lar to those repor ted b y R a b o et ah 
(13) a n d W a r d (25). 

ι : ' L J I 1 ι 
3700 3600 1550 1450cm1 

Figure 4. Spectra of Ce(IV)NHfJ activated at 450°C under 
water vapor pressure, then evacuated at 450°C 

(a) Initial 
(b) Pyridine evacuated at 150° C 
(c) Further evacuation at 250° C 

I n s imi lar d e h y d r a t i o n condit ions , the 3640 c m - 1 b a n d is more stable 
for the N H 4 C e Y samples. These results m a y be re lated to W a r d ' s con
clusions about N H 4 M g Y zeolites (23); i t is p r o b a b l e that c e r i u m ions 
s tabi l ize the H Y f o r m zeolite . 

C a l c i n a t i o n of C e Y samples u n d e r 20 torr of water v a p o r at 450 ° C 
produces sl ight modif icat ions i n the i n f r a r e d spectra of the h y d r o x y l 
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368 MOLECULAR SIEVE ZEOLITES II 

groups : the 3640 a n d 3550 c m " 1 are r e m o v e d at 4 5 0 ° C . S imultaneously , a 
b a n d at 3680 c m " 1 is deve loped . 

PYRIDINE ADSORPTION . P y r i d i n e adsorpt ion has been used to deter
m i n e the nature of a c i d sites (2, 12). T h e spectra are recorded after 
e q u i l i b r a t i n g the sample w i t h an excess of p y r i d i n e v a p o r a n d fur ther 
evacuat ion at various temperatures. T y p i c a l spectra are s h o w n i n F igures 
3, 4, a n d 5. T a b l e I I I gives the frequencies of the observed bands be tween 
1700 a n d 1400 c m " 1 . 

A f t e r p y r i d i n e adsorpt ion, the b a n d at 3550 c m " 1 is broadened w h i l e 
that at 3640 a n d 3680 c m " 1 disappear . T h e 3680 a n d 3640 c m " 1 bands are 
restored b y evacuat ion at 2 5 0 ° a n d 3 5 0 ° C , respect ively. M o r e interest ing 
results are obta ined for the N a C e Y samples; w h e n p y r i d i n e is desorbed 

I transmittance J 

3700 3500 cm"1 

Figure 5. OH spectra of Ce(III)Y acti
vated at 450°C 

(a) Initial 
(b) Pyridine evacuated at 150°C 
(c) At 250°C 
(d) At 350°C 
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Table III. Infrared Bands of Adsorbed Pyridine 

19b 19b 
8a-8b Bronsted (Β) 19a (B + L) Lewis (L) 

C e ( I I I ) Y (450°C) 1635-1625 1541 1489 1443 
1608-1600 

C e ( I I I ) Y (600°C) 1625-1608 1541 1489 1451-1443 
1600 

C e ( I V ) Y (450°C) 1630-1593 1544 1490 1444 
C e ( I V ) Y (600°C) 1620-1597 1538 1483 1451-1444 
C e ( I V ) N H 4 Y 

(450°C) 1630 1540 1488 1451-1444 
C e ( I V ) N H 4 Y 

(600°C) 1620-1592 1538 1489 1453-1444 
L a Y (200°C) 1630-1610 1540 1489 1440 L a Y (200°C) 

1590 
L a Y (450°C) 1630-1610 1540 1489 1451-1442 L a Y (450°C) 

1590 

at 2 5 0 ° C , the 19b a n d 19a vibrat ions are spl i t into 2 components (1550 
a n d 1430 for 19b; 1495 a n d 1488 for 19a) . F u r t h e r evacuat ion at 350 ° C 
produces a greater decrease for the l o w - f r e q u e n c y components t h a n for 
the h igh- f requency ones. T h e last r e m a i n i n g component for 19a v i b r a t i o n 
is 12 c m " 1 shi f ted to the h igher frequencies . 

Discussion 

T h e 3745 c m - 1 b a n d m a y be a t t r ibuted either to S i - O H groups inher
ent to siliceous impur i t i es or s i lanol groups w h i c h terminate the zeol i te 
lattice as stated b y different authors (1,3,17), w h i l e the 3640 a n d 3550 
c m " 1 bands were assigned to a c i d i c O H groups. T h e disagreement i n the 
assignment of the 3680-90 c m " 1 bands (1, 3,19, 22) seems to be o w i n g to 
the different o r i g i n of the s tudied zeolites or to divers i ty of ther
m a l treatment. Nevertheless , i n the riresent w o r k , i t seems inconsistent to 
assign the 3680 c m " 1 b a n d to water molecules associated w i t h the ca t ion 
since no b a n d is observed at 3400 a n d at 1640 c m " 1 . M o r e o v e r , the con
dit ions of the f o r m a t i o n of these O H a n d their t h e r m a l s tabi l i ty must be 

Ο 

\ / \ / 
re lated rather to the f o r m a t i o n of A l - O H groups b y a n A l S i 

/ \ / \ 
br idge hydrolys is at 460 ° C . T h e b a n d at 3530 c m 1 is assigned as stated 
b y W a r d (25) a n d R a b o (13) to R E - O H groups. T h i s b a n d has no 
a c i d i c property . O n the contrary, the ac id ic nature of the 3640 a n d 3680 
c m " 1 bands is def ini te ly established since they disappear w h e n p y r i d i n e is 
adsorbed a n d , s imultaneously , characterist ic i n f r a r e d bands of P y H + ions 
are observed i n the spectral r eg ion 1700-1400 c m " 1 . F u r t h e r m o r e , the 
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370 MOLECULAR SIEVE ZEOLITES II 

evacuat ion of p y r i d i n e points out the difference i n the a c i d strength of 
the 2 h y d r o x y l groups, since the latter is restored b y evacuat ion at 250 ° C 
w h i l e the former is restored o n l y after evacuat ion at 3 5 0 ° C . O n the other 
h a n d , L a Y a n d C e ( I I I ) Y seem to be rather pro ton ic a c i d solids after 
evacuat ion at 200 ° C , t h o u g h adsorpt ion of p y r i d i n e o n such solids gives 
rise to a b a n d at 1445 c m - 1 w h i c h m a y be assigned as suggested b y W a r d 
(22) a n d H a l l (4) to p y r i d i n e coordinated b y the cat ion. O n the other 
h a n d , the samples c a l c i n e d at 5 0 0 ° C conta in more L e w i s a c i d sites than 
Brons ted a c i d sites. T h o u g h characterist ic P y H + bands are s t i l l present i n 
the spectra, the appearance of a m a r k e d shoulder at 1451 c m " 1 shows the 
existence of true L e w i s a c i d sites. These L e w i s sites can only be created 
b y d e h y d r o x y l a t i o n at the expense of Brons ted a c i d h y d r o x y l groups. 
S u c h phenomena h a d a lready been observed b y W a r d (22). T h e o r i g i n a l 
result ob ta ined for N a C e ( I V ) Y samples is m o r e di f f icul t to expla in ; the 
19b v i b r a t i o n sp l i t t ing m a y be interpreted as a n evidence of the existence 
of different a c i d site strengths. T h e spl i t t ing of the 19a v i b r a t i o n , v e r y 
insensit ive to the b o n d i n g t y p e of the Ν atom, is m u c h more dif f icult to 
expla in . H o w e v e r , i t seems that there are 2 types of s i lanol a c i d g r o u p s — 
one near a s o d i u m i o n , the other near a c e r i u m ion . T h e former type 
w o u l d give rise after p y r i d i n e e q u i l i b r a t i o n to the l o w - f r e q u e n c y b a n d . 
Since this b a n d is r e m o v e d at 250 ° C , the strength of such sites is rather 
weak. T h e latter type w o u l d p r o v i d e a n e w species : a Π b o n d i n g is estab
l i s h e d be tween the p y r i d i n e a n d the e m p t y d orbitals of the eerie i o n . B y 
act ivat ion at 350 ° C , these species w o u l d give rise to a charge-transfer 
complex C 5 H 5 N H 2 + . T h e per turbat ion of the Π e lectron is strong enough 
to account for such a n important shift to h igher frequencies of the 19a 
v i b r a t i o n . 

T h e E P R spectra of anthracene adsorbed o n R E Y are characterist ic 
of the anthracene posi t ive r a d i c a l . O u r results p r o v i d e strong evidence of 
the o x i d i z i n g properties of these solids, as p o i n t e d out b y H i r s c h l e r (8). 
A n t h r a c e n e i o n i z a t i o n is i n h i b i t e d b y coke deposit o n the sample d u r i n g 
its ac t ivat ion under v a c u u m . N o r a d i c a l i o n generat ion is observed b y 
adsorpt ion of anthracene or perylene o n N H 4 Y evacuated at 500 ° C even 
i f the sample is oxygen-treated later. A n opposite behavior is observed for 
C e ( I I I ) Y f o r m : a n evacuated sample is inact ive b u t fur ther ac t ivat ion 
u n d e r oxygen produces a pale y e l l o w so l id , a n d a strong E P R s ignal is 
observed after adsorpt ion of anthracene. T h e direct role of the cat ion i n 
the e lectron transfer, as has been s h o w n for C u Y (14), is once more 
demonstrated. T h e electron acceptor sites w o u l d be the C e 4 + ions, w h i c h 
have p o w e r f u l o x i d i z i n g propert ies ; results for the N H 4 C e ( I I I ) Y f o r m 
corroborate these hypotheses since no anthracene o x i d a t i o n occurs o n such 
solids after ac t ivat ion u n d e r v a c u u m at 5 0 0 ° C , t h o u g h i n f r a r e d evidence 
of the existence of L e w i s a c i d sites is g i v e n b y the presence of the b a n d 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

68



68. B E N T A A R i T E T A L . Rare Earth Exchanged Y Zeolites 371 

at 1451 c m " 1 o n the spectra after p y r i d i n e adsorpt ion. T h e lack of a c t i v i t y 
is a t t r ibuted once more to coke poisoning . I n a s imi lar manner , the h y d r o 
c a r b o n i o n i z a t i o n needs the s o l i d to be act ivated u n d e r oxygen a n d hence 
C e 4 + to be f o r m e d . L a Y zeoli te seems to behave i n a s imi lar w a y as N H 4 Y . 
T h e dependence of the s p i n concentrat ion o n ac t ivat ion temperature is 
s imi lar . M o r e o v e r , the numbers of r a d i c a l ions are i n the same m a g n i t u d e 
range a n d the r e h y d r a t i o n of the so l id gives rise to a large decrease of 
s p i n numbers ; o n the other h a n d , the L a 3 + has no o x i d i z i n g propert ies . 
It seemed reasonable to postulate that the L a 3 + ions are not i n v o l v e d i n 
the electron transfer. T h e s imi lar behavior of L a Y a n d N H 4 Y makes us 
t h i n k that the active sites are the L e w i s a c i d sites as i n the case of the 
d e h y d r o x y l a t e d N H 4 Y . T h i s seems consistent since a b a n d at 1451 c m " 1 

appears w h e n p y r i d i n e is adsorbed o n act ivated L a Y samples, g i v i n g 
strong evidence of the presence of such L e w i s sites at the surface of this 
so l id . 

I n conclus ion , s tructural h y d r o x y l groups are observed o n the surface 
of R E Y . T h e i r format ion is a t t r ibuted to water ionzat ion b y strong fields 
near the cat ion. T h i s hydrolys is gives rise to R E - O H a n d a p r o t o n ; the 
latter reacts w i t h a surface oxygen i n the w a y stated b y several 
invest igators : 

κ \ / \ / \ / \ 
T h e ac id ic properties of some h y d r o x y l groups have been demonstrated 
b y the existence of a 1540 c m " 1 b a n d i n a l l the spectra of adsorbed p y r i d i n e 
o n solids act ivated at l o w temperature. F u r t h e r d e h y d r a t e d samples be
have either as Brons ted or L e w i s a c i d sol ids; the latter are created b y 
d e h y d r o x y l a t i o n of the zeoli te , w h i c h occurs i n t w o different w a y s : 
F i r s t 

Η 

I 
Ο Ο 

\ \ / \ _ / \ / 
[RE (OH)2]+ + A l S i ->[RE(OH)] 2+ + A l S i 

or second 
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372 M O L E C U L A R SIEVE ZEOLITES II 

H 

I 
ο ο 

\ \ / \-/ \ / \ / 
2 A l Si -> A l Si + A l +Si 

\ / \ / \ 
T h e anion vacancy, R E ( O H ) 2 + , or R E 3 + m a y a l l coordinate p y r i d i n e . 
S imultaneously , N a Y zeoli te exchanged w i t h high-electron-aff inity cations 
such as C u 2 + a n d C e 4 + acquires i m p o r t a n t o x i d i z i n g propert ies . T h e elec
t r o n is transfered f r o m the aromatic h y d r o c a r b o n to the eerie or c u p r i c 
i o n , whereas L a Y zeoli te behaves l i k e a d e h y d r o x y l a t e d N H 4 Y zeol i te . It 
seems that the N a C e ( I V ) Y f o r m also provides species such as P y H 2 + . 
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68. B E N T A A R I T E T A L . Rare Earth Exchanged Y Zeolites 373 

Discussion 
B . D . M c N i c o l ( K o n i n k l i j k e / S h e l l L a b o r a t o r i u m , A m s t e r d a m , N e t h 

erlands ) : W i t h reference to F i g u r e 1 of y o u r paper r e g a r d i n g the sp in 
concentrat ion of posi t ive anthracene ions, y o u state that " r e h y d r a t i o n 
results i n a large decrease i n s p i n concentrat ion." T h i s is cer ta inly not 
apparent i n the figure. A l s o , were no measurements m a d e o n r e h y d r a t e d 
samples w h i c h h a d been act ivated above 5 5 0 ° C ? T h i s w o u l d shed some 
l ight o n the reason for the decrease i n sp in concentrat ion observed above 
5 5 0 ° C . I n the absence of x-ray or other evidence, this decrease m a y not 
be due to structure collapse. 

C . N a c c a c h e : F i g u r e 1 shows that r e h y d r a t i o n results i n a large de
crease of sp in concentrat ion. F o r example, as can be d e t e r m i n e d i n this 
figure (dot ted l ine corresponds to sample act ivated at 4 5 0 ° a n d then 
r e h y d r a t e d ) , L a Y zeol i te d e h y d r a t e d at 4 5 0 ° gives about 1.5 Χ 1 0 1 8 pos i 
t ive r a d i c a l ions, w h i l e after rehydrat ion the n u m b e r of r a d i c a l ions is 
o n l y 1.1 χ 10 1 8 . T h e decrease i n electron-acceptor sites resul t ing f r o m 
r e h y d r a t i o n of the zeol i te is demonstrated. 

I n fact, the decrease of sp in concentrat ion observed above 550 ° C 
c o u l d be better expla ined b y m i g r a t i o n of cations i n Si pos i t ion w h e n the 
cat ion is the active site ( C e 4 + a n d C u 2 + , for example ). I n the case of L a Y , 
w e have no other explanat ion than that g iven i n our paper . I w o u l d l ike 
to k n o w i f y o u have another hypothesis w h i c h can better expla in this 
decrease. 
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69 

Infrared Spectroscopy and Cumene Cracking 
Studies on Single Component Rare Earth 
Forms of Synthetic Faujasite 

P. E. EBERLY, JR., and C. N. KIMBERLIN, JR. 

Esso Research Laboratories, Humble Oil & Refining Co., 
Baton Rouge, La. 70821 

Infrared spectroscopy and cumene cracking studies were 
conducted on the Y, La, Ce, Pr, Sm, Eu, Gd, Dy, Er, Yb, 
and Th forms of synthetic faujasite. OH groups having a 
frequency between 3470 and 3520 cm-1 are characteristic 
of the rare earth faujasites. This frequency is specific to the 
rare earth ion and increases linearly with ionic radius. These 
groups are indirectly perturbed by pyridine, which causes 
their absorption frequency to shift 20-30 cm-1 to a higher 
value. Although Bronsted acidity increases slightly with 
ionic radius, it is more strongly affected by calcination con
ditions. Lower calcination temperatures produce more 
acidic and more active catalysts for cumene cracking. The 
La, Eu, and Yb forms have higher activity than the other 
rare earths. Bronsted acidity cannot explain all nuances of 
catalytic activity. 

" D a r e earth forms of zeolites X a n d Y type faujasites possess superior 
A ^ cata lyt ic propert ies for various reactions such as a lky la t ion , i somer i -
za t ion , a n d c r a c k i n g (9, 12, 18). S t ruc tura l studies i n v o l v i n g x-ray d i f 
f rac t ion a n d C O chemisorpt ion have been made to locate the posit ions 
of the rare earth (11, 14, 16). H y d r o x y l groups a n d their re lat ionship to 
surface ac id i ty h a v e b e e n s tudied b y i n f r a r e d spectroscopy, u t i l i z i n g the 
adsorpt ion of p y r i d i n e a n d other basic molecules (2, 6, 21, 22, 23). Since 
m u c h of the previous research has i n v o l v e d measurements o n m i x e d rare 
earth faujasites, a n e e d existed for a more systematic s tudy of the i n d i 
v i d u a l rare earth zeolites, i n regard to b o t h s tructural a n d cata lyt ic 
propert ies . T h e present invest igat ion deals w i t h the Y , L a , C e , P r , S m , 
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69. EBERLY AND K i M B E R L i N Rare Earth Synthetic Faujasite 375 

E u , G d , D y , E r , Y b , a n d T h forms. In f rared spectral measurements w e r e 
c o n d u c t e d in situ to characterize the O H groups a n d ac id i ty . C a t a l y t i c 
act ivit ies were measured b y cumene c rack ing . 

T h e locat ion of rare earth ions i n faujasite type zeolites has been the 
subject of several investigations. U s i n g x-ray di f f rac t ion techniques o n a 
c e r i u m exchanged crysta l of n a t u r a l faujasite, O l s o n , K o k o t a i l o , a n d 
C h a r n e l l (11) f o u n d that the C e 3 + ions are ins ide the large adsorpt ion 
cavi ty i n the f reshly exchanged sample. U p o n d e h y d r a t i o n , however , 
the ions enter the sodalite cage cavi ty , w h e r e they are no longer avai lable 
for interact ion w i t h adsorbates. R a b o , A n g e l l , a n d Schomaker (14) 
reached s imi lar conclusions w i t h L a Y . N o cation-specif ic interact ion of 
the rare earth ions w i t h adsorbed C O was observed, i n d i c a t i n g the 
absence of ions i n the large adsorpt ion cavities. S m i t h , Bennett , a n d 
F l a n i g e n (16) f o u n d b y x-ray di f f ract ion that a l l the L a 3 + ions o c c u p y S / 
sites w i t h i n the sodalite u n i t adjacent to the hexagonal p r i s m . These 
ions are electrostatical ly sh ie lded f r o m one another b y a n O H group or 
oxygen anion. T h e latter authors report that the L a ions show a gradual , 
reversible shift i n pos i t ion u p o n heat ing. A t 725 ° C , a f o u r t h of the 
cations shift f r o m Si ' to the Si b r i d g e pos i t ion inside the hexagonal p r i s m , 
a n d another f o u r t h into Su posit ions ins ide the large adsorpt ion cavi ty . 

T o character ize the O H structure, i n f r a r e d spectral techniques have 
been used. I n general , 3 types of h y d r o x y l groups are observed. Those 
h a v i n g an absorpt ion f requency of 3740-3750 c m " 1 are unreact ive a n d 
are b e l i e v e d to terminate the external faces of the faujasite crystal or to 
exist o n some extraneous s i l i ca-conta ining phase. G r o u p s absorbing at 
3650-3630 c m " 1 are accessible to h y d r o c a r b o n molecules a n d are s imi lar 
to those f o u n d on H Y (6? 10, 19, 21). Several authors at tr ibute the 
c a r b o n i u m i o n type catalyt ic ac t iv i ty of faujasite to this par t i cu lar group 
(4, 21). A low- f requency b a n d near 3520 c m " 1 has been reported for 
m i x e d rare earth, L a , a n d C e forms of synthetic faujasite. These groups 
do not interact w i t h adsorbed molecules such as p y r i d i n e or p i p e r i d i n e 
(21). R a b o , A n g e l l , a n d Schomaker (14) suggest that this group serves 
as a sh ie ld be tween the rare earth ions ins ide the sodalite uni t . 

V a r i o u s reactions have been s tudied o n m i x e d rare earth a n d the 
L a a n d C e forms. These i n c l u d e e thylat ion of benzene ( 18), p r o p y l a t i o n 
of toluene (14), o-xylene i somer izat ion (21), butane c rack ing (14), 
c r a c k i n g of n-hexane, η-heptane, a n d ethylbenzene (8), a n d i someriza
t i o n a n d d ispropor t ionat ion of l -methyl -2 -e thylbenzene (7). O t h e r reac
tions are s u m m a r i z e d b y V e n u t o a n d L a n d i s (18). I n several reports, 
a n o p t i m u m ca lc inat ion temperature for best catalyt ic per formance has 
been demonstrated (7, 8, 14, 18, 21). 
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Experimental 

Materials. T h e degree of exchange a n d surface area of the faujasites 
are g iven i n T a b l e I. T h e exper imental surface areas were obta ined b y 
n i t rogen adsorpt ion techniques, us ing the L a n g m u i r method . 

Table I. Properties of Various Ion-exchanged Forms 
of Synthetic Faujasite 

% Na+ Ions 
Surface Area, M2/g 

Form Exchanged Exptl. Calcd. 

N a 0 839 854 
H 89 952 952 
Y 68 840 837 
L a 75 809 792 
C e 75 809 791 
P r 76 813 789 
S m 74 763 785 
E u 69 789 787 
G d 74 782 778 
D y 72 774 780 
E r 68 776 777 
Y b 66 757 774 
T h 87 556 752 

T h e h y d r o g e n f o r m was o b t a i n e d b y c a l c i n i n g the a m m o n i u m f o r m 
at 427 ° C i n air . T h e latter was p r e p a r e d b y ion-exchanging N a Y w i t h 
NH4NO3 solutions, u s i n g convent ional techniques. Rare earth chlorides 
(99 .9% ) were obta ined f r o m the A m e r i c a n Potash a n d C h e m i c a l C o r p . 
to prepare the various rare earth forms f r o m N a Y . T h Y was p r e p a r e d 
us ing T h ( N 0 3 ) 4 . 

T a k i n g the va lue of 952 M 2 / g r a m for H Y , one can calculate w h a t 
the surface areas should be for the other samples i f the crysta l structure 
r e m a i n e d intact a n d a l l that changed was the w e i g h t of the u n i t ce l l . 
These results are g i v e n i n the ca lculated c o l u m n a n d , i n general , compare 
q u i t e favorab ly w i t h the exper imental values. T h Y , however , has a sur
face area w h i c h is near ly 200 M 2 / g r a m lower than pred ic ted . T h i s sug
gests that some loss i n crysta l l in i ty m a y have occurred . X - r a y di f f ract ion 
l ines have l o w e r than expected intensities. 

Infrared Spectral Measurements. Sample prepara t ion techniques 
a n d apparatus have been descr ibed prev ious ly (3 , 4). T h e spectra were 
recorded o n disks of p o w d e r e d mater ia l w i t h a C a r y - W h i t e M o d e l 90 
i n f r a r e d spectrophotometer. Spectra w e r e obta ined f r o m 4000 to 1200 
c m " 1 at a spectral slit w i d t h of 4 c m " 1 a n d a scan speed of 3 c m _ 1 / s e c . 
T h e in f rared c e l l was so constructed as to permi t calcinations to be done 
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69. EBERLY AND K i M B E R L i N Rare Earth Synthetic Faujasite 377 

either u n d e r v a c u u m or i n a stream of d r y air . A l l spectra w e r e r e c o r d e d 
in situ at the h i g h temperatures i n d i c a t e d i n the tables a n d figures. 

Cumene Cracking Experiments. T h e cumene c r a c k i n g studies were 
done i n a manner s imi lar to that repor ted b y R i c h a r d s o n (15). T h e 
faujasites were compressed into p i l l s w h i c h w e r e c racked , a n d a 28-35 
mesh f rac t ion was isolated. A 300-mg p o r t i o n was first c a l c i n e d at a n 
e levated temperature . T h i s general ly i n v o l v e d a 16-hour treatment i n 
a ir at 538°C. O t h e r ca lc inat ion condit ions are as noted. T h e catalyst 
was then transferred under n i t rogen to a n o m i n a l 1 /4 - inch stainless steel, 
20-gage t u b u l a r reactor w h i c h was p l a c e d i n a constant-temperature 
fluidized sandbath. A f t e r e q u i l i b r a t i o n w i t h h e l i u m carrier gas, the 
cumene was i n t r o d u c e d to the reactor b y p e r m i t t i n g the carr ier gas to 

FREQUENCY IN CM." 

Figure 1. Infrared spectra of SmY under vacuum 
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3800 3600 3400 3200 

FREQUENCY IN CM.-1 

Figure 2. Infrared spectra in OH region of CeY and SmY 

b u b b l e t h r o u g h a cumene saturator m a i n t a i n e d at 18 ° C . T h e flow rate 
was adjusted to p r o v i d e a space ve loc i ty of 0.43 W / h r / W . Peroxides , 
w h i c h are k n o w n to affect c r a c k i n g rate ( 1 3 ) , were r e m o v e d b y passing 
the cumene feed t h r o u g h a b e d of 1 3 X molecular sieve. 

Results 

I n f r a r e d S p e c t r a l Studies . CHARACTERISTICS O F O H G R O U P S . T h e 

v i b r a t i o n a l propert ies of O H groups a n d water adsorbed o n zeolites 
d e p e n d strongly o n the amount of water present. F u r t h e r m o r e , for a 
g i v e n state of d e h y d r a t i o n , the nature of the i n f r a r e d bands i n the O H 
reg ion shows some dependence o n temperature ( 1 ). 
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69. EBERLY AND K i M B E R L i N Rare Earth Synthetic Faujasite 379 

Spectra are g i v e n i n F i g u r e 1 for a sample of S m Y . T h e disk was 
p l a c e d i n the spectrometer c e l l , w h i c h was t h e n evacuated. Spectra w e r e 
recorded as the sample was heated f r o m 9 3 ° to 538 ° C . T h e O H bands 
observed i n these high-temperature spectra are broader t h a n those 
measured prev ious ly at r o o m temperature o n other rare earth forms (2, 
14, 21), i n d i c a t i n g poss ib ly a greater degree of p r o t o n m o b i l i t y . T h e 
3740 c m " 1 b a n d changes l i t t le i n intensity. A s the p h y s i c a l l y adsorbed 
water is r e m o v e d , 2 bands b e g i n to appear at 3630 a n d 3550 c m " 1 . T h e 
latter shows a g r a d u a l decrease i n f requency to 3495 c m " 1 as the tempera
ture is ra ised to 427 ° C a n d above. T h e 3630 c m " 1 b a n d is easily seen at 
intermediate temperatures b u t is not apparent i n the spectra recorded 
at 4 9 6 ° a n d 538 ° C . T h e concentrat ion of O H groups responsible for this 
b a n d is too l o w for detect ion b y i n f r a r e d spectroscopy. 

A f t e r d e h y d r a t i o n , the O H groups can be reconst i tuted b y exposure 
to water at e levated temperatures. T h i s is i l lus tra ted b y the spectra i n 
F i g u r e 2 for C e Y a n d S m Y . E x c e p t for a s m a l l change i n f requency of 
the h igh- intens i ty O H b a n d , the spectra are s imilar . A f t e r evacuat ion at 
4 2 7 ° C , 2 m m of water pressure is p l a c e d o n the sample a n d a n i m m e d i a t e 
increase i n O H b a n d intensities is observed. T h i s is p a r t i c u l a r l y t rue for 
the 3630 a n d the 3500 c m " 1 bands. U p o n l o w e r i n g to 260 ° C , a fur ther 
increase i n intensi ty occurs; however , some p h y s i c a l l y adsorbed water is 
also present at these condit ions , as i n d i c a t e d b y a b a n d near 1635 c m " 1 

(not s h o w n ) . 
Spectra of the rare earth faujasites were recorded at 216 ° C under 

v a c u u m , after a previous evacuat ion at 427 ° C . L i t t l e difference was seen 
i n the 3740 a n d 3630 c m " 1 groups. T h e f requency of the predominant 
O H group , however , increases cont inua l ly w i t h ionic radius f r o m 3470 
c m " 1 for Y b Y to 3522 c m " 1 for L a Y . T h i s is s h o w n b y the open squares 
i n F i g u r e 3. T h e integrated absorbance ( o p e n c i r c l es ) , w h i c h is more 
di f f icul t to estimate, exhibits no regular dependence w i t h radius . 

T h e O H structure of T h Y is different f r o m the rare earth forms. 
G r o u p s at 3630 c m " 1 are present, b u t the low- f requency groups b e t w e e n 
3470-3520 c m " 1 are not observed. T h e intensity of the 3740 c m " 1 b a n d is 
over 3 times as great. T h i s fact a n d the lower than expected surface area 
suggest some loss of crysta l l in i ty . 

PYRIDINE A D S O R P T I O N . Vacuum-Calcined Faujasites. P y r i d i n e a d 
sorpt ion was c o n d u c t e d at 2 6 0 ° C a n d 2 m m of pressure after previous 
evacuat ion of the so l id at 4 2 7 ° C . P y r i d i n i u m ions f o r m e d b y interact ion 
w i t h Brons ted sites have an i n f r a r e d absorpt ion b a n d at 1538 c m " 1 . 
P y r i d i n e , coordinate ly b o u n d either to L e w i s sites or cations, is observed 
b y bands i n the 1440-1450 c m " 1 region. 

P y r i d i n e interacts strongly w i t h the O H groups at 3630 c m " 1 , caus ing 
the b a n d to disappear . H o w e v e r , some effect is also seen o n the l o w -
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0.86 0.90 0.94 0.98 1.02 1.06 

IONIC RADIUS, A 

Figure 3. Effect of pyridine adsorption at 260°C on low-frequency OH band 

Open points—vacuum before pyridine adsorption 
Solid points—2 mm pyridine 

f r e q u e n c y O H groups. T h i s is i l lustrated i n F i g u r e 3. T h e top lines 
p e r t a i n i n g to the f requency of the b a n d show that p y r i d i n e adsorpt ion 
causes a shift i n f requency of 20-30 c m - 1 to h igher values. S ince most 
d irec t interactions, such as h y d r o g e n b o n d i n g , cause a shift i n the other 
d i rec t ion , this p h e n o m e n o n cannot be expla ined o n this basis. M o r e o v e r , 
there is l i t t le change i n the integrated absorbance of the b a n d , as seen 
b y the results o n the b o t t o m curve . 

A c i d i t i e s as expressed b y the absorbances of the i n f r a r e d bands are 
p l o t t e d i n F i g u r e 4. D a t a w e r e recorded under 2 m m of pressure a n d 
after evacuat ion for 30 minutes to remove revers ib ly adsorbed species. 
T h e 3230 c m " 1 b a n d , l i k e the 1538 c m " 1 b a n d , is caused b y p y r i d i n i u m 
ions a n d can be use fu l for est imating a c i d i t y w h e n the latter b a n d be
comes too intense. A l t h o u g h some scatter exists, the B r o n s t e d a c i d i t y 
tends to increase w i t h ionic radius . N e a r l y 30-40% of this a c i d i t y is 
reversible . I n the 1450 c m " 1 reg ion, 2 types of adsorbed p y r i d i n e can be 
dis t inguished , 1 species absorbing at 1452 c m " 1 a n d the other at 1438 
c m - 1 . T h e latter b a n d is more intense a n d r e m o v e d easi ly b y evacuat ion. 
T h e r e m a i n i n g 1452 c m " 1 b a n d arises f r o m L e w i s ac id i ty . Its intensi ty is 
the same for a l l the rare earth faujasites. 

Air-Calcined Faujasites. Since ca l c ina t ion condit ions were s h o w n to 
have a strong effect o n cata lyt ic ac t iv i ty , a c i d i t y measurements were 
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Yb Er Dy Gd Eu Sm Pr Ce La 

ο I Il I L L J Ll Li Lu il 
0.86 0.90 0.94 0.98 1.02 1.06 1.10 

IONIC RADIUS, Â 

Figure 4. Ahsorhance of pyridine infrared bands on rare earth 
forms of zeolite Y at 260°C 

Open points—2 mm pyridine 
Solid points—30-min evacuation after pyridine adsorption 

p e r f o r m e d o n samples c a l c i n e d i n air at various temperatures to o b t a i n 
a more v a l i d corre lat ion w i t h act ivi ty . A f t e r a ir ca lc inat ion i n the i n f r a 
r e d spectrometer, the sample was evacuated br ief ly , a n d the temperature 
was l o w e r e d to 2 6 0 ° C for p y r i d i n e adsorpt ion at the s tandard condit ions . 
Results are s h o w n i n T a b l e I I for S m Y . D a t a were r e c o r d e d u n d e r 2 m m 
of pressure a n d after evacuat ion for 30 minutes , to d is t inguish b e t w e e n 
the reversible a n d irrevers ible ac id i ty . 
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Table II. Infrared Absorbance" of Pyridine Bands on 
SmY after Calcination in A i r 

Cal- Bronsted Acidity 
cina- Lewis Acidity 
tion 3230 0m-1 1538 Cmr1 

Temp., 1438 Cm-1, 11+52 Cm~\ 
°C Rev. Irrev. Rev. Irrev. Rev. Irrev. 

274 1.5 4.8 b b b b 
316 0.7 4.0 b b b b 
427 1.2 3.2 1.2 4.5 2.3 0.8 
538 1.4 2.5 2.0 3.7 2.7 0.9 
650 1.9 1.4 3.4 1.7 5.9 0.4 

a Per gram of zeolite. 
b Not measurable. 

T h e tota l n u m b e r of B r o n s t e d sites is l o w e r e d b y increas ing ca lc ina
t i o n temperature. T h i s results p r i m a r i l y f r o m a sharp r e d u c t i o n i n strong 
sites, as reflected b y a decrease i n the i rrevers ible p o r t i o n of ac id i ty . T h e 
reversible a c i d i t y tends to increase. T h i s is true for b o t h the Brons ted 
a n d L e w i s types. 

Intensities of the p y r i d i n e bands o n S m Y c o u l d not be est imated i n 
the l o w - f r e q u e n c y reg ion because of interference f r o m carbonate bands. 
D a t a are g i v e n i n T a b l e I I I w h i c h show that these bands disappear only 
at temperatures above 4 8 2 ° C . 

Table III. Carbonate Bands on SmY after Calcination in A i r 

Calcination 
Absorbance Per Gram 

Temp., ° C 1510 Cm-1 1U0 Cm-1 

93 7.8 9.9 
204 5.8 7.2 
316 4.3 5.2 
427 2.5 2.1 
482 0.64 1.0 
538 0 0 

These species c o u l d result f r o m impur i t ies i n the rare earth salt a n d 
m a y be of some importance cata lyt ica l ly . 

Cumene Cracking Studies. Results are s h o w n i n F i g u r e 5 for 3 
samples of S m Y c a l c i n e d at different temperatures. T h e differences i n 
ac t iv i ty are caused b y changes i n the preexponent ia l factor rather t h a n 
ac t ivat ion energy. T h e latter amounts to 20 k c a l / m o l e . T h i s is l o w e r 
t h a n the 28 k c a l / m o l e repor ted b y R i c h a r d s o n (15) fo r the a l k a l i a n d 
a lka l ine earth forms but is the same as that observed b y T o p c h i e v a 
et al. (17) for the y t t r i u m a n d l a n t h a n u m faujasites. C o n v e r s i o n data for 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

69



69. EBERLY AND K i M B E R L i N Rare Earth Synthetic Faujasite 383 

1.5 1.6 1.7 1.8 1.9 2.0 2.1 

} ( ° K - 1 ) χ 103 

Figure 5. Effect of temperature on cumene cracking activity of 
Sm faujasites (0.43 W/hr/W) 

Ο SmY calcined at 427°C 
# SmY calcined at 538°C 
• SmY calcined at 650°C 

S m Y c a l c i n e d at other condit ions are i n d i c a t e d b y the s o l i d points i n 
F i g u r e 6. 

T h e various rare earth faujasites were c a l c i n e d at 5 3 8 ° C a n d then 
tested for cumene c r a c k i n g ac t iv i ty . C o n v e r s i o n levels are p l o t t e d i n 
F i g u r e 6. H Y is superior to the rare earth forms. W i t h the except ion of 
L a , E u , a n d Y b , the rare earths general ly give conversions i n the 15-25% 
range. 

Discussion 

H i g h - t e m p e r a t u r e spectra in situ p e r m i t character izat ion of the O H 
groups a n d other s t ructural features as they present themselves to the 
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reactant hydrocarbons . T h e groups near 3630 c m " 1 have a par t i cu lar 
importance since they are r e a d i l y accessible to adsorbed molecules a n d 
are responsible for Bronsted ac idi ty . T h e groups h a v i n g a f requency be
t w e e n 3470-3520 c m " 1 appear to be isolated f r o m adsorbed molecules 
a n d are c losely associated w i t h the rare earth i o n . T h e par t i cu lar fre
q u e n c y at w h i c h they adsorb increases l inear ly w i t h ion ic radius . P y r i 
d i n e adsorpt ion causes this b a n d to shif t 20-30 c m " 1 to h igher values 
w i t h o u t any change i n integrated absorbance. T h i s indi rec t interact ion 
c a n b e expla ined i f the group is inside the sodalite cage connected to a 
rare earth i o n w h i c h , i n t u r n , is connected to a n accessible O H group 
(3630 c m " 1 ) . P y r i d i n e forms a n i o n w i t h the latter w h i c h apparent ly 
causes an alternate strengthening a n d w e a k e n i n g of bonds a long the 
— Ο — R E — Ο — Η · · · l inkage resul t ing i n a strengthening of the b o n d 
i n the inaccessible O H group a n d a n increase i n f requency. 

Results suggest that the O H groups absorb ing near 3630 c m " 1 are 
p r i m a r i l y responsible for c rack ing act iv i ty . H e n c e , the decrease i n their 
concentrat ion caused b y more severe ca lc inat ion appears to account for 
the decrease i n catalyt ic act iv i ty . T h e a c i d i t y or protonat ion a b i l i t y of 
these groups, as measured b y p y r i d i n e adsorpt ion, w o u l d be expected to 
be the p r i m e var iable . Corre lat ions of catalyt ic ac t iv i ty w i t h Bronsted 
a c i d i t y have been repor ted prev ious ly (20, 21, 24, 25). Results f r o m the 

100 

2 6 0 r 

90 

80 

70h 

20h 

30h-

10h 

0' 
H Y La Ce Pr Sm Eu Gd Dy Er Yb Th 

FORM OF ZEOLITE Y 

Figure 6. Cumene cracking on ion-exchanged forms of zeolite Y 
at 274°C and 0.43 W/hr/W 
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69. EBERLY AND K i M B E R L i N Rare Earth Synthetic Faujasite 385 

Ο 1 2 3 4 5 6 7 

BRONSTED ACIDITY, ABSORBANCE PER GRAM OF 1538 CM."1 PYRIDINE BAND 

Figure 7. Cumene cracking activity vs. irreversible Bronsted 
acidity 

Calcd. Temp. 
1. n-AWs 538 
2. 13% AWs—87% SiOz 538 
3. CaY (75% exch.) 427 
4. CaY (75% exch.) 538 
5. YY 538 
6. LaY 538 
7. CeY 538 
8. PrY 538 
9. SmY 204 

10. SmY 274 
11. SmY 316 
12. SmY 427 
13. SmY 538 
14. SmY 650 
15. EuY 538 
16. GdY 538 
17. DyY 538 
18. ErY 538 
19. YbY 538 
20. ThY 538 
21. HY 538 

present s tudy are s h o w n i n F i g u r e 7 for zeol i t i c a n d other catalysts. 
T h e r e is a general correlat ion, b u t i t is obvious that exceptions exist. 
F o r a g i v e n rare earth faujasite such as S m Y , the convers ion vs. a c i d i t y 
fo l lows a smooth S-type curve ( s o l i d p o i n t s ) . H o w e v e r , i f the rare earth 
i o n is v a r i e d , the correlat ion w i t h a c i d i t y is no longer c o n v i n c i n g . F o r 
example , E u Y gives about t w i c e the convers ion as C e Y , even t h o u g h the 
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386 MOLECULAR SIEVE ZEOLITES II 

acidit ies are about the same. T h e results i n F i g u r e 6 s h o w that a m o n g 
the rare earths, the L a , E u , a n d Y b forms have p r o m i n e n t activit ies 
w h i c h are not reflected b y Brons ted ac id i ty . T h e r e is no single proper ty 
w h i c h i m m e d i a t e l y suggests itself that c o u l d account a priori for the 
ac t iv i ty pattern. T h Y is p r o b a b l y less act ive because of a p a r t i a l loss i n 
structure. I n any event, ac t iv i ty is not a s imple f u n c t i o n of ac id i ty . 
Perhaps , as W a r d (21) has suggested, ac t iv i ty can be caused b y an inter
ac t ion be tween Brons ted a n d L e w i s sites. 

Chr i s tner , L i e n g m e , a n d H a l l (2) observed that C 0 2 a d d i t i o n i n 
creases the f o r m a t i o n of p y r i d i n i u m ions o n faujasites. Fr i l e t te a n d M u n n s 
(5 ) f o u n d that C 0 2 increases d e h y d r a t i o n ac t iv i ty i n N a Y . T h u s , the 
presence of carbonate ions o n faujasites m a y have cata lyt ic significance. 
O u r results show that the ac t iv i ty of S m Y decreases not o n l y w i t h de
creasing Brons ted a c i d i t y but carbonate content as w e l l . 
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Discussion 

W . H . Flank ( H o u d r y Laborator ies , M a r c u s H o o k , P a . 19061) : I get 
the impress ion that w e are v i e w i n g zeol i t i c catalysts as t h e r m o d y n a m i c a l l y 
perfect crystals, a n d w e v i e w active sites i n terms of s to ichiometry rather 
than i n cata lyt ic amounts. I th ink w e accept this over-s impl i f icat ion too 
readi ly . C a t a l y t i c sites s h o u l d be g iven credit for b e i n g able to w o r k 
h a r d . W e must also consider that zeol i t ic catalysts under actual react ion 
condit ions at e levated temperatures have p r o b a b l y undergone signif icant 
d y n a m i c s t ructural changes, especial ly w i t h regard to protons. T h e p r o b 
l e m is : w h a t are w e rea l ly l o o k i n g at? 

P. E . Eberly, Jr.: I share y o u r concern about s t ructural changes w i t h 
temperature . Consequent ly , w e have consistently g iven considerat ion to 
w h a t condit ions w o u l d be most desirable for measur ing ac id i ty . W e have 
effected a compromise . A t react ion temperatures m u c h above 260 ° C , 
p y r i d i n e can undergo some decomposi t ion , a n d this c louds the exper i 
m e n t a l results. W e selected 2 6 0 ° C for p y r i d i n e adsorpt ion. T h i s is 
h igher than that used b y other investigators a n d hence should y i e l d 
acidit ies w h i c h more near ly represent those at the c r a c k i n g temperature 
of 274 ° C used i n this study. 

A . E . Hirschler ( S u n O i l C o . , M a r c u s H o o k , P a . 19061) : I s h o u l d 
l ike to make a comment re la t ing to your statement that ac t iv i ty is not 
a s imple func t ion of ac idi ty . T h i s statement appears to conta in the i m 
p l i c i t assumption that a l l a c i d sites able to protonate p y r i d i n e w o u l d have 
the same catalyt ic act iv i ty . A c t u a l l y , one m i g h t expect an intensity factor 
( a c i d strength) to be operat ive i n a c i d catalysis as w e l l as an extensive 
factor, a n d the apparent lack of correlat ion y o u observed m a y result f r o m 
an influence of a c i d strength o n catalyt ic act ivi ty . P y r i d i n e adsorpt ion 
data alone do not complete ly define Bronsted ac id i ty . O n e m a y need 
also some measure of a c i d strength. A c i d i t y measurement w i t h H R i n d i 
cators, such as w e a n d others have reported, m a y s u p p l y use fu l i n f o r m a 
t ion re lat ive to a c i d strength as w e l l as n u m b e r of a c i d sites. 
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388 MOLECULAR SIEVE ZEOLITES II 

P. E . Eberly, Jr.: I agree i n general w i t h your statements. A s I i n 
d i c a t e d i n m y talk there is p r o b a b l y a d i s t r ibut ion of strengths of a c i d 
sites responsible for protonat ing p y r i d i n e a n d creat ing the b a n d at 1538 
c m " 1 . M o r e data are needed. Poss ib ly , the techniques y o u m e n t i o n m i g h t 
be h e l p f u l . H o w e v e r , I have h a d some reservations i n us ing the H R 

indicators i n v i e w of their general ly large molecular size a n d also i n v i e w 
of the measurements b e i n g conducted i n the l i q u i d phase. Some severe 
rate l imitat ions m a y arise i n measur ing acidit ies b y this technique. Sec
o n d l y , protons i n the h y d r o x y l groups are reported to become somewhat 
m o b i l e as the temperature is raised. Consequent ly , measurements m a d e 
at n o m i n a l temperatures m i g h t not t r u l y reflect the a c i d i t y avai lable at 
react ion condit ions . 

W . K. H a l l ( G u l f Research & D e - e l o p m e n t C o . , P i t t sburgh , P a . 
15230) : W i t h the a lkal ine earth ions, the b a n d f o r m e d on the adsorpt ion 
of p y r i d i n e i n the 1438 to 1450 c m " 1 reg ion shifts to higher f requency as 
the electric field f r o m the i o n increases. D i d y o u observe such effects 
w i t h the rare earth ions? If not, does this m e a n the rare earth ions are 
inaccessible to the gas? 

P. E . Eberly, Jr.: N o , w e do not observe any shift i n f requency of 
the 1438 c m " 1 b a n d w i t h the nature of the rare earth i o n . T h u s , I bel ieve 
the rare earth ions are ins ide the sodalite cage, not d i rec t ly accessible to 
p y r i d i n e . W a r d has suggested that the 1438 c m " 1 b a n d c o u l d arise f r o m 
interact ion of p y r i d i n e w i t h the res idua l s o d i u m ions i n the supercage. 

J. W. Ward ( U n i o n O i l C o . , Brea , C a l i f . 92621) : Since the exchanged 
zeolites used are ion-exchanged w i t h the i n d i v i d u a l rare earth cations to 
about 7 5 % , is i t not possible that the absorpt ion b a n d at 1438 c m " 1 i n 
the spec t rum of adsorbed p y r i d i n e is caused b y interact ion w i t h the 
r e m a i n i n g s o d i u m ions? W h a t type of correlat ion does one obta in be
tween the cata lyt ic ac t iv i ty a n d the easily r e m o v e d p y r i d i n i u m ion? Is i t 
not possible that the difference between ac t iv i ty a n d ac id i ty result f r o m 
different pretreatments of the sample used i n each s tudy? 

P. E . Eberly, Jr.: Yes. T h i s seems plaus ib le . T h e b a n d appears at 
1438 c m " 1 a n d does not change w i t h the nature of the rare earth i o n . T h e 
reversible Brons ted ac id i ty does not correlate w e l l w i t h catalyst act ivi ty . 
Pretreatments were ident i ca l for the c r a c k i n g studies i n F i g u r e 6 a n d the 
a c i d i t y measurements i n F i g u r e 7. 
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Isomerization of n-Butenes over 
Ion-Exchanged X Zeolites 

Ν. E. CROSS, C. KEMBALL, and H. F. LEACH 

Department of Chemistry, University of Edinburgh, West Mains Road, 
Edinburgh EH9 3JJ, Scotland 

Several zeolites, prepared from 13X by replacing some of 
the sodium ions by other cations, have been used as catalysts 
for the isomerization of n-butenes. Detailed studies, includ
ing the examination of the deuterium content of reactant 
and products after isomerization in the presence of deuter
ium or deuterium oxide, were carried out with zeolites con
taining varying amounts of Ce3+ or Zn2+ ions. Results with 
CeX zeolites (and the majority of the other zeolites ex
amined) were indicative of a carbonium ion mechanism, but 
other work gave evidence for radical intermediates on NiX 
sieves. The behavior of the ZnX lay between these extremes 
and depended on the extent of exchange. 

' T ' h e a p p l i c a t i o n of zeolites as catalysts for a var ie ty of reactions of 
A c o m m e r c i a l significance has been r e v i e w e d b y V e n u t o a n d L a n d i s 
(23). I n general , the m u l t i v a l e n t a n d decat ionated forms of the zeolites 
exhibi t a c a r b o n i u m - i o n type of catalyt ic ac t iv i ty , whereas the a l k a l i 
meta l forms show p r i m a r i l y a r a d i c a l type of act ivi ty . 

I n the present w o r k , the react ion selected to examine the effect of 
a l ter ing the cat ion o n the catalyt ic properties of the zeol i te was n-butene 
isomerizat ion. T h i s react ion has a h i g h l y selective character a n d does 
not require extreme condit ions . T h e rate of 1-butene disappearance gives 
a convenient measure of act iv i ty , a n d the i n i t i a l p r o d u c t rat io (cis-2-
butene/£rans-2-butene ) can p r o v i d e a guide to the nature of the react ion 
mechanism (7). 

A synthetic near-faujasite molecular sieve of type X (5) was used 
as the parent zeolite, a n d the s o d i u m cations were rep laced b y a range 
of other cations. Deta i l s of the structure a n d possible posit ions that the 
cations m a y o c c u p y have been p u b l i s h e d ( I , 6, 18). W i t h some of the 
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390 M O L E C U L A R SIEVE ZEOLITES II 

zeolites, a more deta i led invest igat ion was under taken of the effect of the 
extent of ca t ion exchange; w i t h these zeolites, the butene i somer izat ion 
was carr ied out also i n the presence of d e u t e r i u m a n d d e u t e r i u m oxide. 

Experimental 

Apparatus. T h e apparatus a n d exper imenta l procedure have been 
descr ibed ( 9 ) . A static system was used w i t h catalyst samples ( n o r m a l l y 
0.1 gram of h y d r a t e d mater ia l ) i n the b o t t o m of the react ion vessel ( v o l 
u m e 1 Χ 10" 4 m 3 ) . T h e react ion was f o l l o w e d b y p e r i o d i c a l l y s a m p l i n g 
the gas phase above the catalyst a n d a n a l y z i n g b y G L C techniques. 

Catalysts. T h e start ing mater ia l for a l l the catalysts was L i n d e 
1 3 X i n p o w d e r f o r m , free of c lay b inder . T h e b u l k sample h a d a s i l i con-
t o - a l u m i n u m rat io of 1.27 ± 0.02 (16). I n a l l cases, the zeolites were 
p r e p a r e d b y i o n exchange w i t h salt solut ion (e i ther ch lor ide , sulfate, or 
ni trate) of the r e q u i r e d cat ion at r o o m temperature. T h e extent of ex
change was est imated f r o m either analysis of the res idua l salt so lut ion 
or de terminat ion of the r e s i d u a l s o d i u m i n the zeoli te sample. A f t e r 
preparat ion , the exchanged zeolites were stored over saturated c a l c i u m 
nitrate solut ion. 

Reagents. T h e butènes ( M a t h e s o n , C P grade ) were p u r i f i e d further 
before use b y repeated low-temperature d is t i l la t ion . Ana lys i s b y G L C 
s h o w e d that the i n d i v i d u a l butènes then conta ined o n l y negl ig ib le 
amounts of l o w e r molecu lar w e i g h t compounds . D e u t e r i u m ( M a t h e s o n ) 
was p u r i f i e d b y di f fus ion t h r o u g h a p a l l a d i u m th imble . T h e d e u t e r i u m 
oxide ( 9 9 . 7 % ) was obta ined f r o m I . C . I . L t d . a n d was degassed before 
use. 

Characterization of Catalysts. C o m p a r a t i v e surface area measure
ments w e r e m a d e o n a select ion of the catalyst samples as descr ibed 
p r e v i o u s l y (9). X - r a y di f f rac t ion traces were obta ined for each zeoli te 
b o t h before a n d after use. 

T h e r e s i d u a l water content of each catalyst after d r y i n g a n d storage 
over saturated c a l c i u m nitrate solut ion was de termined b y T G i n air , 
u s i n g a Stanton M a s s F l o w balance (heat ing rate of 0 . 0 8 3 ° C s e c ' 1 ) . 

Results 

General Survey. T h e ac t iv i ty of a series of the ion-exchanged X - t y p e 
zeolites was invest igated b y measur ing the temperature range at w h i c h 
1-butene i somer izat ion occurred . A 0.1-gram sample of the h y d r a t e d 
catalyst was used i n each case, a n d the catalyst outgassed at 4 2 0 ° C for 
12 hours p r i o r to use. A charge of approx imate ly 1.2 Χ 10 2 0 molecules 
of 1-butene was a d m i t t e d to the react ion vessel at r o o m temperature, 
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70. CROSS E T A L . Isomerization of n-Butenes 391 

Table I. Catalytic Data of Ion-Exchanged X Zeolites 

Approx. Temp. Rate of 1-Butene Product 
%Na Range of 

Reaction, T,°C 
Disappearance, 

%Min~l (atT°C) 
Ratio* 

Catalyst Exchanged 
Range of 

Reaction, T,°C 
Disappearance, 

%Min~l (atT°C) 

N a X 0 200-300 0.17(250) 1.0 
N i X 68 35-60 0.23(35) 0.5 
C r X 35 50-100 0.77(64) 1.5 
Z n X 70 50-100 0.63(50) 0.5 
C e X 79 35-50 0.58(36) 1.5 
L i X 85 190-300 0.18(190) 1.0 
M g X 74 100-150 0.25(108) 1.0 
C a X 59 150-200 0.08(157) 1.2 
M n X 79 100-160 0.09(108) 0.3 
C o X 52 100-150 0.35(126) 1.4 
C u X 62 20-90 0.30(40) 0.95 
L a X 88 0-40 2.30(16) 1.25 
T h X 10 150-200 1.20(168) 1.0 

° I n i t i a l value for cis-2-butene/irems-2-butene product rat io . 

a n d the temperature increased s l o w l y u n t i l i somer izat ion occurred . T h e 
temperature was h e l d at this va lue w h i l e the rate of 1-butene disappear
ance was measured a n d then ra ised to such a value that e q u i l i b r i u m 
be tween the butènes was r a p i d l y established. I n this manner , a n ap
proximate temperature range of ac t iv i ty a n d the i n i t i a l c i s -2-butene/ 
£rans-2-butene p r o d u c t rat io w e r e d e t e r m i n e d for each catalyst. T h e 
results are l is ted i n T a b l e I. A l l the zeolites l i s ted i n this table d i s p l a y e d 
a n x-ray di f f ract ion pattern characterist ic of the faujasite crysta l struc
ture, a n d surface areas w e r e a l l i n the range 870 ± 30 m 2 g r a m " 1 ( us ing 
the po in t Β m e t h o d w i t h n i t rogen as adsorbate) . 

A more deta i led invest igat ion, i n c l u d i n g the effect of v a r y i n g the 
amount of cat ion exchange, was under taken for catalysts conta in ing z i n c 
a n d c e r i u m cations as they were b o t h act ive at l o w temperatures b u t 
exhib i ted different p r o d u c t selectivities. A s imi lar s tudy of the n i c k e l -
exchanged zeoli te w i l l be reported elsewhere (8). 

Z n X and CeX. W i t h b o t h metals , 4 catalysts w i t h different amounts 
of s o d i u m cations rep laced w e r e prepared . T h e i somer izat ion of 1-butene 
was s tudied over each catalyst at a range of temperatures, us ing catalyst 
samples w e i g h i n g 0.1 g r a m after d e h y d r a t i o n . T h e data f r o m the T G 
experiments were used to calculate the amounts of h y d r a t e d catalysts 
r e q u i r e d to give this we ight of anhydrous mater ia l . I n most cases, the 
course of the react ion at a g iven temperature f o l l o w e d the reversible first 
order equat ion 

kiat/(a — xe) = In (a — xe) — In {x — xe) 
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Table II. Kinetic Data for » -Butene 

1-Butene Data 

% Activn. Product 
Catalyst Exch. Rate" Energy6 Log Ac Ratio* 

Z n X - I 70 1.14(73) 40 20.7 0.5 
Z n X - I I 50 1.53(170) 59 21.3 1.0 
Z n X - I I I 40 1.68(178) 59 21.3 1.3 
Z n X - I V 21 1.90(192) 95 25.2 1.2 
C e X - I 77 1.17(41) 111 33.0 1.5 
C e X - I I 68 1.05(70) 88 27.8 1.4 
C e X - I I I 36 1.52(175) 71 22.8 1.2 
C e X - I V 15 0.94(177) 93 25.0 1.2 

° Initial rate of 1-butene disappearance (% m i n - 1 at T°C). 
b Activation energy in k j mole - 1 . 
c A in moles sec - 1 m - 2 . 

w h e r e &i represents the first order rate constant of the f o r w a r d react ion, 
a the i n i t i a l concentrat ion of 1-butene, χ the 1-butene concentrat ion at 
t ime t, a n d xe the 1-butene concentrat ion at e q u i l i b r i u m . T h e k inet ic 
data , w i t h A r r h e n i u s parameters, are s u m m a r i z e d i n T a b l e I I . T h e rate 
of react ion increased w i t h percentage cat ion exchange for b o t h Z n X a n d 
C e X , as also d i d the ac t ivat ion energy a n d the pre-exponent ia l factor for 
C e X . W i t h Z n X , however , there was a decrease i n the latter 2 quantit ies 
w i t h increase i n z i n c content. 

Exper iments us ing a h igher i n i t i a l 1-butene pressure resulted i n a 
decrease i n percentage rate, but the absolute rate r e m a i n e d effectively 
constant—e.g., w i t h Z n X - I I at 1 7 0 ° C , d o u b l i n g the pressure changed 
the i n i t i a l rate f r o m 1.22 χ 10 1 8 to 1.14 Χ 10 1 8 molecules minute" 1 . 

E x p e r i m e n t s were carr ied out w i t h b o t h c e r i u m a n d z i n c catalysts 
i n w h i c h the catalysts were reused after outgassing at react ion tempera
ture. Invar iab ly , a s low rate of react ion was observed i n the repeat 
experiment, a n d an increased preference for cis-2-butene i n the products 
was exhib i ted also. W i t h C e X - I at 4 1 ° a n d 50 ° C , a 2 5 % decrease i n first 
order rate was noted, a n d the i n i t i a l p r o d u c t ratio increased f r o m 1.5 to 
1.75. W i t h Z n X - I at 50 ° C , the i n i t i a l p r o d u c t ratio was 0.45 i n the first 
experiment, b u t i n the repeat experiment, w h i c h was m u c h s lower, the 
rat io was w e l l over uni ty . 

Reactions with Deuterium and Deuterium Oxide. T h e experiments 
were under taken to establish if any exchange reactions ( w i t h incorpora
t i o n of d e u t e r i u m into the butènes ) occurred d u r i n g the 1-butene i someri 
za t ion i n the presence of d e u t e r i u m or deuter ium oxide. It was thought 
that the chance of ob ta in ing exchanged products w o u l d be greater w i t h 
d e u t e r i u m i f a r a d i c a l mechanism were operat ing a n d , conversely, greater 
w i t h d e u t e r i u m oxide o n catalysts f a v o r i n g an ion ic mechanism. 
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70. CROSS ET AL. Isomerization of n-Butenes 393 

Isomerization over Z n X and CeX 

cis-2-Butene Data 

Product 
Rate6 Ratio* 

0.50(94) 0.7 
0.40(160) 0.7 
0.58(172) 1.2 
0.48(180) 1.1 
1.0(50) 1.0 
0.46(80) 1.5 
0.51(175) 1.1 
0.51(190) 0.8 

d Initial cis-2-butene/£rans-2-butene product ratio. 
e Initial rate of cts-2-butene disappearance (% min - 1 at T°C). 

f Initial 1 -butène/frans-2-butene product ratio. 

I n the experiments w i t h d e u t e r i u m , a d e u t e r i u m / l - b u t e n e rat io 
of 2 was e m p l o y e d . W h e n d e u t e r i u m oxide was used, the catalyst was 
a l l o w e d to pre-adsorb a smal l , contro l led amount of D 2 0 ( n o r m a l l y ap
proximate ly one molecule per cage) p r i o r to the admiss ion of the 1-butene. 
These react ion systems were examined over the least a n d the highest 
exchanged forms of the z i n c a n d the c e r i u m zeolites. 

T h e presence of d e u t e r i u m d i d not inf luence the i n i t i a l p r o d u c t rat io 
of any of the 4 catalysts examined a n d l e d to a n increase i n the rate of 
react ion o n l y w i t h ZnX-I—e .g . , twice the n o r m a l rate at 73 ° C . I n con
trast, the presence of d e u t e r i u m oxide caused an increase i n rate of 
react ion w i t h a l l 4 catalysts: the factors were 4, 12, 25, a n d 6 for the 
catalysts Z n X - I , Z n X - I V , C e X - I , a n d C e X - I V , respect ively, at the tem
peratures used for the reactions i n T a b l e I II . T h e presence of d e u t e r i u m 
oxide increased the i n i t i a l p r o d u c t rat io at 50 ° C w i t h Z n X - I f r o m 0.5 to 
1.0 b u t d i d not alter the rat io w i t h the other catalysts. 

A t the e n d of the experiments, the react ion products w e r e separated 
b y chromatographic means a n d the i n d i v i d u a l species then a n a l y z e d mass 
spectrometr ical ly to establish the extent of exchange. T h e exper imenta l 
results are l i s ted i n T a b l e I I I . 

Discussion 

T h e parent N a X has been s h o w n to be active for 1-butene isomeriza
t i o n i n the temperature range 2 0 0 ° - 3 0 0 ° C . L i X has a s imi lar ac t iv i ty , 
b u t w i t h a l l the other zeolites l i s ted i n T a b l e I, an enhancement of cata
l y t i c ac t iv i ty resulted f r o m the replacement of s o d i u m b y other cations. 

T h e i n i t i a l p r o d u c t d i s t r i b u t i o n resul t ing f r o m 1-butene i someriza
t i o n can be a useful guide to the type of react ion m e c h a n i s m operat ive. 
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T a b l e I I I . P r o d u c t D i s t r i b u t i o n f o r E x c h a n g e 

Catalytic % 
System T , ° C Conversion Compound11 

Z n X - I 73 73 B l 
w i t h D 2 T B 2 

C B 2 

Z n X - I V 190 42 B l 
w i t h D 2 T B 2 

C B 2 

C e X - I 50 66 B l 
w i t h D 2 T B 2 

C B 2 

C e X - I V 190 35 B l 
w i t h D 2 T B 2 

C B 2 

Z n X - I 50 66 B l 
w i t h D 2 0 T B 2 

C B 2 

Z n X - I V 170 78 B l 
w i t h D 2 0 T B 2 

C B 2 

C e X - I 25 58 B l 
w i t h D 2 0 T B 2 

C B 2 

C e X - I V 160 35 B l 
w i t h D 2 0 T B 2 

C B 2 
a B l = 1-butene, T B 2 = irems-2-butene, and C B 2 = m-2-butene. 
b 0 .4% of c?5 species was observed in the 1-butene. 

B o n d a n d W e l l s (4) observed c i s / t rans ratios < 1 for reactions over meta l 
catalysts. S u c h results have been interpreted i n terms of a r a d i c a l mecha
n i s m i n w h i c h the s tabi l i ty of the various conformations of the adsorbed 
b u t y l r a d i c a l contro l the ratio. F r o m energy differences, i t can be ca l 
c u l a t e d that the c i s / t rans rat io s h o u l d be be tween 0.5 a n d 0.8 for the 
temperature range 0°—150 ° C . O n the other h a n d , studies over ac id ic -
type catalysts (11, 14) have suggested that i f the react ion intermediate 
is a secondary b u t y l c a r b o n i u m i o n , then a c i s / t rans p r o d u c t rat io ^ 1 is 
to be expected w i t h 1-butene as start ing mater ia l , a n d a trans- 1-butene 
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70. CROSS E T A L . Isomerization of n-Butenes 395 

of Butènes w i t h D 2 a n d D 2 0 over Z n X a n d C e X 

Percentage of Isotonic Species 
do d i d 2 d 3 d 4 

N o exchange found 

94.9 5.1 0 
77.5 18.8 3.7 0 
79.9 20.1 0 

96.6 1.4 2.0 0 
96.7 1.5 1.8 0 
96.5 1.3 2.2 0 

99.8 0.2 0 
97.2 2.8 0 
98.7 1.3 0 

85.3 12.6 1.7 0.4 0 
76.5 22.1 1.2 0.2 0 
73.3 25.2 1.3 0.2 0 

65.0 23.6 8.5 1.8 1.1 
47.8 44.7 6.6 0.8 0.1 
48.1 43.9 7.0 0.9 0.1 

96.7 2.6 0.5 0.2 0 
80.5 18.4 0.9 0.4 0 
80.4 18.8 0.5 0.3 0 

92.0 5.6 0.9 0.6 0 .5" 
46.0 51.2 2.4 0.4 0 
47.2 50.3 2.3 0.2 0 

p r o d u c t rat io f r o m c£s-2-butene i somer izat ion ^ 1. H i g h e r c i s / t rans 
p r o d u c t ratios have been interpreted i n terms of a l l y l ca rban ion inter
mediates (19) w h e r e restr icted rotat ion w i l l occur . These di f fer ing p r o d 
uct rat io values are not b y themselves sufficient to define the operat ive 
mechanism. 

T h e catalyt ic ac t iv i ty of zeolites conta in ing monovalent ions has 
been interpreted i n terms of mechanisms i n v o l v i n g r a d i c a l rather t h a n 
ionic species (12, 21). T h e p r o d u c t ratio w i t h N a X a n d L i X d i d not 
show preferent ia l f o r m a t i o n of £rans-2-butene, as expected for a r a d i c a l 
mechanism, b u t this m a y be a consequence of the need to use tempera
tures about 200 ° C . 
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396 MOLECULAR SIEVE ZEOLITES II 

T h e i n i t i a l p r o d u c t ratios s h o w n i n T a b l e I suggest that r a d i c a l 
mechanisms c o u l d be operat ive w i t h N i X , Z n X , M n X , a n d poss ib ly C u X . 
A d s o r p t i o n experiments us ing cis- a n d £rans-2-butene w i t h N i X (8) 
s h o w e d that b o t h olefins were adsorbed to an e q u a l extent, a n d thus the 
greater p r o p o r t i o n of the trans-isomer i n the i n i t i a l products is not caused 
b y preferent ia l adsorpt ion of the cis-isomer. W i t h the other zeolites, an 
ionic type of ac t iv i ty is suggested, a n d w i t h the except ion of T h X ( w h i c h 
was o n l y 1 0 % exchanged) , there is a qual i ta t ive correlat ion between 
the ac t iv i ty a n d the va lency of the ion . M o n o v a l e n t N a X a n d L i X re
q u i r e d temperatures > 2 0 0 ° C , d ivalent M g X , C a X , a n d C o X were act ive 
i n the temperature range 1 0 0 ° - 2 0 0 ° C , whereas the tr ivalent C e X , C r X , 
a n d L a X were a l l act ive at temperatures < 100 ° C . 

C e X . T h e catalyt ic ac t iv i ty of the four C e X zeolites examined i n 
creased w i t h increase i n c e r i u m content. T h e ac t iv i ty pat tern suggests that 
very l i t t le c e r i u m is located i n surface sites i n the l o w e r exchanged forms. 
I f f u l l Si site occupancy o c c u r r e d i n i t i a l l y , then a l l the c e r i u m ions c o u l d 
b e so located i n C e X - I I I a n d C e X - I V , b u t the h igher exchanged forms 
must conta in cations i n surface sites. V a r i o u s workers (10, 17, 20) have 
repor ted that c e r i u m ions migrate in to Si sites u p o n d e h y d r a t i o n . 

T h e i n i t i a l p r o d u c t ratios are i n d i c a t i v e of a c a r b o n i u m i o n type of 
ac t iv i ty for a l l the C e X zeolites, a n d ac id ic sites have prev ious ly been 
i n v o k e d for rare-earth exchanged zeolites. T h e active sites for i somer iza
t i o n are envisaged as ar is ing t h r o u g h an essentially reversible transfer 
of a p r o t o n f r o m a res idual , s trongly h e l d water molecule , either solvat ing 
the cat ion or u n d e r the influence of its field, to oxygen of the associated 
A10 4 te trahedron. V e n u t o a n d coworkers (22) have postulated the 
f o l l o w i n g scheme: 

T h e absence of a n y effect of d e u t e r i u m o n the rate of react ion a n d 
the smal l extent of d e u t e r i u m incorpora t ion i n the products w i t h C e X 
suggest that the m e c h a n i s m is ion ic rather t h a n r a d i c a l . T h e s m a l l 
amounts of exchange noted c o u l d result f r o m the very strong electro
static fields associated w i t h the C e 3 + i o n caus ing some heterolyt ic sp l i t t ing 
of the d e u t e r i u m molecule . I n contrast, the enhanced i somerizat ion rates 
exhib i ted i n the presence of D 2 0 p r o v i d e a d d e d conf i rmat ion of the 
protonic ac t iv i ty of these catalysts, as also does the substantial amount 
of d e u t e r i u m incorporat ion . A s T a b l e I I I indicates , the major i ty of ex
change takes place w i t h the products a n d is therefore assumed to result 
f r o m the i somer izat ion process. 

ξ J J J 

0 — Z e o l <=± C e 2 + - ~ 0 / l + /Ô—Zeol 

/ H + _ 
<=> C e 2 + — Ο H O — Z e o l Pu
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70. C R O S S E T A L . Isomerization of η-Buteues 397 

T h e h i g h l y exchanged c e r i u m catalysts exhib i ted an i n i t i a l deceler-
atory p e r i o d i n the 1-butene isomerizat ion. T h i s m a y be caused b y some 
strong sorpt ion of the butene molecules w h i c h w o u l d be expected at the 
l o w react ion temperatures used for C e X - I a n d C e X - I I a n d w i t h the h i g h 
fields associated w i t h C e 3 + ions i n surface sites. S u c h sorpt ion m i g h t 
l e a d to a r e d u c t i o n i n the n u m b e r of sites for catalysis. 

T h e behavior of C e X i n the presence of D 2 a n d D 2 0 is i n m a r k e d 
contrast to that of N i X . T h e latter is be l i eved ( 8 ) to operate via a r a d i c a l 
m e c h a n i s m : w h e n d e u t e r i u m was present, apprec iable hydrogénation 
to butane was observed a n d the rate of i somerizat ion was m a r k e d l y en
hanced , whereas the rate of i somerizat ion was not al tered i n the presence 
of D 2 0 . A g a i n i n contrast to C e X , w i t h N i X there was extensive exchange 
w i t h d e u t e r i u m b u t v i r t u a l l y no d e u t e r i u m incorpora t ion into the butènes 
w h e n D 2 0 was e m p l o y e d . 

Z n X . B a r r y a n d L a y (2, 3 ) , us ing E S R techniques, have repor ted 
that Z n 2 + has a m a r k e d preference for S n type sites rather than the re la 
t ive ly inaccessible Si sites. T h e b u l k of cations i n the four Z n X zeolites 
used here are therefore l i k e l y to be i n surface sites, a l though some m i g r a 
t i o n to Si sites is l i k e l y o n d e h y d r a t i o n . T h e increase i n catalyt ic ac t iv i ty 
w i t h increase i n z i n c content thus can be accounted for i n qual i ta t ive 
terms. 

T h e manner i n w h i c h the i n i t i a l p r o d u c t rat io decreases w i t h increase 
i n z i n c content suggests that the character of the react ion is changing 
f r o m i o n i c to r a d i c a l , b u t it is dif f icult to envisage w h y an increase i n 
z i n c cations should cause this. T h e fact that Z n X - I w h e n re-used gives 
a n increased rat io of c is-2-butene/frans-2-butene c o u l d be a t t r ibuted to 
h y d r o c a r b o n residues f r o m the first experiment act ing as i o n - f o r m i n g 
centers (15). S u c h residues c o u l d be responsible also for the observed 
r e d u c t i o n i n rate of 1-butene disappearance. 

T h e behavior of Z n X appears to exhibi t some of the characteristics 
of the ion ic C e X a n d some of the r a d i c a l N i X . T h e enhancement of 
i somer izat ion rate for Z n X - I i n the presence of d e u t e r i u m lends some 
support to the r a d i c a l nature of this catalyst. L i k e w i s e , the lack of en
hancement exhib i ted b y Z n X - I V w o u l d suggest that the mechanism w i t h 
this zeoli te is ionic . A s expected on this basis, more incorpora t ion of D 
i n the products f o r m e d on Z n X - I V is f o u n d w i t h heavy water t h a n w i t h 
d e u t e r i u m . T h e absence of exchanged products us ing Z n X - I i n the pres
ence of d e u t e r i u m m a y be caused b y the di f f icul ty of dissociat ing d e u 
t e r i u m o n the catalyst at the l o w temperature used. 

T h e enhancement of rate for b o t h Z n X - I ( X 4 ) a n d Z n X - I V ( X 12) 
on the i n t r o d u c t i o n of the p r o t o n donor D 2 0 strongly suggests that p r o 
tons general ly p l a y an important role i n the i somer izat ion process over 
Z n X zeolites. T h i s is suppor ted b y the fact that w i t h Z n X - I the i n i t i a l 
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398 M O L E C U L A R SIEVE ZEOLITES II 

p r o d u c t rat io was ra ised to 1.0 i n the presence of D 2 0 , a n d also that over 
b o t h Z n X zeolites substant ial amounts of d e u t e r i u m w e r e incorpora ted 
into the butènes . 

W a r d (24) has suggested that w i t h Z n X the act ive centers are essen
t i a l l y B r o n s t e d a c i d sites associated w i t h res idua l h y d r o x y l groups. Par 
t i a l h y d r a t i o n c o u l d promote movement of cations a n d result i n the 
f o r m a t i o n of a d d i t i o n a l such sites. T h e ac t iv i ty of the Z n X - I V zeol i te can 
be expla ined sat isfactori ly i n this manner , but w i t h Z n X - I other factors 
must be i n v o l v e d . It is possible that w i t h the h igher exchanged zeol i te , 
the increase i n surface cations provides stronger adsorpt ion sites for the 
butènes. If this w e r e the case, then a s low rate of desorpt ion of the p r o d 
ucts ( re lat ive to the surface react ion) c o u l d a l l o w the 2-butene p r o d u c t 
rat io to a p p r o a c h that of t h e r m o d y n a m i c e q u i l i b r i u m (13). 
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70. CROSS E T A L . Isomerization of n-Butenes 399 

Discussion 
W. K. H a l l ( G u l f Research & D e v e l o p m e n t C o . , P i t t s b u r g h , P a . 

15230) : H o w sure are y o u that the N i 2 + a n d Z n 2 + of catalysts c o n t a i n i n g 
these base-exchange cations w e r e not p a r t i a l l y reduced? W o u l d not s m a l l 
amounts of these metals effect the same general pat tern of results? 

H . F. Leach: W e do not t h i n k that r e d u c t i o n of N i 2 + a n d Z n 2 + is v e r y 
l i k e l y u n d e r the exper imenta l condit ions used. T h e observed co lor 
changes support this , b u t i t is not possible to state categor ica l ly that there 
was no r e d u c t i o n to the meta l . 

W h e n a N i X sieve was del iberate ly r e d u c e d to N i m e t a l ( u s i n g 
h y d r o g e n at 3 7 0 ° C ) , the same general pat tern of a l o w c is / t rans rat io 
was observed. 

P . B . V e n u t o ( M o b i l O i l , Paulsboro , N . J . 08066) : E v e n t h o u g h y o u r 
butene reactions occur at l o w temperatures—relat ive to t h e r m a l free 
r a d i c a l r e a c t i o n s — w i t h the presence of po lyva lent t ransi t ion m e t a l ions, 
radica l - type or electron u n p a i r i n g - t y p e reactions m a y cer ta inly occur . 
I n y o u r reactions of butene over C e X at 190 ° C , d i d y o u not ice any 
evidence of an in termolecular h y d r o g e n ( h y d r i d e ) type react ion, as 
e v i d e n c e d b y l ight paraffins i n the gas phase a n d hydrogen-def ic ient 
species (aromat ics ) w i t h i n pores? 

H . F. Leach: I n none of our reactions d i d w e detect the presence of 
l i g h t paraffins i n the gas phase, a n d w e have no evidence for aromat ic 
species b e i n g present w i t h i n the catalyst. 

J. W. Ward ( U n i o n O i l C o . of C a l i f o r n i a , B r e a , C a l i f . 92621) : C o u l d 
y o u p r o v i d e more i n f o r m a t i o n r e g a r d i n g the character izat ion of y o u r 
catalysts, i n par t i cu lar , the N i , C u , C r , a n d T h exchanged forms? Is not 
the interpretat ion of the data c o m p l i c a t e d b y the presence of decompo
si t ion products? 

H . F. Leach: A s m e n t i o n e d br ief ly i n the paper , the catalysts were 
e x a m i n e d b y x-ray di f f ract ion , a n d for a l l the samples used there was 
no apparent loss of crys ta l l in i ty relat ive to the parent N a X . T h e catalysts 
were also character ized b y measurement of surface area; the va lue for 
N a X was 870 m 2 g r a m _ 1 a n d for a l l the other zeolites lay w i t h i n the range 
840-900 m 2 g r a m _ 1 . W e considered that these results i n d i c a t e d that v e r y 
l i t t le decomposi t ion of the zeolite to amorphous s i l i ca or s i l i c a - a l u m i n a 
occurred . 
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Physical and Catalytic Properties of the 

Zeolite Mordenite 

B. W. BURBIDGE,1 I. M. KEEN, and M. K. EYLES 
British Petroleum Co., Ltd., Research Centre, Sunbury-on-Thames, 
Middlesex, England 

Extensive studies have shown that mordenite is a remark
ably versatile catalytic material. Some of the properties 
which probably govern adsorption and diffusion in and 
catalytic activity of this zeolite are reviewed briefly. Reac
tions which can be achieved over mordenite-based catalysts 
are selective hydrocracking of normal and near-normal 
paraffins, hydrogenation, disproportionation, and isomeriza-
tion. Examples are given which illustrate its potential in 
petroleum refining technology. These include the selective 
removal of normal paraffinic wax by a hydrocracking oper
ation from high-boiling petroleum distillates to produce 
diesel, fuel, and lubricating oil components of improved 
flow properties at low temperatures. 

atalysts based o n zeolites are finding increasing a p p l i c a t i o n throughout 
^ the c h e m i c a l industry , i n par t i cu lar i n the pe t ro leum a n d petro
c h e m i c a l sectors. T h e i r cata lyt ic propert ies der ive p a r t l y f r o m their 
regular structure w i t h its regular pore characteristics, par t ly f r o m the 
large, h i g h l y po lar surface w h i c h they present to reactant molecules , a n d 
p a r t l y f r o m their robust nature. 

A t the first Internat ional Conference on M o l e c u l a r Sieves, M a y s a n d 
P i c k e r t descr ibed m a n y aspects of zeoli te catalysts, re ferr ing m a i n l y to 
X - a n d Y-types (26). S ince then, more data have become avai lab le o n 
the catalyt ic propert ies of mordeni te . These i n d i c a t e d that mordeni te -
based catalysts, l ike those of zeol i te-Y, par t i c ipa ted i n c a r b o n i u m - i o n 

1 Present address: Society Française des Pétroles B P , L a v e r a Refinery, près Mart igues, 
Bouche de Rhone, France. 
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71. BURBIDGE E T AL. Properties of the Zeolite Mordenite 401 

reactions. O u r a i m i n w r i t i n g this paper is to r e v i e w the general p h y s i c a l 
a n d cata lyt ic propert ies of mordeni te -based catalysts, to make compar i son 
w i t h catalysts based on faujasite-type zeolites, a n d to describe a remark
able select ivity of prec ious-meta l h y d r o g e n mordenites . 

Structure and General Properties 

M o r d e n i t e is a n a t u r a l l y - o c c u r r i n g s i l i ca - r i ch zeol i te ( S i / A l — 5 ) 
w h i c h also can be synthesized r e a d i l y (34). M e i e r d e t e r m i n e d the struc
ture of its f u l l y h y d r a t e d s o d i u m f o r m (28). T h e mordeni te f r a m e w o r k 
is character ized b y a micropore system composed essentially of p a r a l l e l 
e l l i p t i c a l cy l inders of m a x i m u m a n d m i n i m u m crysta l lographic free d i 
ameters of 7.0 a n d 5.7A, respect ively, these m a i n channels b e i n g inter
connected b y smal ler side channels. 

T h e mordeni te f r a m e w o r k has h i g h t h e r m a l s tabi l i ty a n d is m u c h 
more resistant to acids than that of zeol i te Y . A b o u t 80 % w t of the 
( A 1 0 4 ) te trahedra i n s o d i u m mordeni te can be h y d r o l y z e d out w i t h 
strong a c i d w i t h o u t signif icant loss i n crys ta l l in i ty or contract ion of the 
interplanar (d-) spacings ( 17). I t is thought that the ( A 1 0 4 ) te trahedra 
are r e p l a c e d b y ( O H ) 4 tetrahedra of about the same size as the (S1O4) 

ones (27). " D e c a t i o n i z e d " mordenites a n d Y - t y p e zeolites each conta in 
b o t h Brons ted a n d L e w i s a c i d sites ( 5 ) . A l l the a c i d sites i n n o r m a l a n d 
d e a l u m i n a t e d mordenites can be detected w h o l l y f r o m the i n f r a r e d 
spectra of adsorbed p y r i d i n e (14, 15). C o m p a r e d w i t h h y d r o g e n - Y , 
h y d r o g e n - m o r d e n i t e has a m a x i m u m of about half the n u m b e r of p o 
tent ia l ly exchangeable protons per un i t surface area—i.e., 4 to 5 m i c r o -
equivalents ( H + / m 2 ) — b u t contains some stronger a c i d sites ( 5 ) . 

Adsorption and Diffusion in Mordenites 

T h e usefulness of mordeni te -based catalysts w i l l d e p e n d on the ex
tent a n d character of adsorpt ion a n d rates of di f fus ion of reactant mole 
cules a n d products i n the mordeni te base. 

E a r l y adsorpt ion studies i n d i c a t e d that the effective m i c r o p o r e 
openings i n n a t u r a l a n d synthetic mordenites were about 4 A (2) a n d 
not ca. 7 A as r e q u i r e d b y s t ructural data. L a t e r it was s h o w n that this 
p r o b a b l y was caused b y p a r t i a l b l o c k i n g of the m a i n channels b y c a l c i u m 
a n d / o r s o d i u m cations (3, 22). Sorpt ion i n the side channels is l i m i t e d 
n o r m a l l y to molecules smaller than η-butane ( 4 . 9 A ) ( 3 ) , w h i l e the m a i n 
channels i n h y d r o g e n - m o r d e n i t e are near ly filled b y the larger cyc lo -
hexane (22), benzene, a n d neopentane molecules (3) of c r i t i c a l d i a m -
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402 MOLECULAR SIEVE ZEOLITES II 

eters 6.6, 6.7, a n d 7.1 A, respect ively. Recent ly , i t has been c l a i m e d that 
o n d e a l u m i n a t i o n , the effective micropore diameter of h y d r o g e n - m o r -
denite is increased to about that of zeol i te -Y ( 1 3 ) , enab l ing sorpt ion of 
cumene a n d 1,3,5-triethylbenzene of c r i t i c a l diameters ca. 7.6 a n d 8.5A, 
respect ively ( 33 ) . T h e resul t ing cumene adsorpt ion capaci ty passes 
t h r o u g h a m a x i m u m for h y d r o g e n - m o r d e n i t e of ca. 19:1 m o l a r s i l i c a / 
a l u m i n a rat io. M o r d e n i t e s also adsorb isoprenoids—e.g. , 2,6,10,14-tetra-
m e t h y l h e x a d e c a n e — f r o m mixtures w i t h cycl ics such as steranes a n d 
triterpanes, i n " d e n o r m a l i z e d " shale oils (16). 

D i f f u s i o n of permanent gases i n zeolites is an act ivated process, ac
t iva t ion energy increas ing w i t h gas molecular w e i g h t to, for example , 
15 k c a l / m o l e for S F 6 i n s o d i u m - m o r d e n i t e (18). K r diffuses less r a p i d l y 
i n mordenites than i n either 5A or Y-zeol i tes (18) b u t η-octane diffuses 
s l ight ly more r a p i d l y i n mordeni te than 5A-zeolite (4, 19). 

T h e act ivat ion energy for di f fusion of a g iven adsorbate i n mordeni te 
is inf luenced b y the cat ion present, b e i n g l o w for L i + a n d h i g h for N H 4

+ . 
K + ions p a r t l y obstruct mordenite 's m a i n channels, creat ing energy bar
riers sensitive to molecu lar size—e.g., h y d r o g e n (2.4A d iameter ) di f 
f u s i n g 105 t imes as fast as K r (3.9A) i n K - m o r d e n i t e at — 7 8 ° C (2). 
D i f f u s i o n coefficients for C x to C 4 , C 8 , a n d C i 0 η-paraffins, toluene, a n d 
d e c a l i n i n mordenites are m u c h smaller than those of inert gases ( 3 5 ) , 
w h i l e cyc lo- a n d isoparaffins diffuse more s l o w l y than n-parafBns of the 
same carbon n u m b e r (4, 36). Mordeni te ' s re la t ive ly h i g h resistance to 
gaseous di f fusion can be r e d u c e d s ignif icant ly b y extensive d e a l u m i n a t i o n 
w h i c h reduces the f r a m e w o r k charge. T h u s , h y d r o g e n - m o r d e n i t e s of 
f r o m 25 to 90:1 s i l i c a / a l u m i n a ratios are c l a i m e d to adsorb select ively 
paraffins or cycloparaffins f r o m mixtures w i t h aromatics (20). 

Catalytic Reactions of Low Molecular Weight Hydrocarbons 

H y d r o g e n a n d m u l t i v a l e n t - i o n exchanged zeolites—e.g., chabazi te , 
faujasite, gmel ini te , a n d m o r d e n i t e — h a v e rate constants for n-hexane 
c r a c k i n g of over 104 t imes greater than c o m m e r c i a l s i l i c a - a l u m i n a crack
i n g catalyst, c o m p a r e d at the same temperature (29). T h e c r a c k i n g 
activit ies of h y d r o g e n - m o r d e n i t e s for n - C 6 a n d n - C 1 0 paraffins increase 
w i t h s i l i c a / a l u m i n a ratio a n d pass t h r o u g h m a x i m a for ratios of f r o m 
17 to 19:1 (32, 40). H i g h l y act ive mordenite c r a c k i n g catalysts are of 
short l i fe since they " c o k e - u p " at several times the rate of s i l ica-aluminas 
(1). H y d r o g e n - m o r d e n i t e is more act ive than h y d r o g e n - Y - z e o l i t e for 
c r a c k i n g of n - C 6 a n d n - C 7 paraffins (31). 

H y d r o g e n - m o r d e n i t e s are act ive at 2 0 0 ° - 2 6 0 ° C for the i somer iza-
t i o n of η-butane, cyclohexane (22), a n d o-xylene (23). T h e y also ex-
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71. BURBIDGE E T AL. Properties of the Zeolite Mordenite 403 

tensively crack cycloparaffins (31) a n d a l k y l aromatics (32) under more 
severe condit ions. 

U n d e r hydroprocess ing condit ions , prec ious-metal h y d r o g e n mor
denites are, l ike zeol i te -Y-based catalysts, active for c a r b o n i u m - i o n type 
reactions i n v o l v i n g d u a l f u n c t i o n catalysts. W i t h paraff inic fract ions, 
p a r t i c u l a r l y C 5 a n d C 6 , the p r i n c i p a l react ion is i somerizat ion, for w h i c h 
a precious metal ( P t or P d ) exchanged decat ionized-mordeni te is more 
active than s imi lar catalysts based on Y - t y p e zeolite or s i l i c a - a l u m i n a . 
T h u s , P t a n d P d - H - m o r d e n i t e s w i l l i somerize pentane a n d hexane at 
temperatures i n the range 2 6 0 ° - 3 3 0 ° C (37, 3 9 ) , whereas w e find P d -
H - Y - t y p e only becomes active at temperatures i n the range 3 4 0 ° - 3 6 0 ° C . 
T h e mordeni te catalyst, however , is not as active for paraffin i somer izat ion 
as catalysts current ly i n use i n c o m m e r c i a l l y operat ing units for C 5 / C G 

i somerizat ion w h i c h operate at temperatures b e l o w 150 ° C . 

P d - H - m o r d e n i t e also is reported to be more active than P d - H - Y -
type zeol i te for l iqu id-phase i somerizat ion of cyclohexane to m e t h y l -
cyclopentane (21). 

U n d e r more severe condit ions, P d or P t - H - m o r d e n i t e hydrocracks 
both paraffins a n d cycloparaffins, again b e i n g more active than the cor
responding Y - t y p e zeoli te catalyst. W e have f o u n d that n - C 6 a n d n - C 7 

are converted essentially to C 3 a n d i - C 4 , whereas n-C10 gives i - C 4 a n d 
i - C 5 p r i m a r i l y . A l t h o u g h n - C 6 a n d n-C10 paraffins are h y d r o c r a c k e d more 
r a p i d l y than the corresponding cycloparaffins ( cyclohexane a n d deca l in ), 
w i t h b i n a r y mixtures of paraffin a n d the corresponding cycloparaff in , the 
latter are r e m o v e d preferent ia l ly (4, 24, 25). 

W i t h a l k y l aromatics, precious-metal H - m o r d e n i t e catalysts are ac
t ive for hydrogénation at l o w temperatures a n d h y d r o c r a c k at h igher 
temperatures. C e r t a i n meta l exchanged mordenites are effective for h y 
drogénation ( 3 0 ) , dea lky la t ion ( 7 ) , t ransalkylat ion, d isproport ionat ion 
(31, 38), a n d i somer izat ion reactions (23). 

W i t h l ight h y d r o c a r b o n mixtures , mordeni te-based catalysts are ca
pable of g i v i n g a var ie ty of results, d e p e n d i n g on the severity of the 
treatment. A t re la t ive ly l o w temperature a n d w i t h a moderate p a r t i a l 
pressure of h y d r o g e n , the catalyst w i l l hydrogenate olefins a n d aromatics, 
b u t w i t h l i t t le i somer izat ion a n d c rack ing of the hydrogenated products . 
A s the temperature is ra ised, the catalyst begins to isomerize the paraffins 
i n a d d i t i o n to hydrogenat ing the aromatics a n d then, w h e n isomerizat ion 
has reached an e q u i l i b r i u m leve l , h y d r o c r a c k i n g reactions set i n . A t first, 
cycloparaffins tend to be at tacked preferent ia l ly but as the severity is 
further increased, a l l h y d r o c a r b o n types are broken d o w n . A n y sul fur 
present i n the f rac t ion is converted to h y d r o g e n sulf ide, excessive amounts, 
however , causing a l o w e r i n g i n the other react ion rates. 
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Catalytic Reactions of Higher Molecular Weight Hydrocarbons 

I n contrast to its superior ac t iv i ty w i t h l o w molecular w e i g h t h y d r o 
carbons, P t - H - m o r d e n i t e is less active than precious m e t a l Y-types ( e.g., 
P d - H - Y ) for hydrogenat ing h igher ( po lynuc lear ) aromatics or h y d r o 
c r a c k i n g h igher n-paraffins—e.g., n - C i 6 , n-C18—giving more i somer iza-
t ion . H o w e v e r , w h e n complex mixtures of these h igher n-parafBns w i t h 
heavier hydrocarbons are hydrotreated , P d a n d P t - H - m o r d e n i t e s , u n l i k e 
zeolite-Y-catalysts , h y d r o c r a c k selectively the n-paraff inic ( a n d near 
n-paraff inic) molecules (10, 11). Since such molecules constitute a sub
stantial part of the w a x i n heavy disti l lates f r o m crude oils ( "wax dis
t i l l a tes " ) , cata lyt ic hydrotreatment over a mordeni te-based catalyst c o u l d 
be used to d e w a x such fractions w i t h a v i e w to i m p r o v i n g their flow 
properties at l o w temperature. Possible appl icat ions of mordeni te de-
w a x i n g therefore i n c l u d e preparat ion of l o w - p o u r - p o i n t f u e l a n d diesel 
oils , l u b r i c a t i n g oils , extenders, plast ic izers , a n d process oils , a n d flexible 
microcrysta l l ine wax . 

T h e hydrotreatments are carr ied out at pressures i n the range 250 
to 2500 p s i g a n d temperatures f r o m 2 3 0 ° to 5 1 0 ° C . T h e exact condit ions 
used d e p e n d on the feedstock a n d extent of d e w a x i n g r e q u i r e d . T h e 
products f r o m the h y d r o c r a c k i n g of the w a x i n heavy dist i l late feedstocks 
b o i l b e l o w 177 ° C w i t h C 3 , C 4 , a n d C 5 hydrocarbons p r e d o m i n a t i n g . 

Fuel and Diesel Oils. A s legislat ive pressure to reduce the sul fur 
content of f u e l oils increases, n e w techniques are b e i n g sought to p r o d u c e 
l o w - s u l f u r f u e l oils. U n f o r t u n a t e l y , m a n y l o w - s u l f u r crude oils have 
h i g h w a x contents ( e.g., L i b y a n , N i g e r i a n ). C a t a l y t i c d e w a x i n g of these 
l o w - s u l f u r , h i g h - p o u r - p o i n t materials offers an alternative to desu l fur iza -
t i o n of h igh-sul fur , l o w - p o u r - p o i n t materials of, say, M i d d l e E a s t o r i g i n 
for the preparat ion of f u e l oils. 

W h i l e i t is possible to treat an atmospheric residue f r o m a L i b y a n 
crude direct , trace contaminants , p a r t i c u l a r l y s o d i u m , t end to po ison the 
catalyst. H o w e v e r , this atmospheric res idue can b e v a c u u m - d i s t i l l e d to 
give a ca. 50 w t % y i e l d of a 3 5 0 ° - 5 5 0 ° C dist i l late conta in ing 34 w t % 
wax , 7 2 % of w h i c h is normal-paraf fmic , a n d w h i c h is essentially free of 
catalyst poisons. T h i s mater ia l can be cata lyt ica l ly d e w a x e d w i t h P t - H -
mordeni te i n a ca. 70 w t % y i e l d , resul t ing i n a r e d u c t i o n of its p o u r -
p o i n t f r o m 115° F to values i n the range 3 0 ° to 60 ° F . T h i s l o w - p o u r - p o i n t 
m a t e r i a l can be b l e n d e d back w i t h the v a c u u m residue, w h i c h contains 
the catalyst poisons a n d o n l y ca. 2 w t % n-parafBnic wax , to f o r m a l o w -
sul fur , l o w - p o u r - p o i n t f u e l o i l b l e n d i n g component (6). W i t h this type of 
operat ion , catalyst ac t iv i ty can be m a i n t a i n e d for l o n g per iods . 

L o w - p o u r - p o i n t diesel o i l m a y be p r o d u c e d s i m i l a r l y . I f this is re
q u i r e d to be of l o w sul fur content, i t is feasible to combine the P t - H -
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mordeni te d e w a x i n g w i t h a convent iona l C o M o - a l u m i n a cata lyt ic 
desul fur iza t ion step u s i n g a d o u b l e catalyst b e d ( 9 ) . 

Lubricating Oils. I n convent ional l u b r i c a t i n g oils p r o d u c t i o n , w a x y 
disti l lates are ref ined i n a series of steps w h i c h are solvent re f in ing , 
solvent d e w a x i n g , a n d finishing treatments (ca ta lyt ic or adsorbent) for 
color a n d oxidat ion stabi l i ty improvement . If i n this sequence solvent 
d e w a x i n g is r e p l a c e d b y mordeni te cata lyt ic d e w a x i n g , a l o w e r y i e l d 
of o i l is obta ined as w e l l as loss i n viscosity index ( V I ) , p r o b a b l y o w i n g 
to catalyt ic r e m o v a l of n o n w a x y near -normal paraffins of h i g h V I . H o w 
ever, on mordeni te d e w a x i n g the w a x dist i l late p r i o r to solvent re f in ing , 
the select ivi ty for η-paraffins is i m p r o v e d a n d , after solvent re f in ing , the 
oils obta ined are s imi lar i n y i e l d a n d propert ies to those f r o m the " a l l -
solvent" route. These are of satisfactory color a n d color s tabi l i ty , so no 
finishing treatment is r e q u i r e d . T h i s scheme has p r o v e d adequate for 
the l ighter grades of l u b r i c a t i n g o i l (12) w h e r e the w a x is essentially 
n-paraff inic . W i t h the heavier grades, the p r o p o r t i o n of n-paraff inic 
mater ia l i n the w a x decreases, i.e., w a x becomes more "microcrys ta l l ine , " 
a n d cata lyt ic d e w a x i n g is inadequate i n itself. C a t a l y t i c treatment m a y , 
however , s t i l l be of use even w i t h these grades i f it is f o l l o w e d b y a 
solvent d e w a x i n g step since the latter m a y be a c c o m p l i s h e d more easily 
a n d there is less o i l entrained i n the w a x r e m o v e d d u r i n g the solvent 
d e w a x i n g step. 

Extenders, Plasticizers, and Process Oils. Mater ia l s i n this class can 
be p r e p a r e d f r o m the extracts obta ined w h e n n a r r o w w a x dis t i l la te cuts 
are so lvent - re f ined—with f u r f u r a l , for e x a m p l e — i n the p r o d u c t i o n of 
l u b r i c a t i n g oils. These materials must have a l o w pour-point . H y d r o -
catalyt ic treatment over a mordeni te -based catalyst removes res idua l 
n-paraff inic w a x w i t h consequent r e d u c t i o n i n p o u r - p o i n t of the product , 
w h i c h is ob ta ined i n g o o d over -a l l y i e l d . 

Flexible Microcrystalline Wax. M i c r o c r y s t a l l i n e w a x is an essentially 
isoparaffinic w a x obta ined d u r i n g the prepara t ion of the heaviest grades 
of l u b r i c a t i n g o i l . U n l i k e the n-paraff inic waxes w h i c h are br i t t le , iso
paraff inic microcrys ta l l ine w a x is f lexible, a l though its flexibility can be 
i m p a i r e d b y s m a l l amounts of n-paraffins. 

T h e u n i q u e select ivity of mordeni te can be used to remove these 
r e s i d u a l η-paraffins b y h y d r o c r a c k i n g , a n d the resultant microcrys ta l l ine 
w a x has m u c h i m p r o v e d flexibility (8). 

Parameters Determining Selectivity. W e bel ieve that the pecu l ia r 
select ivity of P t - H - m o r d e n i t e for h y d r o c r a c k i n g n o r m a l a n d near -normal 
paraffins i n h i g h - b o i l i n g feedstocks c o u l d not have been p r e d i c t e d f r o m 
the k n o w n adsorpt ion a n d di f fus ion propert ies of mordenites (loc. cit.). 
H o w e v e r , extensive catalyt ic studies on the prepara t ion of l o w - p o u r - p o i n t 
pe t r o leum fractions have suggested to us that catalyst select ivity depends 
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406 M O L E C U L A R SIEVE ZEOLITES II 

u p o n certain catalyst compos i t iona l parameters w h i c h have not been 
p u b l i s h e d yet i n detai l . 

O p t i m u m selective w a x r e m o v a l for diesel , f u e l , a n d l u b r i c a t i n g o i l 
grades appears to occur for mordeni te s i l i c a / a l u m i n a ratios i n range ca. 
16 to 20:1 (11), i n reasonable agreement w i t h the o p t i m u m noted pre
v i o u s l y for adsorpt ion a n d n-hexane c r a c k i n g studies. Cata lys t select ivity 
for η-paraffins also appears to d e p e n d on certain feedstock compos i t iona l 
parameters. T h i s is i n d i c a t e d b y the improvement i n select ivi ty observed 
o n revers ing solvent re f in ing a n d catalyt ic d e w a x i n g i n the scheme for 
l u b r i c a t i n g o i l prepara t ion m e n t i o n e d previous ly . 

Summary 
I n this p a p e r w e have t r i ed to survey the cata lyt ic propert ies of 

mordeni te , m a k i n g compar i son where possible w 7 i th faujasite-type zeo
lites. M o r d e n i t e shows a remarkable select ivi ty for n-paraff inic mater ia l 
i n heavy dist i l lates, a n d w e have s h o w n h o w this p r o p e r t y m i g h t be used 
i n a n u m b e r of petro leum-ref in ing appl icat ions . 
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Discussion 

P. B. Venuto ( M o b i l O i l C o r p . , Paulsboro , N . J . 08066) : D i d the 
specific mordeni te samples that were used to generate the hydrot rea t ing-
type data sorb 1,3,5-triethylbenzene (^—'8.5 Â ) ? 

I. M . Keen: W e d i d not speci f ical ly test these mordeni te samples for 
sorpt ion of 1,3,5-triethylbenzene. H o w e v e r , the catalyst s i l i c o n : a l u m i n u m 
atomic ratios used were i n the range where b o t h cumene ( c r i t i ca l d i a m 
eter ^ 7 . 6 Â ) a n d 1,3,5-triethylbenzene w o u l d be expected to be sorbed 
( P i g u z o v a , L . L et al, Kinetics Catalysis 1969, 10, 252) . 

A . E . Hirschler ( S u n O i l C o . , M a r c u s H o o k , P a . 19061) : Y o u report 
o n one of your slides that at 3 0 0 ° C the extent of i somer izat ion of n-
pentane was 6 5 % vs. 1 5 % for n-hexane. U s u a l l y , n-hexane is more r e a d i l y 
i somer ized , or more extensively i somer ized , than n-pentane. H o w do 
y o u account for the reverse s i tuat ion w h i c h y o u have repor ted a n d the 
m a g n i t u d e of the difference between C 5 a n d C 6 paraffins? ( T h e subject 
s l ide is not i n c l u d e d i n the paper . ) 
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408 M O L E C U L A R SIEVE ZEOLITES II 

I. M . Keen: T h e sl ide data were g iven to show that mordeni te-based 
catalysts are more act ive than their Y - t y p e counterparts for i s o m e r i z i n g 
C 5 a n d C 6 paraffins. T h e feedstock used i n this compar i son was a c o m 
m e r c i a l pentane/hexane b l e n d , conta in ing some isoparaffins. T h e C 5 a n d 
C 6 i somerizat ion levels i n this instance are def ined as the percent w e i g h t 
of i - C 5 a n d 2 ,2-dimethylbutane ( 2 , 2 - D M B ) i n the respective total C 5 a n d 
C 6 fractions. O n this basis, the C 5 a n d C 6 i somer izat ion convers ion levels 
i n the feedstock were ca. 35 a n d 2 w t % , respect ively. 

T h e data g iven for a react ion temperature of 300 ° C c lear ly s h o w e d 
the mordeni te catalyst to be the more active for i somer izat ion of b o t h 
the C r , a n d C 6 fract ions. Convers ions q u o t e d w e r e : p r e c i o u s - m e t a l - H -
m o r d e n i t e : C 5 - ~ 6 5 w t % , C 6 ^ - 1 5 w t % ; precious m e t a l - H - Y : C 5 

<—40 w t % , C 6 — 4 w t % . These data suggest that the pentane f rac t ion 
m a y be s l ight ly easier to isomerize over mordeni te than the hexane. T h e 
e q u i l i b r i u m conversions to isopentane a n d 2 , 2 - D M B at 3 0 0 ° C are i n the 
v i c i n i t y of 65 a n d 18 w t % , respect ively. A possible explanat ion is that 
impur i t ies present—e.g., cyclohexane a n d / o r benzene—affect the rate of 
2 , 2 - D M B format ion more than that of the isopentane. 

H . A . Benesi ( S h e l l D e v e l o p m e n t C o . , O a k l a n d , C a l i f . 94608) : W i t h 
r e g a r d to the hydrogénation of olefins a n d aromatics over mordeni te 
catalysts, w o u l d n ' t y o u agree that i t is the noble m e t a l rather t h a n the 
mordeni te support that is the active catalyst component? I n this connec
t ion , w h a t is the degree of dispers ion of the n o b l e metal? W h a t p r o p o r 
t ion of the meta l is on the outside surfaces of the mordeni te crystals? 

I. M . Keen: W i t h r e g a r d to your first question, I w o u l d agree w i t h 
y o u that the noble m e t a l is the active catalyst component for hydrogenat-
i n g olefins a n d aromatics, the zeoli te ac t ing as a high-surface-area support 
for the metal . 

Secondly, the m e t h o d of catalyst prepara t ion via i o n exchange en
sures an i n i t i a l l y h i g h dispers ion of noble metal . T h e catalyst is pre -
c a l c i n e d i n air at 500 ° C a n d pre - reduced i n h y d r o g e n at ca. 4 0 0 ° C . I n 
this f o r m , some large m e t a l crystallites have been observed b y electron 
microscopy o n the outside of the mordeni te crystals. H o w e v e r , i t is not 
possible at the moment to say w h a t p r o p o r t i o n of the m e t a l is o n the 
exterior surface of the crystals o w i n g to difficulties i n gett ing representa
t ive samples for examinat ion. I w o u l d l ike to suggest that the fact that 
precious meta l mordenites dewax r a w (i.e., not denitrogenated or desul -
f u r i z e d ) v a c u u m disti l lates is secondary evidence for the dispers ion of 
at least some of the meta l o n the inter ior surface of the mordeni te . 
A p p a r e n t l y the noble meta l is not po isoned b y the sul fur- ( or n i t rogen- ) 
conta in ing hydrocarbons present. 

J . W . W a r d ( U n i o n O i l C o . of C a l i f o r n i a , Brea , C a l i f . 92621) : C o u l d 
y o u detect p l a t i n u m b y x-ray di f f ract ion on the Y faujasite catalysts? 
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71. BURBIDGE E T AL. Properties of the Zeolite Mordenite 409 

I. M . Keen: W e have detected l i t t le p l a t i n u m i n fresh Y faujasite 
catalysts b y x-ray di f f ract ion techniques. P r e l i m i n a r y investigations b y 
other techniques—e.g., e lectron microscopy, h y d r o g e n c h e m i s o r p t i o n — 
have, however , suggested the presence of some larg ish crystallites of 
p l a t i n u m , p r e s u m a b l y o n the surface/edges of the zeol i te base crystals. 
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Cyclohexane Hydroisomerization Over 

Palladium-H-Mordenite 

ALEXIS VOORHIES, JR., and J. R. HOPPER1 

Louisiana State University, Baton Rouge, La. 

A palladium-hydrogen-mordenite catalyst with a 10.8/1 
silica/alumina mole ratio was evaluated for the hydro-
isomerization of cyclohexane. The rate of reaction followed 
a first-order, reversible reaction between cyclohexane and 
methylcyclopentane. The energy of activation for this reac
tion between 400° and 500°F was 35.5 ± 2.4 kcal/mole. 
Cyclohexane isomerization rates decreased with increasing 
hydrogen and cyclohexane-plus-methyhyclopentane partial 
pressure. These effects are compatible with a dual-site ad
sorption model. The change of the model constants with 
temperature was qualitatively in agreement with the ex
pected physical behavior for the constants. 

/Catalytic reactions are the f o u n d a t i o n of m o d e r n pe t ro leum technology. 
^ These reactions are used for u p g r a d i n g the octane numbers of gaso
l ine , for conver t ing gaseous mater ia l to h i g h octane n u m b e r l i q u i d fuels , 
for c r a c k i n g gas oils to more volat i le hydrocarbons , for synthesiz ing petro
chemicals , a n d m a n y others. I somerizat ion reactions, s ingly or c o m b i n e d 
w i t h other cata lyt ic reactions, he lp achieve m a n y of these des ired con
versions. Present-day i somer izat ion catalysts general ly have been of 2 
types : the a c i d ha l ide type (2, 3) a n d the " d u a l - f u n c t i o n " type , w h i c h 
consists of a dispersed meta l o n a high-surface-area base. T h i s base m a y 
be an amorphous so l id ( I ) , b u t more recently, crystal l ine zeoli te bases 
have been e m p l o y e d (6, 8, 9). 

T h e catalyst used for this s tudy is of the more recent type of d u a l -
f u n c t i o n catalysts, w h e r e i n the base is a crystal l ine zeolite , mordeni te . 
P a l l a d i u m m e t a l was dispersed on this support . A naphthenic i someriza-

1 Present address: Lamar State College of Technology, Chemical Engineering Depart
ment, Beaumont, Tex. 
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72. v o o R H i E s AND HOPPER Cyclohexane Hydroisomerization 411 

t i o n react ion was used to s tudy the i somer iz ing properties of this mor-
denite, a n d a k inet ic m o d e l for cyclohexane i somerizat ion was deve loped . 

Experimental 

T h i s s tudy was p e r f o r m e d i n the Pe t ro leum Processing Laborator ies , 
C h e m i c a l E n g i n e e r i n g D e p a r t m e n t , L o u i s i a n a State U n i v e r s i t y . T h e 
project was sponsored b y Esso Research a n d E n g i n e e r i n g C o . T h e cata
lyst used was p r e p a r e d b y the Esso Research Laborator ies , H u m b l e O i l 
a n d Ref in ing C o . , B a t o n Rouge , L a . , f r o m mordeni te crystals obta ined 
f r o m the N o r t o n C o . A m m o n i u m mordeni te was impregnated w i t h 0 .5% 
of p a l l a d i u m , p i l l e d , crushed, s ized, a n d heated to 1000° F i n the presence 
of a ir to g ive P d on H - m o r d e n i t e catalyst. T h e properties of this catalyst 
are s h o w n i n T a b l e I. 

T h e reactor system consisted of a 0.62-inch diameter fixed-bed re
actor conta in ing 15 cc of catalyst. T h e reactor was operated under 
i sothermal a n d p l u g flow condit ions . A fluidized sand b a t h was used to 
m a i n t a i n i sothermal condit ions. L i q u i d cyclohexane ( P h i l l i p s p u r e grade ) 
was f e d b y a R u s k a p u m p , a n d d r y electrolyt ic h y d r o g e n was f e d t h r o u g h 
a n orifice flowmeter. T h e p r o d u c t gas was measured w i t h a wet test 
meter, a n d the p r o d u c t l i q u i d was w e i g h e d after b e i n g separated. B o t h 
products w e r e a n a l y z e d b y a gas chromatograph. 

Kinetic Model 

I n i t i a l var iable studies h a d s h o w n that gas-to-particle mass transfer 
a n d intra-part ic le di f fus ion w e r e not rate l i m i t i n g . T h e react ion mecha
n i s m was assumed to f o l l o w a first-order reversible react ion. A f t e r con
firming this assumption, the effect of temperature a n d pressure o n this 
react ion was invest igated b y d e t e r m i n i n g the effect on the rate constant. 

T h e first order k inet ic m o d e l was based o n the f o l l o w i n g react ion, 
w i t h k a n d k! the f o r w a r d a n d reverse react ion rate constants, respect ively : 

Table I. Pd—H—Mordenite Properties 

Si0 2 , w t . % 
A1 20 3 , w t . % 
S1O2/AI2O3, mole rat io 
S o d i u m , w t . % 
P a l l a d i u m , w t . % 
L a n g m u i r surface area, M 2 / g r a m 

83.9 
13.3 
10.8/1 

0.05 
0.55 

532 

k 
Cyclohexane ( C H ) <=± M e t h y l c y c l o p e n t a n e ( M C P ) 

jfc1 
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412 M O L E C U L A R SIEVE Z E O L I T E S II 

T h e rate of react ion, expressed as gram-moles of M C P p r o d u c e d per 
hour (Nm) per g r a m at catalyst (WC), is represented b y : 

dN 

rate = j ^ r = * ( C » - Cm/K) (1) 

w i t h Cn a n d Cm the concentrat ion of C H a n d M C P , a n d Κ the thermo
d y n a m i c e q u i l i b r i u m constant. 

Integrat ion of this equat ion results i n a first order react ion expression 
i n terms of the hydrogen-free mole f rac t ion of M C P (YM) a n d the cor
responding e q u i l i b r i u m va lue (YE), pa the molar densi ty of reactor gases, 
M the molecular we ight of M C P , ρ the p a r t i a l pressure of C H , Ρ the total 
pressure, a n d W the w e i g h t of feed per hour per w e i g h t of catalyst : 

l n ( l - Ym/YE) = - k?GMp/PWYE (2) 

w h i c h can be used to determine a value for k. E q u a t i o n 3 gives the re la
t ionship be tween the reactor compos i t ion a n d the contact t i m e : 

- l n ( l - Ym/YE) = c o n s t a n t / ! ^ (3) 

F i g u r e 1 shows the assumed react ion order to be v a l i d over the feed 
rate range of 1.6 to 8.1 grams of cyclohexane per h o u r per g r a m of catalyst. 

Effect of Temperature on Over-All Rate 

T h e effect of temperature o n the over -a l l i somerizat ion rate constant 
was de termined us ing E q u a t i o n 2. T h e temperature range was f r o m 4 0 0 ° 
to 5 0 0 ° F ; a l l other condit ions were h e l d constant. A n act ivat ion energy 
of 35.5 ± 2.4 k c a l / m o l e was determined f r o m the A r r h e n i u s - t y p e plot 
s h o w n i n F i g u r e 2. V a l u e s of 30 (4) a n d 35.4 (5 ) k c a l / m o l e have been 
reported for temperature ranges of 6 0 0 ° - 7 0 0 ° a n d 7 0 0 ° - 8 0 0 ° F , respec
t ive ly , for W S 2 a n d M o S 2 catalysts. T h e h i g h ac t iv i ty of mordeni te re la
t ive to these catalysts is apparent . 

Effect of Pressure 

I n most g a s - s o l i d heterogeneous catalyst systems, the effect of 
pressure often is correlated w i t h an adsorpt ion m o d e l of the L a n g m u i r -
H i n s h e l w o o d type. T h e over-a l l rate constant for the first order react ion 
is re lated to the adsorpt ion m o d e l constants b y 

k = k0KA/(l + pAKA + VRKR + VnKH)n (4) 

w h e r e k0 is the rate constant for the adsorpt ion m o d e l , a n d PA&A, VRKR 
a n d pHKH are the p a r t i a l pressure -adsorpt ion constant products for C H , 
M C P , a n d h y d r o g e n , respectively. T h e surface react ion for a reversible 
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i.o 

0.5 

9.4/1 H 2 /CH 

465 psia 

480 ° F 

0.2 0.4 0.6 

l/(w/hr/w),hr 

Figure 1. Reversible first order re
action 

-i.o 

-1.5 

- 2 . 0 

-2.5 

9.4/1 HL/CH 

465 psia 

1.05 1.10 1.15 

1000/Temp, l / ° R 

Figure 2. Arrhenius plot 
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u n i m o l e c u l a r react ion, such as a n isomer izat ion react ion, general ly p r o 
ceeds b y 2 possible mechanisms ( 7 ) . These 2 surface reactions have 
been descr ibed as the "single-si te" a n d the " d u a l s i te" surface react ion 
mechanisms a n d correspond to a value of 1 a n d 2 for the exponent " n " i n 
E q u a t i o n 4. A single-site m e c h a n i s m describes a react ion i n v o l v i n g on ly 
a s ingle act ive site, whereas a dual-si te m e c h a n i s m describes a react ion 
of a n adsorbed molecule o n l y i f i t is adjacent to a n u n o c c u p i e d act ive 
site. I n a p p l y i n g the adsorpt ion m o d e l equations, a reasonable assump
t i o n that the adsorpt ion constants for the hydrocarbons are essentially 
e q u a l has been made— i .e . , KA = KB = K0. T h e expressions i n E q u a t i o n 
4 can be r e d u c e d then t o : 

single-site 

k kQK0 ^fc0̂  ^koK^o^ 

dual-site 

Vk Vk0K0 \VKJ W k 0 K 0 / F 

E x p e r i m e n t s were m a d e at various p a r t i a l pressures of cyclohexane 
a n d h y d r o g e n , b u t at constant tota l pressure. E x p e r i m e n t s were also 
m a d e at constant p a r t i a l pressure of h y d r o c a r b o n or h y d r o g e n . T h e con
tact t ime was h e l d constant i n this latter case b y h o l d i n g the rat io of 
h y d r o c a r b o n p a r t i a l pressure to feed rate constant. T h e rate decreased 
w i t h a n increase i n tota l pressure a n d w i t h an increase i n either h y d r o 
c a r b o n or h y d r o g e n p a r t i a l pressure. A n example of this data taken at 
4 6 0 ° is s h o w n i n Tables I I a n d I I I . 

Table II. Effect of Total Pressure 

T e m p e r a t u r e , ° F — 460 — 
T o t a l pressure, ps ia 285 390 465 
H 2 / c y c l o h e x a n e , mole ra t io — 9.40 — 
k, cc/gram-sec 0.0759 0.0465 0.0375 

Table III. Effect of Partial Pressure, 4 6 0 ° F 

T o t a l pressure, ps ia 
H 2 p a r t i a l pressure, psia 
H y d r o c a r b o n p a r t i a l pressure, psia 
k, cc/gram-sec 

465 485 665 685 
420 420 620 618 

45 65 45 67 
0.0375 0.0244 0.0272 0.0184 

E q u a t i o n s 5 have been used w i t h the var iab le pressure data to determine 
the constants. V a r i a b l e pressure data w e r e de termined at 4 6 0 ° , 4 8 0 ° , 
a n d 499 ° F . N e g a t i v e values of the adsorpt ion constants were obta ined 
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1.0 105 1.10 

1000/Temp, l / ° R 

- 2 . 0 

-2.5 

1.0 1.05 1.10 

1000/Temp, l / ° R 

-3.5 

1000/Temp, l / ° R 

Figure 3. Arrhenius plot of 
adsorption model constants 

at 2 of the 3 temperatures w i t h the single-site m o d e l . A l l pos i t ive values 
w e r e obta ined w i t h the dual-si te m o d e l , w h i c h has been accepted as the 
more correct m o d e l because p h y s i c a l l y real ist ic values for the constants 
were obta ined. 

Effect of Temperature on Adsorption Model Constants 

A c c o r d i n g to the adsorption-site theory, the m o d e l constants s h o u l d 
f o l l o w a n A r r h e n i u s - t y p e temperature re lat ionship. A n A r r h e n i u s - t y p e 
p lo t of the adsorpt ion m o d e l constants is s h o w n i n F i g u r e 3. T h e rate 
constant, k0, increases w i t h a n increase i n temperature , a n d the adsorpt ion 
constants decrease w i t h a n increase i n temperature. These o p p o s i n g ef
fects are i n agreement w i t h a p h y s i c a l l y real ist ic m o d e l . T h e ac t ivat ion 
energies f o u n d f r o m these data are 29.3 k c a l / m o l e for react ion, —28.9 
k c a l / m o l e for h y d r o c a r b o n adsorpt ion , a n d —35.4 k c a l / m o l e for h y d r o g e n 
adsorpt ion. 
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Discussion 

B. C . Gates ( U n i v e r s i t y of D e l a w a r e , N e w a r k , D e l . 19711) : D i d y o u 
observe catalyst ag ing , a n d can y o u make quant i tat ive statements about 
i t? D o y o u va lue the L a n g m u i r - t y p e rate equat ion as more than a curve-
fitting equat ion? 

J. R. Hopper: T h e r e was no ag ing of the catalysts as observed b y a 
r u n at s tandard condit ions m a d e p e r i o d i c a l l y d u r i n g the testing. A l t h o u g h 
the m o d e l fits n i ce ly into a p h y s i c a l l y real ist ic f r a m e w o r k , i t is considered 
to be p r i m a r i l y a mathemat i ca l fit of the data. 

H . A . Benesi ( S h e l l D e v e l o p m e n t C o . , O a k l a n d , C a l i f . 94608) : A t 
the h igher conversions of cyclohexane, were any products other than 
methylcyc lopentane obtained? 

J. R. Hopper: W e d i d not observe any apprec iable c racked products , 
usua l ly less than 0 . 5 % , a n d there was no benzene present i n any of the 
products . 
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Synthetic Erionite and Selective 
Hydrocracking 

H. E. ROBSON, G. P. HAMNER, and W. F. AREY, JR. 

Esso Research Laboratories, Humble Oil & Refining Co., 
Baton Rouge, La. 70821 

Erionite has been synthesized at 100°-150°C from a (Νa,Κ) 
aluminosilicate gel with SiO2/Al2O3 = 10. X-ray and elec
tron diffraction results on the product show intergrowths of 
the related offretite structure, which is a hrge-pore zeolite. 
Adsorption capacity for n-hexane is consistent with the 
density but adsorption rates are far slower than for zeolite A. 
Adsorption rates for n-octane are even slower but still better 
than for natural erionite. Hydrocracking tests on a C5/C6 

naphtha show strong selectivity for converting normal paraf
fins to C4- gas, particularly propane. As temperature is in
creased, other components of the naphtha feed are cracked 
and selectivity decreases. 

R e d i t e A , a l t h o u g h an excellent adsorbent, has never seen w i d e use as 
a catalyst for pe t ro leum processes. T h i s is p r o b a b l y because of its 

l o w s i l i c a / a l u m i n a rat io w h i c h makes i t unstable i n the h y d r o g e n f o r m . 
Nevertheless , processes such as octane i m p r o v e m e n t a n d p o u r po in t 
r e d u c t i o n c o u l d benefit f r o m a catalyst w h i c h w o u l d operate o n l y o n 
stra ight-chain hydrocarbons— i . e . , a catalyst based o n a smal l -pore zeo
l i te . E r i o n i t e appears to be the p r i m e candiate for this service because 
i t has b o t h a three-dimensional 5 - A pore system a n d h i g h s i l ica content 
( S i 0 2 / A l 2 0 3 ~ 7 ) . 

Synthesis Experiments 

T h e synthesis of erionite was reported b y Z h d a n o v (11) i n 1965. 
T h e m e d i u m was descr ibed as a m i x e d sodium—potassium a luminos i l i ca te 
h y d r o g e l at 9 0 ° - 1 0 0 ° C b u t fur ther details are not g iven . B r e c k a n d 
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418 MOLECULAR SIEVE ZEOLITES II 

A c a r a ( 1 ) h a d reported earl ier the synthesis of zeolite T , w h i c h appears 
to be erionite as far as can be seen f r o m the p r i n c i p a l x-ray lines. 

T h e results of our synthesis experiments are g i v e n i n F i g u r e 1, w h i c h 
plots 2 of the 4 compos i t ion variables r e q u i r e d to describe the synthesis 
ge l of 5 components ( N a 2 0 · K 2 0 · A 1 2 0 3 · S i 0 2 * H 2 0 ) . T h e system is 
comparat ive ly less sensitive to the other 2 compos i t ion var iables : K 2 0 / 
( K 2 0 + N a 2 0 ) a n d H 2 0 / S i 0 2 . Exper iments i n F i g u r e 1 are at 0.25 
K 2 0 / ( K 2 0 -f- N a 2 0 ) ; the results w o u l d be nearly the same i f this rat io 
were 0.20 or 0.30. B e y o n d this range, c rys ta l l iza t ion of other zeolite 
phases becomes predominant . 

S i l i ca sol was the S i 0 2 source for a l l these experiments. A n a luminate 
l i q u o r was p r e p a r e d b y d isso lv ing a l u m i n a t r ihydrate i n hot N a O H - K O H 
solut ion. A f t e r c o o l i n g to r o o m temperature, the ( N a , K ) A 1 0 2 l i q u o r was 
b l e n d e d w i t h 4 0 % si l ica sol us ing a high-speed mixer . W a t e r content of 
the synthesis ge l was h e l d to a m i n i m u m ; r e d u c t i o n of water has con
sistently g iven better erionite crysta l l in i ty . F o r h igh-s i l i ca formulas , 
H 2 0 / S i 0 2 was 16; as s i l i ca was decreased, water content was r e d u c e d 
u n t i l at the l o w s i l i ca end , H 2 0 / S i 0 2 = 6. 

T h e gel was crys ta l l ized i n closed containers to prevent evaporat ion 
loss. C r y s t a l l i z a t i o n t ime ranged f r o m 1 to 5 days d e p e n d i n g o n gel c o m 
pos i t ion a n d crys ta l l iza t ion temperature. F i g u r e 1 shows the ranges of 
ge l compos i t ion w h e r e the p r o d u c t is substant ia l ly p u r e erionite. T h e 
boundaries are not sharp b u t rather represent areas of decreasing erionite 
c rys ta l l in i ty i n the product . 

Increasing the crysta l l iza t ion temperature f r o m 100° to 150 ° C sub
stant ial ly increases the erionite crys ta l l iza t ion area. A t 150 ° C , good 

J ι 1 
10 15 20 

S i 0 2 / A l 2 0 3 

Figure 1. Erionite synthesis from silica sol, 0.25 K 3 0 / ( K 2 0 + Nafi), 
minimum water 
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73. ROBSON E T AL. Synthetic Erionite 419 

erionite products were obta ined w i t h 10 S i 0 2 / A l 2 0 3 a n d 16 hours ' crysta l 
l i z a t i o n t ime. T h e change i n s i l i ca content of the erionite p r o d u c t is o n l y 
f r o m 7 to 6 S i 0 2 / A l 2 0 3 as the ge l changes f r o m 20 to 10 S i 0 2 / A l 2 0 3 . 

Comparison with Natural Erionite 

N a t u r a l erionite, u n l i k e most other na tura l zeolites, occurs i n deposits 
large enough a n d p u r e enough to be used for c o m m e r c i a l purposes ( 3 ) . 
Several h i g h - q u a l i t y deposits are k n o w n i n N e v a d a a n d O r e g o n . N a t u r a l 
erionite has some properties w h i c h are definite l iabi l i t ies for catalyt ic 
purposes. O b v i o u s l y , na tura l erionite contains a w h o l e spectrum of i m 
puri t ies such as F e , T i , C a , M g , a n d C u w h i c h m a y be object ionable. 
F u r t h e r , the nature of the f o r m a t i o n process prac t i ca l ly guarantees v a r i a 
t ion i n q u a l i t y w i t h i n a single deposit (4). Synthet ic erionite, a l though 
more expensive, s h o u l d be dependable i n qua l i ty . 

Table I. Erionite X-Ray Diffraction Patterns 

I/h 
hkl d Natural Synthetic 

100 11.47 100 100 
101 9.37 8.5 * 
002 7.55 7.8 4.0 
110 6.61 41 41 
102 6.30 4.9 2.8 
200 5.72 5.3 3.3 
201 5.35 6.9 * 
103 4.61 4.1 * 
202 4.56 5.8 3.9 
210 4.326 25 31 
211 4.158 11 4.5* 
300 3.814 14 12 
212 3.754 40 36 
104 3.587 21 15 
302 3.401 0.8 0.6 
220 3.304 17 11 
213 3.278 6.2 1.3* 
310 3.173 6.6 5.1 
204 3.148 13 12 
311 3.106 3.3 * 
312 2.923 6.5 4.4 
400 2.860 27 30 
214 2.842 21 25 
401 2.811 22 5.7* 
402 2.675 7.3 7.1 
410 2.497 5.6 5.6 
322 2.479 8.8 10 
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420 MOLECULAR SIEVE ZEOLITES II 

A second a n d more subtle area of difference is i n the crys ta l lography 
of the erionite phase itself (10). T a b l e I compares x-ray di f f rac t ion in ten
sities of l o w angle lines for a natura l erionite (Jersey V a l l e y , N e v . ) a n d 
a synthetic erionite p r e p a r e d at Esso Research Laborator ies . T h e agree
ment is qui te g o o d except for those lines w h i c h have been m a r k e d b y 
an astrisk i n d i c a t i n g an intensity of less than half of that for n a t u r a l 
erionite . W i t h o u t exception, the designated lines ( 101, 201, 103, 211, 213, 
311, a n d 401) have o d d values for the " 1 " index. F u r t h e r , their intensities 
are substantial ly less than the reference. 

S u c h an effect is understandable i n v i e w of the d is t inc t ion be tween 
erionite a n d offretite structures p u b l i s h e d b y Bennett a n d G a r d (2, 9 ) . 
T h e designated lines are f o r b i d d e n for the offretite structure. G a r d has 
examined our synthetic erionite p r o d u c t b y electron di f f rac t ion a n d f o u n d 
"d isordered in tergrowth w i t h w i d e l y v a r y i n g proport ions of erionite a n d 
offretite structures" ( 8 ) . 

Adsorption Properties 

Since offretite is a large-pore structure, i n t e r g r o w t h of offretite i n the 
erionite phase w o u l d be expected to affect the adsorpt ion propert ies . 
T a b l e I I compares adsorpt ion capacities for natura l a n d synthetic erionite 
w i t h Zeol i te A ( C a ) a n d synthetic faujasite ( N a ) (4.8 S i 0 2 / A l 2 0 3 ) . A s 
expected, the more dense erionite structure shows lower capaci ty ( 5 ) . 
T h e r e is substantial agreement be tween natura l a n d synthetic erionite 
capaci ty ; the difference shows i n adsorpt ion rates ( D/r2 ). T h e l o w appar
ent d i f fus iv i ty of η-paraflîns i n erionite is somewhat a mystery since there 
does not appear to be that m u c h difference i n pore dimensions be tween 
erionite a n d zeoli te A as p r e d i c t e d f r o m their structures ( 6 ) . T h e differ
ence cannot be at t r ibuted to crystal l i te size since the natura l erionite 
sample ( laths, 0.5 μ diameter or less) has finer crystal l i te size t h a n any 
of the synthetic materials ( 1-5 μ ). 

T a b l e I I . A d s o r p t i o n Capaci t ies 

n-Hexane n-Octane 

Sample Capacity" Diffusivityb Capacity0 Diffusivity6 

Faujas i te (Na) 1.68 137 c 1.06 4 6 c 

Zeolite A (Ca) 0.83 2.1 0.80 2.3 
N a t u r a l E r i o n i t e 0.57 0.23 0.32 0.024 
Synthet i c E r i o n i t e ( N a , K ) 0.68 2.4 0.27 5.5 
Synthet i c E r i o n i t e ( H ) 0.50 10 0.35 5.1 

° M i l l i m o l e s adsorbate/gram zeolite (20- to 35-mesh granules). 
b Apparent di f fus ivi ty (D/r2) s e c - 1 Χ 10 3 (6). 
0 Desorpt ion. 
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73. ROBSON E T AL. Synthetic Erionite 421 

T h e difference is more notable i n η-octane adsorpt ion w h i c h is s h o w n 
i n the last 2 columns of T a b l e I I . Zeol i te A shows substant ia l ly the same 
capaci ty a n d adsorpt ion rate for η-octane as for n-hexane. B u t for erionite , 
b o t h n a t u r a l a n d synthetic , η-octane capacit ies , a n d p a r t i c u l a r l y the 
adsorpt ion rates are substantial ly reduced . H e r e the difference b e t w e e n 
synthetic a n d n a t u r a l erionite adsorpt ion rate is qui te large. It is possible 
that this is an effect of res idual K + cations. H o w e v e r , s imple exchange of 
N a + a n d K + for H + s h o w e d l i t t le change. W e bel ieve the more p r o b a b l e 
explanat ion is the i n t e r g r o w t h of offretite i n the erionite crystal . T h e 
large offretite channels c o u l d give more r a p i d d i s t r i b u t i o n of the sorbate 
molecule w i t h i n the synthetic erionite crystal . 

Hydracracking Tests 

These materials were tested as catalysts for the selective convers ion 
of n o r m a l paraffins. T h e use of 5 A zeolites as shape-selective catalysts 
was first descr ibed b y E n g ( 7 ) ; i t has been d e v e l o p e d subsequently b y 
several authors. F o r this purpose , the exchanged zeolites were i m p r e g 
nated w i t h 0 .5% P d , made into 14- to 35-mesh granules ( se l f -bonded ), 
a n d p r e r e d u c e d w i t h h y d r o g e n at 8 5 0 ° F . T h e feedstock was an A r a b i a n 
C 5 / C 6 naphtha stream, selected because of its h i g h η-paraffin content 
(over 4 0 % ) . T h e ni t rogen content of the feed was less t h a n 1 p p m , 
sul fur less than 10 p p m . Test condit ions were 7 5 0 ° F (except w h e r e other
wise n o t e d ) , 500 ps ig , 0.5 V / V / h r , a n d 2000 std. c u f t H 2 / b b l . T h e 
catalyst was sul f ided b y a d d i n g 0.25% C S 2 to the feed. L i q u i d a n d gas 
products were evaluated b y G C a n d M S analyses. I n d i v i d u a l balance 
periods were 7 hours l o n g ; m u l t i p l e tests o n the same catalyst charge 
gave tota l exposures u p to 200 hours. 

Table III. Hydrocracking of C5—CQ Naphtha by Zn-Exchanged Zeolites 

Natural Synthetic 
Catalyst Base Faujasite Zeolite A Erionite Erionite 

( N a 2 0 + K 2 0 ) / A 1 2 0 3 0.24 0.11 0.33 0.20 

C o n v e r s i o n , W t % 
n-Pentane 60 62 81 93 
n -Hexane 79 86 98 99+ 
Other 52 15 25 36 

T a b l e I I I compares results f r o m erionite catalysts w i t h faujasite a n d 
zeoli te A , a l l i n the z inc-exchanged f o r m . Z i n c was used to o b t a i n a n 
act ive f o r m of zeoli te A w h i c h is stable to these condit ions . E r i o n i t e is 
less act ive t h a n faujasite for convers ion of the tota l n a p h t h a feed to C 4 
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422 M O L E C U L A R SIEVE ZEOLITES II 

Table IV. Hydrocracking by Different Cationic Forms 
of Synthetic Erionite 

Catalyst Base Zn-Erionite H-Erionite RE-Erionite 

( N a 2 0 + K 2 0 ) / A 1 2 0 3 0.20 0.31 0.24 

C o n v e r s i o n , W t % 
n-Pentane 93 96 97 
n - H e x a n e 99+ 99+ 99+ 
O t h e r 36 41 27 

Table V . Effect of Temperature on Hydrocracking with RE-Erion 

Temp., °F 650 700 750 

C o n v e r s i o n , W t % 
n-Pentane 52 91 97 
n - H e x a n e 30 99+ 99+ 
O t h e r 8 15 27 

Table V I . Feed and Product Composition, W t % 

Component Feed Product 

C i 0.0 0.7 
C 2 0.0 3.2 
C 3 0.0 36.6 
i-C4 0.0 1.7 
n - C 4 0.2 6.6 
i - C B 9.8 7.1 
n - C 5 16.2 1.4 
Branched-Ce 38.7 34.4 
n - C 6 25.0 0.2 
B r a n c h e d C 7 0.5 0.4 
M C P 6.3 4.3 
C H 1.0 0.6 
M C H 0.0 0.2 
Benzene 2.2 2.6 

a n d l ighter materials , b u t it is cons iderably more act ive for conver t ing 
n-pentane a n d n-hexane. Zeol i te A is s t i l l less act ive b u t is more selective 
for conver t ing o n l y the n o r m a l paraff in component . C o m p a r e d w i t h nat
u r a l er ionite , the synthetic erionite catalyst is more act ive for convers ion of 
b o t h total feed a n d the n-paraff in component . It is less selective for 
opera t ing o n l y o n the n o r m a l paraffins. 

E r i o n i t e can be used i n other cat ionic forms i n c l u d i n g the h y d r o g e n 
a n d rare earth forms. A s expected, these give i m p r o v e d ac t iv i ty as s h o w n 
i n T a b l e I V . T h e h y d r o g e n f o r m is the most act ive b u t also the least 
selective, poss ib ly because the test condit ions are too severe. T h e rare 
earth exchanged f o r m ( n a t u r a l mixture less c e r i u m ) is just as act ive for 
conver t ing n o r m a l paraffins b u t more selective. A g a i n , the condit ions are 
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73. ROBSON E T AL. Synthetic Erionite 423 

too severe, a n d better results can be ach ieved b y accept ing less t h a n 
ext inct ion of the n-parafBns. T h i s is conf i rmed b y T a b l e V , w h i c h shows 
the temperature effect. A t 6 5 0 ° F , n-hexane convers ion is o n l y 3 0 % ; this 
is consistent w i t h lower adsorpt ion rates observed for the h igher n -
paraffins. A t 7 0 0 ° F a n d above, the greater s tabi l i ty of n-pentane becomes 
the cont ro l l ing factor; n-hexane is substant ia l ly ext inguished. Select ivi ty 
at 7 0 0 ° F is better than the earlier results w i t h zeoli te A at 7 5 0 ° F . C o m p o 
s i t ion of feed a n d p r o d u c t f r o m the rare-earth erionite catalyst at 7 0 0 ° F 
are g i v e n i n T a b l e V I . 

T h e quest ion remains w h y the other components , p r i n c i p a l l y 
b r a n c h e d paraffins, are converted at a l l . Several explanations c a n be 
offered, none complete ly satisfactory. N o t a l l the p a l l a d i u m is ins ide the 
zeoli te cages but m a y be p a r t i a l l y o n external surfaces a n d nonzeol i te 
components , amorphous mater ia l w h i c h is either the residue of i n c o m 
plete crys ta l l iza t ion or the p r o d u c t of zeolite decompos i t ion i n subsequent 
treatments. Since x-ray crysta l l in i ty is u n i f o r m l y h i g h , the amorphous 
component s h o u l d be quite smal l . B r a n c h e d paraffins c a n penetrate the 
zeoli te surface far enough to be cracked. H i g h temperature alters the 
selective adsorpt ion properties of the zeoli te , w h i c h w e r e observed at 
l o w temperature. Offret i te intergrowths p r o v i d e e n o u g h surface i n larger 
diameter pores p a r t i a l l y to convert b r a n c h e d a n d c y c l i c molecules . T h e r e 
is some t r u t h i n a l l of these b u t w e prefer the latter. 
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Discussion 

F . W . K i r s c h ( S u n O i l C o . , M a r c u s H o o k , P a . 19061): D i d y o u infer 
any conclusions about react ion mechanism f r o m the nature of the p r o d u c t 
d is t r ibut ion? 
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424 MOLECULAR SIEVE ZEOLITES II 

H . Robson: W e were p r i m a r i l y interested i n the h y d r o c r a c k i n g of 
n-pentane a n d n-hexane to l o w molecular w e i g h t gases, p r i n c i p a l l y p r o 
pane. There were m i n o r secondary effects such as isomerizat ion. 

I. M . Keen ( B r i t i s h P e t r o l e u m C o . , L t d . , M i d d l e s e x , E n g l a n d ) : F i r s t , 
h o w d i d y o u impregnate the p a l l a d i u m hydrogénation component onto 
y o u r catalysts—i .e., w h a t salt d i d y o u use? Secondly, d i d y o u notice any 
differences i n the h y d r o c r a c k e d p r o d u c t d i s t r ibut ion f r o m C r - C 6 naphtha 
u s i n g your different ion-exchanged forms of the erionite catalyst? 

H . Robson: P a l l a d i u m was deposi ted on the zeol i te p o w d e r b y ex
change w i t h P d ( N H 8 ) 4 C l 2 solut ion. W e d i d not observe significant di f 
ferences i n p r o d u c t d i s t r ibut ion between cat ionic forms of erionite , but 
of course w e were l o o k i n g p r i m a r i l y for the disappearance of n-pentane 
a n d n-hexane. 

R. C. Hansford ( U n i o n O i l C o . of C a l i f o r n i a , B r e a , C a l i f . 92621) : 
T o w h a t extent m i g h t some amorphous s i l i c a - a l u m i n a be responsible for 
the poor selectivity— i .e . , are the synthetic products complete ly crystal l ine? 

H . Robson: W e k n o w that the synthetic erionite p r o d u c t is h i g h l y 
crystal l ine f r o m the intensity of x-ray di f f ract ion peaks a n d the absence of 
the amorphous " h a l o / ' U n f o r t u n a t e l y , this does not prove the sample is 
f u l l y crystal l ine. If amorphous mater ia l is present, i t should be at a very 
l o w level . 

Ν . Y . Chen ( M o b i l Research & D e v e l o p m e n t C o r p . , Pr ince ton , N . J. 
08540 ) : It m i g h t be of interest to the audience, p a r t i c u l a r l y to those w h o 
are not f a m i l i a r w i t h the a p p l i c a t i o n of zeolites i n i n d u s t r i a l catalyt ic 
processes, to m e n t i o n that since the discovery of catalysis over shape-
selective zeoli te first p u b l i s h e d b y W e i s z a n d Fr i le t te i n 1960, a c o m 
m e r c i a l process based on selective h y d r o c r a c k i n g reactions s imi lar to that 
repor ted i n this paper has been i n operat ion on a large scale i n more than 
f o u r of our refineries since 1967. A technica l paper descr ib ing this process, 
k n o w n as the Se lec toforming process, was p u b l i s h e d i n 1968. 

H . Robson: W e have no par t i cu lar comment except that p r i o r i t y of 
i n v e n t i o n is de termined b y patents rather than p u b l i c a t i o n i n journals. 

D . L. Peterson ( C a l i f o r n i a State C o l l e g e , H a y w a r d , C a l i f . 94542) : 
D i d y o u examine the temperature dependence of selectivity a n d conver
s ion of the Z n or H forms of either the synthetic or the natura l erionites? 

H . Robson: R e d u c t i o n of react ion temperature improves selectivity 
of Z n a n d H forms of erionites, as w e l l as rare earth exchanged forms. 

D . A . Hickson ( C h e v r o n Research C o . , R i c h m o n d , C a l i f . 94802) : 
C a n y o u comment on the s tabi l i ty of ac t iv i ty and p r o d u c t select ivity w i t h 
t ime on stream? 
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73. ROBSON E T AL. Synthetic Erionite 425 

H . Robson: O u r tests were short- term screening tests; balance per iods 
were six hours , total t ime on temperature u p to t w o or three days. H o w 
ever, w e were able to repeat the i n i t i a l results after this m u c h exposure. 
A s far as can be de termined f r o m short- term tests, catalyst l i fe appears 
satisfactory. 

Question: D o y o u have any est imation of the in terna l vs. external 
surface area of the erionite? 

H . Robson: B a s e d o n a part ic le size of about one m i c r o n observed i n 
the electron micrographs , w e estimate about 3 m 2 / g external surface area, 
w h i c h is less than 1 % of total surface area. 
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Hydrogen Generation by Steam Reformation 
of n-Hexane over Zeolite Catalysts 

C. S. BROOKS 

United Aircraft Research Laboratories, East Hartford, Conn. 06108 

High-activity nickel and cobalt catalysts for hydrogen gen
eration by the steam—hydrocarbon reforming reaction were 
prepared by ion exchange from synthetic zeolites. The ac
tivity of the catalysts for steam-reforming of hydrocarbons 
was evaluated with n-hexane at 400° to 500°C. The specific 
reforming activity exceeded by factors of 2 to 30 that ob
tained for an active commercial nickel-on-alumina zeolite 
under comparable conditions. The superior activity was 
attributed to the high state of nickel dispersion in the 
catalysts prepared by ion exchange. The cobalt zeolites had 
comparable initial activity but rapidly lost their reforming 
activity owing to oxidation with reactant steam. Mordenite 
and faujasite zeolite catalysts with nickel contents less than 
4 wt% demonstrated the highest specific reforming activity. 

/ T i h e successful methane re forming catalysts (2) are p r i m a r i l y n i cke l -
A on-a lumina w i t h re la t ive ly heavy meta l loadings ( ^ 15 w t % ) . T h e 

p r i n c i p a l causes of catalyst degradat ion i n the re forming of l i q u i d hydro
carbons seem to be loss of ca ta ly t ica l ly active me ta l surface and heavy 
carbon deposi t ion. It w o u l d appear f rui t ful to examine the difference 
be tween methane and h igher hydroca rbon re forming and the properties 
des i red i n a s team-reforming catalyst. T h e obvious difference i n the re
fo rming of l i q u i d hydrocarbons and of methane is that the desired catalyst 
shou ld incorporate efficiency for C — C b o n d rupture w i t h a m i n i m u m 
of coking . 

T h e zeolites have several un ique s tructural features w h i c h p rov ide 
them w i t h specia l interest as catalyst substrates. These features are ex
tensive intralat t ice pore vo lume, a pore size of molecular dimensions, 
a large popu la t ion of cat ion exchange sites, and the locat ion of the ex-

426 
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74. BROOKS Hydrogen Generation by Steam Reformation 427 

change cat ion w i t h i n the intralatt ice pore v o l u m e . These s t ructural fea
tures are of specia l interest i n various h y d r o c a r b o n reactions, no tab ly 
hydrocarbon—water interactions, because of the possibi l i t ies for surface 
reactions w i t h i n a latt ice cage, p r o v i d i n g an a c i d substrate to fac i l i tate 
C — C b o n d rupture , a n d i n t r o d u c i n g catalyt ic metals i n a h i g h l y disperse 
state on the crystal latt ice surface a n d w i t h i n the pore v o l u m e cages of 
the zeolites. 

Experimental 

Selection of Zeolites. T h e selected zeolites consisted of the 2 p r i n c i 
p a l c rys ta l lographic types—i .e. , mordeni te a n d f a u j a s i t e — w h i c h p r o v i d e 
an interest ing range of intracrystal l ine cage volumes of 0.29 a n d 0.54 c m 3 

per c m 3 zeol i te , respect ively ; net charges per surface oxygen of 0.083 a n d 
0.214 e units , respect ively ; a n d free cavity diameters of about 9 a n d 11.8 
A , respect ively ( 3 ) . 

A faujasite zeol i te , s u c h as L i n d e 13X ( U n i o n C a r b i d e ) , has the 
e m p i r i c a l f o r m u l a N a 8 e ( A K > 2 ) 8 6 ( S i 0 2 ) ιοβ ' 264 H 2 0 w h i c h corresponds 
to a S i 0 2 / A 1 0 2 rat io of 1.23 a n d a cat ion exchange capac i ty ( C E C ) of 
4.7 m e q / g r a m . A mordeni te zeol i te , such as N o r t o n s o d i u m Z e o l o n 
( N o r t o n C o . ) , has an e m p i r i c a l f o r m u l a N a 8 ( A 1 0 2 ) 8 ( S i 0 2 ) 4 o * 24 H 2 0 
w h i c h corresponds to a S i 0 2 / A 1 0 2 rat io of 5.0 a n d a C E C of 2.4 m e q / 
gram. C l a y b i n d e r to the extent of 1 7 % was used w i t h L i n d e 13X. T h e 
N o r t o n Z e o l o n a n d the L i n d e 1 3 X were i n the f o r m of 1 /16- inch c y l i n 
d r i c a l pellets. T h e L i n d e Y zeoli te ( S K 4 0 0 ) is also a faujasite type b u t 
w i t h a greater S i : A l rat io ( > 1.5) t h a n the S i : A l ratio of about 1.23 char
acteristic of the X zeoli te . T h e Y zeol i te h a d a C E C of 4.04 m e q / g r a m 
a n d was used i n the f o r m of 3 / 1 6 - i n c h c y l i n d r i c a l pellets. A d d i t i o n a l 
details on the properties of these zeolites are avai lable i n the p u b l i s h e d 
l i terature (3,4,14). 

Catalyst Preparation. Cata lyst preparat ion consisted of the ex
change of n i c k e l or cobalt nitrate for the s o d i u m cat ion. Rat ios of n i c k e l 
or cobal t to s o d i u m of 20:1 were used for m a x i m u m exchange a n d the 
i o n exchanged zeoli te pellets were leached w i t h d e i o n i z e d water . C a t 
alyst preparat ions were r e d u c e d for 16 hours at 4 0 0 ° C i n a stream of 
h y d r o g e n . S i m i l a r procedures have been reported (5, 6). 

Catalyst Characterization. C h e m i c a l analyses, x-ray di f f ract ion an
alyses, a n d gas adsorpt ion procedures were used to characterize the 
composi t ion , crysta l lographic character, a n d surface structure of the 
n i c k e l a n d cobalt zeoli te catalyst preparat ions. T h e c h e m i c a l a n d x-ray 
procedures were s tandard methods w i t h the latter descr ibed elsewhere 
(11). C a r b o n monoxide chemisorpt ion measurements p r o v i d e useful 
estimates of the surface covered b y n i c k e l atoms f r o m the zeol i te sub
strate (10). 

Hydrocarbon Steam Reforming Tests in Microcatalytic Reactor. 
Cata lys t per formance for steam r e f o r m i n g of n-hexane to p r o d u c e C H 4 , 
C O , C 0 2 , a n d H 2 at 4 0 0 ° to 500 ° C was evaluated i n a stainless steel 
reactor w h i c h has bas ica l ly the same instrumentat ion used prev ious ly for 
o x i d a t i o n catalyst studies (9, 12). T h e p r i n c i p a l modif icat ions consisted 
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428 MOLECULAR SIEVE ZEOLITES II 

of the i n t r o d u c t i o n of a d u a l in ject ion meter ing p u m p , a vapor izer , a 
v a p o r mixer , a n d a watercoo led condensate trap. Cata lys t charges r a n g e d 
f r o m 1-12 grams a n d were interspersed t h r o u g h 1 / 8 - i n c h a l u m i n a pellets 
( N o r t o n Suppor t SA5101) to f o r m the catalyst b e d (35 c m 3 ) . T h e u n 
converted n-hexane was col lected a n d w e i g h e d after the condensate was 
re t r ieved f r o m the condensate t rap. Ef f luent gases were a n a l y z e d b y 
chromatography a n d mass spectrometry for a l l vapor components u p to 
C 6 hydrocarbons . 

Discussion 

Catalyst Composition. C h e m i c a l composit ions of t y p i c a l n i c k e l a n d 
cobal t zeolites are s u m m a r i z e d i n T a b l e I. B a s e d on the total C E C de
r i v e d f r o m the i n i t i a l s o d i u m composi t ion , 23 to 3 7 % of the Z e o l o n a n d 
8.4% of the L i n d e SK400 exchange sites are o c c u p i e d b y n i c k e l cations. 
I n Zeo lon , 5 5 % of the exchange sites are o c c u p i e d b y cobalt cations. A 
rat io of 1.41:1 for cobal t to n i c k e l o n the Zeolon exchange sites resul ted 
w h e r e n i c k e l a n d cobalt were exchanged under comparable condit ions . 

Table I. Chemical Composition of Zeolites 

Catalyst 

N a Zeolon 
N i - C o Zeolon 
N i ( N a ) Zeolon 
C o ( N a ) Zeolon 
L i n d e S K 4 0 0 

a Atomic absorption. 
6 Wet analysis. 

Cation 

N a + 
N i 2 + - C o 2 + 

N i 2 + 
C o 2 + 

N a + - N i 2 + 

Wt% 

5.33° 
1.52-2.15* 

3.24 δ 

3.77 δ 

8.7-0.76* 

CEC, Meq/Gram 

2.32 
0.52 Ni 2 +-0 .73 C o 2 + 

1.10 
1 28 

3.78 Na+-0.26 N i 2 + 

Crystallographic Character of Zeolites. It is essential for adequate 
character izat ion of the zeol i te catalyst preparat ions that ver i f icat ion of 
structural integr i ty be m a d e b y x-ray di f f ract ion analysis. C o n s i d e r a b l e 
i n f o r m a t i o n o n the structure of zeolites, such as 13X, has been p u b l i s h e d 
(5 , 6). X - r a y di f f rac t ion analyses of several of the s o d i u m , n i c k e l , a n d 
cobalt zeolites establ ished the p r i n c i p a l interplanar d-spacings i n A n g 
s trom units a n d the relat ive intensity, l O O I / I o , of these lines. T h e p r i n 
c i p a l conclusions w a r r a n t e d b y these x-ray di f f ract ion data are that the 
zeol i te structure was essentially intact after exchange of n i c k e l for s o d i u m 
i n Z e o l o n b u t not i n the case of 13X, a signif icant amount of n i c k e l crys
tallites large enough for detect ion b y x-ray were present i n the h y d r o g e n -
r e d u c e d 1 3 X n i c k e l zeoli te b u t not i n the case of n i c k e l Zeo lon , a n d 
there was i n no instance evidence of a significant amount of cobal t i n 
crystall i tes large enough for detect ion b y x-ray di f f ract ion. 

State of Dispersion of Metal. C h e m i s o r p t i o n of carbon monoxide at 
23 ° C a n d x-ray di f f rac t ion l ine b r o a d e n i n g have been used to measure 
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74. BROOKS Hydrogen Generation by Steam Reformation 429 

the state of dispers ion of the n i c k e l on 3 of these catalyst preparat ions. 
These results are g iven i n de ta i l i n Ref. 10. F o r example , the carbon 
monoxide c h e m i s o r p t i o n estimates of the n i c k e l areas resul ted i n a spe
cific n i c k e l area of 30 m 2 / g r a m of catalyst for the Z e o l o n support , c o m 
p a r e d w i t h 10 m 2 / g r a m of catalyst for the n i c k e l - o n - a l u m i n a i n the 
case of G56 . T h e x-ray di f f ract ion l ine b r o a d e n i n g measurements s h o w 
that 5 8 % of the total n i c k e l surface area i n the case of the G 5 6 a l u m i n a 
suppor ted catalyst is cont r ibuted b y n i c k e l crystall ites greater than 100 A . 
O n the other h a n d , o n l y 0.4% of the n i c k e l area for n i c k e l Z e o l o n is con
t r i b u t e d b y n i c k e l crystallites greater than 100 A . F u r t h e r m o r e , i f the 
carbon monoxide chemisorpt ion is expressed as molecules of carbon 
monoxide per n i c k e l a tom, a rat io of 1.03:1 is ob ta ined for n i c k e l Z e o l o n 
( T a b l e I I I , Ref . 10). T h i s last result demonstrates that the n i c k e l o n the 
freshly p r e p a r e d n i c k e l Z e o l o n catalyst is present i n an a tomic state of 
dispers ion. 

Steam Reforming of w-Hexane Over Nickel and Cobalt Catalysts. 
T h e per formance of several of the n i c k e l a n d cobal t zeol i te catalysts for 
steam r e f o r m i n g of n-hexane at 400°—500° C has been evaluated b y short 
test runs w i t h the reactor a n d the procedures descr ibed above ( T a b l e 
II ). A G i r d l e r r e f o r m i n g catalyst ( G 5 6 ) was tested u n d e r the same con
dit ions as a comparat ive s tandard. A l l tests were c o n d u c t e d at a tota l 
pressure of 1 a tm. Plateaus of sustained r e f o r m i n g ac t iv i ty were estab
l i shed w i t h i n 1 hour . T h e cobalt catalysts lost essentially a l l r e f o r m i n g 
ac t iv i ty w i t h i n 3 hours , p r e s u m a b l y because of ox idat ion b y steam. T h e 
space velocit ies repor ted are ca lcula ted i n terms of theoret ical h y d r o g e n 
p r o d u c t i o n based on the n-hexane in ject ion rate a n d extent of convers ion 
( E q u a t i o n 2, T a b l e I I ). T h e equat ion for the steam r e f o r m i n g of n-hexane 
w i t h complete convers ion to carbon diox ide is 

Steam r e f o r m i n g was the p r i m a r y react ion over these n i c k e l catalysts. 
T h e presence of hydrocarbons ( C 2 to C 5 ) w h i c h w o u l d indicate c r a c k i n g 
reactions occurred to the extent of less than 1 0 % i n the react ion products . 
T h e presence of methane, w h i c h w o u l d indicate p a r t i a l r e f o r m i n g , d i d not 
exceed 5 % i n the react ion products . T h e r e does not appear to be any 
signif icant difference i n p r o d u c t select ivity for the n-hexane steam re
f o r m i n g react ion over n i c k e l o n the 2 qui te different supports—zeol i te vs. 
a l u m i n a . Carbonaceous residues a c c u m u l a t e d i n the case of a l l the n i c k e l 
catalysts where r e f o r m i n g ac t iv i ty was sustained a n d the carbon deposi 
t ion on the zeoli te catalysts c o m p a r e d f a v o r a b l y w i t h G 5 6 . 

C 6 H 1 4 + 12 H 2 0 = 6 C 0 2 + 19 H 2 (1) 

sv = 
OLFW (2.24 Χ 104) (19) (3600) 

V 
= c m 3 / i d e a l H 2 per c m 3 cata lyst (2) 
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Table II. Reforming of w-Hexane 

Κ 
Test 

Period, 
Min. 

μ moles 

Catalyst 

G 5 6 

Temp. Hr-1 G Cat Sec 
(Eq. 2) {Eq. 3) 

N i Zeolon 
C o Zeolon 

G 5 6 
N i Zeolon 
N i c k e l Y 

500 
500 
500 
500 
430 
430 
430 

40-340 
60-385 
55-390 

40-455 
73-475 

75 
200 

0.36 1880 0.28 
0.54 3660 0.54 
0.20 920 0.42 
0.006 71 0.015 
0.104 244 0.26 
0.114 556 0.60 
0.115 560 0.60 

w h e r e F is n-hexane in ject ion rate, moles per g r a m catalyst per sec, V is 
catalyst b e d v o l u m e , c m 3 , W is w e i g h t of c a t a l y s t / g r a m , a n d a is f rac t ion 
n-hexane r e f o r m e d to carbon monoxide , carbon d iox ide , or methane. T h e 
r e f o r m i n g rate constant, K, def ined as moles n-hexane r e f o r m e d per g r a m 
catalyst per second, is g iven b y the re la t ion 

T h i s assumes a first-order react ion w i t h respect to the n-hexane. K' is the 
r e f o r m i n g rate constant def ined as moles of n-hexane r e f o r m e d per g r a m 
of n i c k e l per second, a n d F represents moles of n-hexane in jected per 
g r a m of m e t a l p e r second. 

T h e h y d r o g e n p r o d u c t i o n efficiency, H p , w h i c h is the rat io of the 
ac tua l to the i d e a l h y d r o g e n p r o d u c t i o n rate, is g iven b y 

w h e r e H 2 represents the h y d r o g e n p r o d u c t i o n rate as m o l e s / s e c o n d 
based o n the effluent gas compos i t ion a n d FW represents the n-hexane 
in ject ion rate as ^ m o l e s / s e c o n d ( E q u a t i o n 1 ). 

T h e r e f o r m i n g rate constants, K , re ferred to the total catalyst w e i g h t 
for a l l the n i c k e l catalysts, f a l l w i t h i n a compara t ive ly n a r r o w range of 
0.26 to 0.60 /rnioles per g r a m of catalyst per second. C o b a l t Z e o l o n h a d 
an i n i t i a l r e f o r m i n g rate constant, K, comparable to that of the n i c k e l 
Z e o l o n b u t this d e c l i n e d r a p i d l y to a m u c h smaller va lue . T h e r e f o r m i n g 
rate constants, K', re ferred to the m e t a l content, s h o w that there is a 
s igni f icant ly greater specif ic r e f o r m i n g ac t iv i ty b y factors of 8 to 30 for 
the n i c k e l zeolites, c o m p a r e d w i t h the n i c k e l - o n - a l u m i n a catalyst ( G 5 6 ). 
T h i s demonstrates that the h i g h state of n i c k e l d ispers ion on the zeol i te 
catalysts does p r o v i d e a h i g h e r specific ac t iv i ty n i c k e l than obta ined w i t h 
the m u c h h i g h e r n i c k e l content of the n i c k e l - o n - a l u m i n a catalysts. T h i s 

Κ = F i n [1/(1 - a)] (3) 

H p = H 2 / 1 9 FWOL (4) 
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74. BROOKS Hydrogen Generation by Steam Reformation 431 

Over Nickel and Cobalt Catalysts 

μ moles 
G Met Sec Hp c, Mol H20 

(Eq. S) (Eq. 4) wt. % C atom 

2.0 0.86 1.4 2.3 
17.0 0.93 3.95 2.5 
11.0 0.84 - -
0.4 0.67 1.08 2.6 
1.79 0.86 3.57 2.4 

18.4 0.89 1.78 2.4 
60.2 0.81 0.95 2.4 

result is consistent w i t h the greater n i c k e l specific area d e t e r m i n e d b y 
carbon m o n o x i d e chemisorpt ion . T h i s conc lus ion , however , appears to 
contradic t earl ier conclusions reached b y S e l w o o d (13) w h i c h w e r e 
based o n magnet i c suscept ib i l i ty measurements that a finite crystal l i te 
size large enough to f o r m a ferromagnet ic d o m a i n a n d signif icant ly larger 
than a n i c k e l a tom is r e q u i r e d for cata lyt ic act ivi ty . T h e H p values for 
a l l the n i c k e l catalysts were h i g h a n d f e l l w i t h i n the re la t ive ly n a r r o w 
range of 0.81 to 0.93, i n d i c a t i n g that the r e f o r m i n g react ion proceeds w e l l 
b e y o n d methane to carbon d iox ide , a n d that side reactions, s u c h as 
c r a c k i n g , occur to a m i n i m a l extent. 

Conclusions 

B o t h mordeni te ( n i c k e l Z e o l o n ) a n d faujasite ( L i n d e Y S K 4 0 0 ) 
zeolites w i t h l o w n i c k e l loadings, 3.24 a n d 0.76 w t % , respect ively , have 
demonstrated ac t iv i ty for steam-reforming of n-hexane superior to a c o m 
m e r c i a l n i c k e l - a l u m i n a catalyst of m u c h greater n i c k e l l o a d i n g . F u r t h e r 
more , the r e f o r m i n g rates referred to the catalyt ic m e t a l exceed that of 
the n i c k e l - a l u m i n a catalyst b y factors of 8 to 30. Tests of 4 - 8 hours ' 
d u r a t i o n resul ted i n carbon accumulat ions c o m p a r i n g qui te f a v o r a b l y 
w i t h that of the n i c k e l - a l u m i n a catalyst. H o w e v e r , the long- term stabi l i ty 
a n d r e f o r m i n g ac t iv i ty of these catalysts must be establ ished before they 
can be considered successful competi tors w i t h a l k a l i - p r o m o t e d n i c k e l 
catalysts ( J , 2, 7, 8) current ly under considerat ion for steam r e f o r m i n g 
of l i q u i d hydrocarbons . T h e s t ructura l in tegr i ty of catalysts exposed for 
extended periods to r e f o r m i n g process condit ions s h o u l d be establ ished 
b y x-ray di f f rac t ion determinat ion of the zeolite crysta l lography a n d m e t a l 
crystal l i te size, a n d b y gas chemisorpt ion measurements for determinat ion 
of the persistence of catalyt ic m e t a l surface area. 
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Discussion 
D . J . C . Yates (Esso Research C o . , L i n d e n , N . J . 07036) : It is inter

est ing that y o u find the same m i g r a t i o n effect of n i c k e l on N a X zeolites 
that I f o u n d some t ime ago on samples r e d u c e d under m i l d e r condit ions 
than y o u used. D i d y o u find less m i g r a t i o n w i t h n i c k e l o n Zeolon? I a m 
also concerned w i t h the use of C O for area measurement w i t h n i c k e l , as 
i t is easy to make n i c k e l c a r b o n y l w i t h r e d u c e d n i c k e l even at qui te l o w 
C O pressures. D i d y o u check your results w i t h h y d r o g e n chemisorpt ion? 

C . S. B r o o k s : R e g a r d i n g the quest ion of the m o b i l i t y of r e d u c e d 
n i c k e l meta l on oxide supports , I th ink there is no quest ion that n i c k e l 
does have a h i g h m o b i l i t y , a n d at re la t ive ly l o w temperatures. I n order 
to have h i g h dispers ion, the most favorable condit ions can be p r o v i d e d 
b y starting w i t h the highest possible state of dispers ion, such as is pos
sible b y m o u n t i n g the m e t a l on a zeoli te b y cat ion exchange a n d b y us ing 
a re la t ive ly l o w meta l l o a d i n g , pre ferab ly b e l o w 1 w t % . O f the zeolites 
examined here, the n i c k e l mordeni te w i t h 3.2 w t % n i c k e l a n d n i c k e l Y 
faujasite w i t h 0.76 w t % n i c k e l demonstrated the highest state of meta l 
dispers ion a n d highest specific r e f o r m i n g act ivi ty . I n the case of some 
of the n i c k e l mordeni te preparat ions, n i c k e l m e t a l crystall ites were de
tected b y x-ray di f f ract ion analysis. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

74



74. BROOKS Hydrogen Generation by Steam Reformation 433 

I n regard to the second quest ion ra ised about the possible m o b i l i t y 
of n i c k e l i n d u c e d b y the f o r m a t i o n of n i c k e l c a r b o n y l d u r i n g the C O 
chemisorpt ion measurements, i t is considered w e l l establ ished that the 
i n i t i a l contact w i t h C O after h y d r o g e n r e d u c t i o n provides a re l iab le 
measure of the i n i t i a l state of dispers ion of the r e d u c e d n i c k e l meta l . 
T h e procedure used was evaluated i n considerable de ta i l (Ref . 10). It 
was p o i n t e d out i n discussion of this evaluat ion that n i c k e l displacement 
b y c a r b o n y l f o r m a t i o n m i g h t occur u p o n heat ing a n d desorpt ion of the 
chemisorbed carbon monoxide u p o n c o m p l e t i o n of the i n i t i a l C O c h e m i 
sorpt ion measurement. 

I n the account of this chemisorpt ion w o r k , h y d r o g e n chemisorpt ion 
was also descr ibed. H y d r o g e n chemisorpt ion was consistently less than 
the C O (after correct ion for substrate contr ibut ion) a n d i t is suggested 
that this difference is o w i n g to the need for n i c k e l crystall ites large enough 
to p r o v i d e adjacent sites for dissociative adsorpt ion of h y d r o g e n atoms, 
whereas the C O can adsorb as an undissociated molecule o n i n d i v i d u a l 
surface n i c k e l atoms. 

C h e m i s o r p t i o n measurements of either C O or h y d r o g e n on transi t ion 
metals m o u n t e d on zeoli te substrates require considerable care for ade
quate interpretat ion. T h e zeol i te lattices after h igh-temperature evacua
t i o n can adsorb large amounts of h y d r o g e n , a n d diva lent cations such as 
c a l c i u m can adsorb large amounts of C O . 
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75 

Structural and Catalytic Properties of Nickel 
Modified Molecular Sieves 

V. PENCHEV, H. MINCHEV, V. KANAZIREV, and I. TSOLOVSKI1 

Institute of Organic Chemistry, Bulgarian Academy of Sciences, Sofia 

The limit of stability of the crystal framework at different 
extents of Ni ion exchange of type A molecular sieve is shown 
by means of electron microscopy, differential thermal analy
sis, and x-ray diffraction. The data obtained from catalytic 
studies are in accord with the results of physical methods, 
showing preservation of the molecular sieve properties after 
reduction of the Ni ions. Metallic Ni aggregates on the ex
ternal surface of the zeolite. In the dehydrogenation of 
cyclohexane and the hydrogenolysis of n-hexane, type A 
molecular sieve shows the properties of metallic Ni on an 
inert support. When NiNaA is mixed mechanically with 
CaY, a typical bifunctional catalyst is obtained. 

" X T i c k e l catalysts o n a support have been a n d cont inue to be a subject 
^ of m u l t i l a t e r a l studies, the results of w h i c h have h e l p e d the deve l 

opment of the theory of the p o l y f u n c t i o n a l catalyst. T h e cata lyt ic p r o p 
erties of N i molecu lar sieves i n the presence of H 2 (2,7, 8) have not been 
s tudied complete ly . S t u d y of zeoli te s t ructural changes a n d the c o n d i 
t i o n of the m e t a l after t h e r m a l a n d h y d r o g e n treatment have been 
compara t ive ly poor. T h e same is true for the influence of zeol i te type 
o n the catalyt ic ac t iv i ty of the metal . T h i s study aims to give a d d i t i o n a l 
i n f o r m a t i o n o n the subject. A s type A molecular sieve m o d i f i e d w i t h N i 
proves to be a suitable subject for c l a r i f y i n g some of the s t ructural and 
cata lyt ic pecul iar i t ies of zeolites, i t is g i v e n m a i n considerat ion. 

1 Present address : Institute of General and Inorganic Chemistry , Bulgar ian A c a d e m y 
of Sciences, Sofia. 
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75. P E N C H E V E T A L . Nickel Modified Molecular Sieves 435 

Experimental 

F o r this s tudy, L i n d e N a A zeol i te was used. T h e i o n exchange was 
carr ied out w i t h 0 . 1 N solut ion of N i ( N 0 3 ) 2 , a c c o r d i n g to our m e t h o d (6). 
I n T a b l e I , some of the data ob ta ined are s h o w n . T h e a c i d i t y of the sam
ples was determined b y potent iometr ic t i t ra t ion w i t h C H 3 O K ( 9 ) . T h e 
t h e r m o g r a p h i c studies were carr ied out u n d e r condit ions descr ibed i n 
Ref. 11. T h e r e d u c t i o n was checked on a sample prev ious ly r e d u c e d w i t h 
H 2 u n d e r condit ions s imi lar to those i n cata lyt ic act ivat ion. T h e same 
procedure was car r ied out i n N 2 f l o w for compar ison . F i g u r e 1 il lustrates 
the results. X - r a y studies of zeol i te w i t h N i i n i o n f o r m were carr ied out 
m a k i n g use of C r radia t ion (10). T h e x-ray patterns of the r e d u c e d 
samples were m a d e w i t h C u radia t ion , the samples b e i n g p l a c e d i n 
0 .5-mm diameter L i n d e m a n c a p i l l a r y tubes. O n plat inum—carbon r e p l i c a , 
e lectron microscope studies were carr ied out (12). I n order to c lar i fy 
the changes i n the zeolite w h e n heated, a d d i t i o n a l x-ray a n d electron 
microscope studies were carr ied out on Samples 3 a n d 4, heated at D T A 
speed u p to 3 6 0 ° , 4 4 0 ° , 6 4 0 ° , 7 4 0 ° , 8 8 0 ° , a n d 1 0 7 0 ° C . T h e catalyt ic 
propert ies were examined i n the process of dehydrogenat ion of c yc lo -
hexane a n d hydrogenolys is a n d h y d r o i s o m e r i z a t i o n of n-hexane. T h e 
tests under atmospheric pressure w e r e carr ied out i n a fixed-bed flow 
microreactor . T h e catalyst was r e d u c e d w i t h H 2 i n the catalyt ic reactor 
at 400 ° C d u r i n g a 4-hour p e r i o d . D e h y d r o g e n a t i o n was carr ied out at 
3 0 0 ° C , space ve loc i ty (F/W) \Ah~\ mole rat io H 2 / C H — 5 :1 , a n d d i 
l u t i o n of the catalyst b y an inert mater ia l . T h e condit ions of h y d r o 
genolysis a n d isomerizat ion are as f o l l o w s : temperature range : 3 0 0 ° -
4 0 0 ° C , F/W 2h~\ H 2 / C H 5:1 mole , a n d d i l u t i o n w i t h inert mater ia l . 
T h e products were ana lyzed b y the gas chromatographic method . 

No. 
of Ni, 

Sample Wt % 

1 0 0 
2 3.6 18 
3 4.0 23 
4 5.9 34 
5 10.6 55 
4a 5.9 34 
4b 5.9 34 

Results and Discussion 

T a b l e I . Sample D a t a 

Acidity X 10\ 
Mg Eqv H+/Gram 

in Ν2 in H2 

0.50 0.45 
1.56 3.45 

0.60 1.16 
0.71 1.12 
0.60 

1.16 

DTA Data 

Loss Initial 
of Temp, of 

Wt, Destruc
% tion, °C 

22.4 840 

24.0 780 
25.0 750 
26.3 640 
23.0 740 
22.0 755 

Degree of 
Exchange, 

%Eqv 

T h e x-ray studies (6) s h o w that after i o n exchange, N i zeolites re
ta in their p r i m a r y structure. M o r e deta i led i n f o r m a t i o n on the stabi l i ty 
of the N i zeol i te was obta ined b y a thermographic m e t h o d ( F i g u r e 1 ) . 
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260° 

1 I I I I 1 ' 1 

10 30 50 70 90 Trnin 

Figure 1. Differential thermograms of NaA 
and NiNaA zeolites 

A p r o n o u n c e d endothermal effect ( 1 6 0 ° - 2 4 0 ° C ) a n d 2 high- temperature 
exothermal effects ( 7 0 0 ° - 9 8 0 ° C ) were observed i n a l l samples. N i forms 
are character ized b y another exothermal effect ( 3 7 0 ° C ) , w h i c h is weaker 
than the other two . C o m p a r i s o n of D T A a n d D T G curves shows that 
the endothermal effect corresponds to the l ibera t ion of water f r o m the 
molecular sieves. T h e water l ibera t ion is i n stages, a n d complete dehy
dra t ion occurs o n l y after destruct ion of the molecu lar sieve f ramework . 
E v e n at temperatures h igher than 6 0 0 ° C , about 1% w e l l - b o n d e d water 
remains i n the zeolite . A l t h o u g h this quant i ty of water is smal l , i t plays 
a definite par t i n the s t ructura l s tabi l i ty a n d the cat ion compar i son (4). 
T h e observed character of d e h y d r a t i o n is s h o w n even better i n the N i 
sieves. T h e peak of the endothermal react ion is spl i t i n two , a n d its shift 
to l o w e r temperatures has been observed. T h e tota l q u a n t i t y of water 
adsorbed b y the zeoli te increases f r o m 22 to 2 6 % w i t h increas ing degree 
of i o n exchange ( T a b l e I ) , w h i c h is i n accord w i t h the greater h y d r a t i o n 
a b i l i t y of the N i ions ( 3 ) . W h e n N i is i n t r o d u c e d , i t decreases the re la
t ive d y n a m i c t h e r m a l s tabi l i ty ; the b e g i n n i n g of the first h igh- temperature 
exoeffect noted o n the D T A plots , w h i c h marks the destruct ion of the 
f r a m e w o r k ( I ) , decreases f r o m 8 4 0 ° to 6 4 0 ° C ( T a b l e I ) . T h e a d d i t i o n a l 
electron microscope ( F i g u r e 2c,d,e) a n d x-ray studies ( F i g u r e 3 ) show 
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75. PENCHEV E T AL. Nickel Modified Molecular Sieves 437 

Figure 2. Electron microscope photos of zeolite samples 

a. No. 1 
h. No. 4 
c. No. 4 heated to 640° 
d. No. 4 heated to 870° 
e. No. 4 heated to 1070° 

that the zeolite structure remains u n c h a n g e d u n t i l the b e g i n n i n g of the 
first h igh- temperature exoeffect a n d later transforms into a state amor
phous to x-rays. A t the end , a n e w crysta l phase is f o r m e d w i t h a 
nephel ine structure. T h e r m o g r a p h i c studies for Sample 4 treated u n d e r 
condit ions analogous to the catalyt ic ac t ivat ion show considerable changes 
i n the endoeffect o n l y characterist ic of the r e d u c e d sample ( F i g u r e 1 ) . 
Yet , after heat ing at 400 ° C , some nonrevers ible changes occur , m a r k e d 
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438 M O L E C U L A R S I E V E Z E O L I T E S II 

b y a decrease of the tota l adsorpt ion capac i ty b y 2 - 3 % ( T a b l e I ) a n d 
disappearance of some of the weaker x-ray lines ( F i g u r e 3 ) . 

H i ί 1 11 11 
, . Ι ι I, I . /A4inH} 

I iL 
i . l i . 1—i—1_ 

ill ili.il 1 

1 1 1 i l 1 1 11 1 

1 h il I 

Il ι I 1 I 1 III 

I . , . . , . . . 
M4inNt 

I l 1 1 

\ I.,!.. i i i l l j l l I, Ιΐ,ΙΙ,ιιιιΙ I 11,111 u ι i -
Mi 

I ' • • • 

α ί 

20 40 

1 1 , 1 , 

60 80 

. , , 1 1 1 

100 120 
29—Cu~Kei 

ι ι 1070'C 

eeo'c 

IL , ι il 
I ι II L_L 111 
I • Il J L L 

il lui 111 ι 

Lull I. 

?40'c 

640'C 

I .. 440'C 

360'C 

il i M* 
40 80 120 140 

2G~Cr-K« 

Figure 3. X-ray diffraction data on Sample 4; the 
arrows note lines characteristic of Ni and NiO 

a. Heating in air 
b. Heating to 400° in H 2 or N2 flow 

A l t h o u g h the cyclohexane molecule has a b igger c r i t i ca l diameter 
size ( 6 . 1 A ) than the entry openings of type A m o l e c u l a r sieve, d e h y d r o 
genat ion occurs to a considerable degree. T h i s result confirms i n a cata
l y t i c w a y for type A zeolites the fact, accepted for molecular sieves X 
a n d Y (7 ,13) , that after r e d u c t i o n w i t h H 2 , N i aggregates on the external 
zeol i te surface i n crystals of considerable size. T a b l e I I shows that the 
specif ic ac t iv i ty of the m e t a l decreases as its concentrat ion increases on 
the catalyst. T h i s effect m i g h t be considered an i n d i c a t i o n of an increase 
of N i crysta l size. X - r a y studies ( F i g u r e 3 ) conf i rm the presence of me
ta l l i c N i . D e t e r m i n a t i o n of N i crysta l sizes f r o m the l ine breadths is 
di f f icul t because of the coinc idence of a l l d i f f rac t ion lines of N i a n d N i O 
w i t h the lines of the zeolite . T h e cons iderably l o w e r specific ac t iv i ty of 
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Table I I . Specific Activity and Concentration of N i 

Mol 
Sieve 

Quantity 
Wt% 

Ni 

Dehydrogenation 
of Cyclohexane 
Mmole CQHU/ 

Gram Ni h 

Hydrogenolysis of n-Hexane, 
Grams C<flu/Gram Ni h 

Mol 
Sieve 

Quantity 
Wt% 

Ni 

Dehydrogenation 
of Cyclohexane 
Mmole CQHU/ 

Gram Ni h 320°C 350°C 400°C 

N i N a A 3.6 96.5 14.2 10.6 4.7 
5.9 87.4 9.7 8.2 3.9 

10.6 69.0 7.8 5.6 3.3 

N i N a X 3.4 
7.0 
9.8 

24.2 
20.2 
13.0 

N i N a Y f r o m 3.0 
to 8.5 

unreact ive 
unreact ive 

the N i molecular sieves X a n d Y p r o b a b l y is re la ted to a characterist ic 
inf luence of the support . 

T h e poss ib i l i ty of contro l l ing the catalyt ic functions a n d propert ies 
of the N i zeolites l ike t y p i c a l b i f u n c t i o n a l catalysts is f o l l o w e d i n the 
hydrogenolys is a n d isomer izat ion of n-hexane. I n type A samples o n l y 
hydrogenolys is occurs ( F i g u r e 4 ) , as at h igher temperatures intensive 
degradat ion to methane occurs. A t this point , a decrease i n ac t iv i ty takes 
place . I n this react ion, as i n the case of dehydrogenat ion , a decrease i n 
the specific ac t iv i ty of N i is observed w h e n increas ing its concentrat ion 
i n the catalyst. T h e fact that i somer izat ion does not occur , a l t h o u g h the 
a c i d i t y of the r e d u c e d zeolites is increased, shows that molecular sieve 

WO 

TEMP. e C 

Figure 4. Temperature dependence 
of the selectivity at hydrogenolysis of 

n-hexane 

1. Propane 
2. n-Butane 
3. n-Pentane 
4. d + C2 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
02

.c
h0

75



440 MOLECULAR SIEVE ZEOLITES II 

Table III. Selectivity of Zeolite Samples 

v . Ί , Yield in % Converted Hexane, 350°C 

Sample Wt% d + C2 C 3 i-C« n - C 4 i - C 5 n - C 5 i - C . 

N i N a A 23.6 64.2 10.9 0 11.4 0 13.9 0 
C a Y 7.40 24.1" 8.5 4.1 7.0 4.5 51.8 
N i N a A + C a Y 28.5 18.3 8.3 6.7 5.4 7.7 7.1 46.5 

a F o r C i + C 2 + C i . 

propert ies a n d crystal structure are preserved, w h i c h is i n a c c o r d w i t h 
the results obta ined b y thermographic a n d x-ray s tructural studies. T h e 
p a r t i a l amorphousness observed i n electron microscope pictures ( F i g u r e 
2 a,b) p r o b a b l y concerns o n l y the surface layers of the crystal . T h e 
catalyst N i N a A does not express its d u a l func t ion m a i n l y because of its 
molecular sieve propert ies . T h e potent ia l poss ib i l i ty for this is s h o w n 
w h e n N i N a A ( S a m p l e 4 ) is m i x e d w i t h a molecular sieve C a Y , whose 
structure is more open a n d a c i d i c propert ies are better expressed ( 5 ) . 
T a b l e I I I indicates that the select ivity of the react ion is shi f ted strongly 
to i somerizat ion . T h i s i l lustrates one of the possibi l i t ies for cont ro l l ing 
the catalyt ic propert ies of d u a l f u n c t i o n a l cata lysts—molecular sieves. 
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Catalytic Properties of Synthetic Mordenite 
in Isomerization, Hydrogenation, and 
Hydroisomerization of Hydrocarbons 

KH. MINACHEV, V. GARANIN, T. ISAKOVA, V. KHARLAMOV, and 
V. BOGOMOLOV 

N. D. Zelinsky Institute of Organic Chemistry, Academy of Sciences, 
Moscow, U.S.S.R. 

The catalytic properties of H-, Li-, Νa-, K-, Mg-, Ca-, Zn-, 
Cd-, and Al-forms of synthetic mordenite in the reactions 
of cyclohexane and n-pentane isomerization and benzene 
hydrogenation have been studied. The cation forms of 
mordenite that do not involve the metals of column VIII of 
the Mendeleyev Table show high activity in these reactions. 
To elucidate the mechanism of n-pentane isomerization, the 
kinetics of the reaction on H-mordenite have been studied. 
Carbonium ion is supposed to result from splitting off hy
dride ion from hydrocarbon molecule. Na-mordenite cat
alytic activity in benzene hydrogenation reaction decreases 
linearly with the increase of decationization. This indicates 
that cations are responsible for the catalytic activity of zeo
lite. The high activity of cations of nontransition metals in 
oxidation-reduction reactions seems to be quite unexpected 
and may provide evidence for some uncommon mechanism 
of benzene hydrogenation. 

* " p h e catalyt ic propert ies of synthetic faujasites (zeol i te X a n d Y ) have 
A been thoroughly s tudied. Some of the catalysts p r e p a r e d o n the 

basis of faujasites have been w i d e l y used i n industry . T h e ac t iv i ty of 
zeolite catalysts i n m a n y reactions (10, 15) depends to a considerable 
extent o n their composi t ion . I n par t i cu lar , the increase of s i l i con content 
( S i 0 2 / A l 2 0 3 ra t io ) results i n increas ing catalyt ic ac t iv i ty . Synthet ic 
mordeni te w i t h h igher S i 0 2 / A l 2 0 3 rat io t h a n that of faujasites appears 

441 
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442 M O L E C U L A R S I E V E Z E O L I T E S Π 

Table I. Cyclohexane Isomerization on Synthetic Mordenite 0 

Catalyst EM LiM NaM KM MgM CaM ZnM CdM AIM 

T e m p e r a 
ture , ° C 6 300 300-450 360 420 374 374 300 

M e t h y l -
cyc lopen-
tane 

y i e l d , % c 39.2 N o isomerizat ion 9.9 6.2 27.1 34.6 18.7 

° Pressure = 30 atm, H2/C6Hi2 (mol) = 3.2, V = 1 hour" 1. 
6 At higher temperatures, the process is not selective because of the increase of 

cracking product content. 
c The amount of cracking products does not exceed 4 wt % . 

to be more advantageous i n this respect. I n a d d i t i o n , this zeolite exhibits 
crystal l ine structure other than that of faujasites. 

T h e i n f o r m a t i o n about synthetic mordeni te propert ies was obta ined 
i n 1961 w h e n K e o u g h a n d S a n d ( 7 ) f o u n d that H - a n d other forms of 
this crysta l l ine a l u m i n u m sil icate d i s p l a y h i g h ac t iv i ty a n d select ivity i n 
the reactions of h y d r o c a r b o n c r a c k i n g a n d ethanol dehydra t ion . L a t e r 
this zeol i te was s h o w n (1, 2, 5, 7, 8, 10-13, 15, 16) a n active catalyst i n 
the reactions of i somerizat ion , c rack ing , a n d a l k y l a t i o n of hydrocarbons 
a n d a l c o h o l d e h y d r a t i o n . H o w e v e r , the catalyt ic properties of mordeni te 
have been s tudied insuff ic iently, c o m p a r e d w i t h those of other zeolites. 

T h e present paper reports the results of invest igat ing the catalyt ic 
propert ies of a n u m b e r of cat ion forms of synthetic mordeni te i n the reac
tions of i somerizat ion, hydrogénation, a n d hydro isomer iza t ion of h y d r o 
carbons. 

Experimental 

Catalysts. L i + , N a + , K + , M g 2 \ C a 2 + , Z n 2 + , C d 2 + , A l 3 + , H - m o r d e n i t e as 
w e l l as h y d r o g e n mordeni te , w i t h either 0 .5% P d or 5 % N i w e r e u s e d as 
catalysts. T h e mordeni te cat ion modif icat ions were p r e p a r e d b y treatment 
of N a M w i t h the solutions of the corresponding salts to substitute the 
cations for N a + . F o r each cat ion, the exchange degree was not less than 
7 0 % ( e q u i v . ) . T h e h y d r o g e n f o r m of mordeni te was obta ined b y treat
ment of N a - f o r m w i t h a m m o n i u m nitrate aqueous solut ion, f o l l o w e d b y 
heat ing the N H 4 - f o r m thus obta ined at 5 2 0 ° C i n air flow. I n this w a y , 
the samples w i t h various N a + - p r o t o n exchange degree were obta ined. 
P a l l a d i u m a n d n i c k e l catalysts were obta ined b y soaking H - m o r d e n i t e 
i n H 2 P d C l 4 a n d N i ( N 0 3 ) 2 aqueous solutions. T h e catalysts obta ined 
were d r i e d at 110 ° C a n d pressed into pellets 4 X 4 m m w i t h o u t any 
b inder . 

Procedure. T h e catalyt ic properties of the samples w e r e s tudied i n 
a constant flow u n i t u n d e r h y d r o g e n pressure. T h e react ion vessel was 
l o a d e d w i t h 10 c m 3 of catalyst i n a l l runs. F o r exper imenta l condit ions 
refer to the corresponding section of this text. 
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76. M i N A C H E v E T AL. Properties of Synthetic Mordenite 443 

Benzene a n d cyclohexane adsorpt ion was s tudied o n N a - a n d H -
mordeni te i n a chromatographic thermodesorpt ion uni t (3 ) at var ious 
rates of p r o g r a m m e d temperature changes. 

Starting Substances. Benzene , cyclohexane, a n d n-pentane w e r e 
used i n the experiment. T h e chromatographic data s h o w e d no admixtures 
present i n the substances. 

Results and Discussion 

Cyclohexane and w-Pentane Isomerization. T h e data o n catalyt ic 
propert ies of cat ion forms of mordeni te i n cyclohexane i somer izat ion are 
presented i n T a b l e I. 

A s seen f r o m the table, the " h y d r o g e n " f o r m of mordeni te is the 
most act ive i somer izat ion catalyst. A t temperatures as h i g h as 300 ° C , 
the y i e l d of methylcyc lopentane o n H - m o r d e n i t e is 4 0 % . 

A l - m o r d e n i t e exhibits a cons iderably smaller act ivi ty . T h e ac t iv i ty 
of two-valent forms is s t i l l l o w e r ( Z n - a n d C d - f o r m s are the most act ive 
of these, b u t they cause no cyclohexane i somerizat ion at 3 0 0 ° C ) w h i l e 
univa lent modif icat ions show no ac t iv i ty at a l l . 

T h e " h y d r o g e n " f o r m of mordeni te is an extremely active catalyst i n 
paraff in h y d r o c a r b o n isomerizat ion as w e l l . F o r example, 5 0 % of n-pen
tane at 280 ° C a n d 30 a t m undergoes i somerizat ion to p r o d u c e isopentane. 
T o attain the same degree of h y d r o c a r b o n i somerizat ion w i t h H - m o r 
denite as c o m p a r e d w i t h b i f u n c t i o n a l catalysts i n v o l v i n g Pt , P d , a n d N i 
per A 1 2 0 3 or zeolite, the temperature should be 7 0 ° - 1 2 0 ° l o w e r (14). 

Figure 1. Dependence of isomerization and 
hydrogénation activity of mordenite on Na+-H+ 

exchange degree 

Isomerization: Τ == 300°C; Ρ = 30 atm; LHSV = 
1; HtlCJln = 3.2 

Hydrogénation: Τ = 192°C; Ρ == 30 atm; LHSV = 
5; HJCeHe = 5 
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444 MOLECULAR SIEVE ZEOLITES II 

I 

210° 

1 
> X 
Ε 

• J \ 0 
ι ι ι ι 1 1 1 1 . 

0 100 200 300 4 00 
— - T,°C 

Figure 2. Dependence of desorption temperature on the amount 
of adsorbed cyclohexane 

T h u s , the ac t iv i ty of H - m o r d e n i t e is thousands of times as h i g h as that 
of the catalysts i n quest ion. 

T h e considerat ion of mordeni te i somer izat ion ac t iv i ty as a f u n c t i o n 
of N a + - p r o t o n exchange ( F i g u r e 1 ) shows that the extent of i somer iza
t ion of cyclohexane into methylcyc lopentane increases l inear ly as the 
exchange degree increases. T h i s dependence provides evidence for u n i 
f o r m i t y of surface catalyt ic ac t iv i ty , w h i c h has been conf i rmed b y i n 
vest igat ing cyclohexane thermodesorpt ion f r o m H - m o r d e n i t e surface. 
C y c l o h e x a n e thermodesorpt ion chromatograms p r o d u c e d at various p r o 
g r a m m e d temperature changes d i sp lay o n l y 1 symmetr ic peak. T h e tem
perature of its m a x i m u m at the same rate of p r o g r a m m e d temperature 
changes ( F i g u r e 2 ) is independent of the amount of cyclohexane pre
l i m i n a r i l y adsorbed—i.e., the degree of surface coverage. A c c o r d i n g to 
( 3 ) , such regularit ies are characterist ic of thermodesorpt ion f r o m the 
u n i f o r m surface. 

Changes of ac t iv i ty w i t h temperature i n mordeni te samples, w i t h 
N a + ions rep laced b y H + to various extents, can be seen i n F i g u r e 3. W i t h 
increase of exchange rate, the temperature decreases. T h u s , the same 
degree of cyclohexane i somerizat ion can be at ta ined w i t h samples of 
m a x i m u m a n d m i n i m u m rate of exchange at 2 7 0 ° a n d 420 ° C , respect ively. 

A s i n d i c a t e d above ( T a b l e I ) , 2- a n d 3-valent ca t ion forms of mor
denite are cons iderably less act ive i n cyclohexane i somer izat ion t h a n that 
of h y d r o g e n . It is this proper ty of mordeni te -supported catalysts that 
dist inguishes t h e m sharply f r o m zeolites of the faujasite type. T h u s , i n 
the case of faujasites, the act iv i ty of H - f o r m ( d e c a t i o n i z e d f o r m ) a n d 
2-valent modif icat ions ( s u c h as C a 2 + a n d M g 2 + ) i n a c i d - b a s e reactions 
( c r a c k i n g , i somerizat ion , a l k y l a t i o n ) is the same, w h i l e H - m o r d e n i t e is 
m a n y times as act ive as any cat ion f o r m under s tudy. 
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76. MINACHEV E T AL. Properties of Synthetic Mordenite 445 

T h e h i g h cata lyt ic ac t iv i ty of H - m o r d e n i t e seems to be u n c o m m o n , 
since (6, 9 ) amorphous a l u m i n u m silicates a n d zeolites w h i c h do not 
i n v o l v e the metals of c o l u m n V I I I are not act ive i n i somer iza t ion of sat
ura ted hydrocarbons u n d e r s imi lar condit ions . I n a d d i t i o n , as has been 
s h o w n b y this research, the i n t r o d u c t i o n of m e t a l into H - m o r d e n i t e does 
not increase the catalyst ac t iv i ty i n n-pentane i somerizat ion . F o r example , 
the y i e l d of isopentane o n H - m o r d e n i t e a n d 0 .5% P d / H M at ρ = 30 a t m 
a n d V = 1 h o u r - 1 is about 50 w t % (12). 

T h e study of n-pentane i somer izat ion kinetics o n H - m o r d e n i t e en
a b l e d us to b r i n g out some pecul iar i t ies of this catalyst. I n the absence 
of h y d r o g e n , the react ion proceeded at a l o w rate. T h i s p r o b a b l y results 
f r o m h y d r o g e n rearrangement. F o r example, i n the presence of n i t rogen 
at 2 8 0 ° C a n d 30 a tm, the amounts of isopentane a n d c r a c k i n g products 
were 5 % a n d 5 % . 

U n d e r the same condit ions b u t i n the presence of h y d r o g e n , the y i e l d 
of isopentane was 5 0 % , w i t h the same amount of c r a c k i n g products . T h a t 
h y d r o g e n hinders the react ion was qui te unexpected ( F i g u r e 4 ) . 

T h i s is characterist ic of b i f u n c t i o n a l catalysts a n d can b e accounted 
for b y e q u i l i b r i u m shift at the first stage of the process (9 ) : 

2 6 0 3 0 0 3 4 0 3 8 0 4 2 0 

T , ° C 

Figure 3. Dependence of isomerization activity on temperature for samples 
with different Na+-H+ exchange degree 

Exchange degree: 
1. 82.8% (equiv.) 
2. 63.3% (equiv.) 
3. 48.3% (equiv.) 
4. 25.1% (equiv.) 
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446 MOLECULAR SIEVE ZEOLITES II 

H o w e v e r , H - m o r d e n i t e cannot be considered as a n ac tua l b i f u n c -
t i o n a l catalyst as i t does not conta in the metals of c o l u m n V I I I i n its 
compos i t ion , w h i c h determine hydro—dehydrogenat ing propert ies of such 
catalysts. Yet , this argument does not seem sound e n o u g h for the reac
t i o n m e c h a n i s m i n quest ion to be comple te ly registered. It was necessary 
to find out whether H - m o r d e n i t e itself m i g h t exhib i t h y d r o - d e h y d r o -
genat ing propert ies . F o r this purpose , the poss ib i l i ty of the reactions of 
benzene hydrogénation a n d cyclohexane dehydrogenat ion has been v e r i -

H - m o r d e n i t e shows cer ta in ac t iv i ty i n benzene hydrogénation ( F i g 
ure 1 ) b u t i t does not cause the react ion of cyclohexane dehydrogenat ion . 
B y s t u d y i n g the reactions of benzene hydrogénation a n d cyclohexane 
i somer izat ion o n mordeni te samples w i t h various extent of replacement 
of N a + b y H + , i t has been s h o w n that hydrogénation a n d i somer iza t ion 
funct ions of the catalyst change ant iba t i ca l ly ( F i g u r e 1 ). T h i s is not i n 
agreement w i t h the above scheme of i somer izat ion process. 

W e suggest that i somer izat ion of saturated hydrocarbons o n H - m o r 
denite m i g h t proceed a c c o r d i n g to the f o l l o w i n g scheme: 

WO-CB H n - M + H 2 <± iso-Cs H 1 2 + H M 

w h e r e H M is the h y d r o g e n f o r m of mordeni te , n - C 5 H n - M , i - C 5 H n - M 
are c a r b o n i u m ions connected w i t h the act ive centers of the catalyst. 

fied. 

n-C5 H 1 2 + H M 

n - C 5 H n - M 

<=± n - C 5 H n - M + H 2 

<=± i s o - C 6 H u - M 

0 I 1 I L 
0 1 0 2 0 3 0 

Figure 4. Dependence of isomerization rate on hydro
gen pressure; Τ = 210°C; P c . = 2 atm 
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o 

2 I 0 < 

2 0 0 < 

Figure 5. Dependence of isomerization rate on 

A s s u m i n g that c a r b o n i u m i o n i somer iza t ion is a s low stage ( stage 2 ) 
w h i l e the other intermediate stages are fast a n d are i n e q u i l i b r i u m , one 
m a y der ive the f o l l o w i n g k i n e t i c equat ion : 

K2 αχ 
Pn~CB 

H 2 H 2 

(1) 

1 + a x 

Put + 
1 P~cb 

#3 ΡΉ.2 

w h e r e r is the react ion rate, Κ is the rate constant of the corresponding 
stage, a is the e q u i l i b r i u m constant of the corresponding stage, a n d Ρ is 
the p a r t i a l pressures of the reactants. 

F r o m E q u a t i o n 1, the rate of the f o r w a r d react ion depends o n l y o n 
the rat io of n-pentane a n d h y d r o g e n p a r t i a l pressures. F i g u r e 5 presents 
the exper imenta l data i n terms of r >—PA. c5/Pn2> s h o w i n g that at a l l t em
peratures the exper imenta l da ta fit w e l l into the straight l ine . T h u s , the 
rate of the f o r w a r d react ion c a n be d e t e r m i n e d f r o m the e q u a t i o n : 

= Κ Pn-C_5 

Pn2 

(2) 

w h i c h is i n agreement w i t h E q u a t i o n 1, p r o v i d e d the extent of the catalyst 
surface coverage w i t h c a r b o n i u m ions is smal l . 

T h e dependence of the rate constant, K, i n E q u a t i o n 2 o n tempera

ture ( F i g u r e 6 ) δ ^ ° ^ | η ^ ^ ^ α Γ ^ ^ * n n _ P e n t a n e i s o m -

Ubrary 
1155 16th St, N.W. 

Washiniton. D.C. 20036 
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0.0 ι « " » 1— 
1.90 2 2.10 

Figure 6. Dependence of rate constant, K , on 
temperature 

er iza t ion react ion to be 31 k c a l / m o l e . A c c o r d i n g to the suggested reac
t i o n mechanism, the apparent ac t ivat ion energy is the difference be tween 
the true ac t ivat ion energy of the adsorbed c a r b o n i u m i o n isomer izat ion 
a n d the heat of its format ion . 

T h u s , s tudy of the kinetics of n-pentane i somerizat ion o n H - m o r d e n i t e 
leads to the conc lus ion that the mechanism of the react ion i n quest ion is 
different f r o m that of i somer izat ion o n b i f u n c t i o n a l a n d metal—zeolite 
catalysts. T h i s difference lies i n the manner of c a r b o n i u m i o n format ion . 
W i t h b i f u n c t i o n a l catalysts, c a r b o n i u m i o n originates w i t h the attach
ment of a p r o t o n to the olef in molecule , w h i l e w i t h H - m o r d e n i t e i t or ig 
inates as a result of sp l i t t ing off h y d r i d e i o n f r o m the saturated molecule 
of the starting h y d r o c a r b o n b y mordeni te proton , as has been suggested 
b y the above react ion scheme. 

Benzene Hydrogénation and Hydroisomerization. H - m o r d e n i t e dis
plays a m a r k e d h y d r o g e n a t i n g ac t iv i ty at 2 5 0 ° C , Ρ = 30 a tm, v o l u m e 
rate 1 h o u r - 1 . U n d e r these condit ions , the hydrogénation of benzene w i t h 
N a - m o r d e n i t e proceeds prac t i ca l ly to comple t ion , the react ion b e i n g se
lect ive. T h i s seems to be qui te unexpected since the catalyst does not 
i n v o l v e the convent ional hydrogenat ing components (Pt , P d , N i , etc . ) . 
T h e ac t iv i ty of mordeni te i n this react ion depends o n N a + concentrat ion. 
W i t h the increase of the amount of s o d i u m i n the catalyst, its ac t iv i ty 
increases l inear ly . T h i s provides evidence that N a + is i n v o l v e d i n the 
hydrogénation react ion a n d the regions of catalyt ic ac t iv i ty are u n i f o r m . 
T h i s is ev idenced b y thermodesorpt ion data . T h e thermodesorpt ion chro-
matograms exhibi t o n l y 1 benzene peak; its temperature m a x i m u m at a 
constant rate of temperature changes, 1 2 ° C / m i n , is 3 9 0 ° C , independent 
of the adsorpt ion va lue . 
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76. MINACHEV ET AL. Properties of Synthetic Mordenite 449 

T h e desorpt ion ac t ivat ion energy ca lcu la ted f r o m the dependence 
of the temperature of the desorpt ion peak m a x i m u m u p o n the rate of 
temperature changes is 27 k c a l / m o l e . T h i s v a l u e agrees w i t h the isosteric 
heat of benzene adsorpt ion o n N a - m o r d e n i t e ( 4 ) , 25 k c a l / m o l e . These 
values considerably exceed those of benzene adsorpt ion heat o n N a -
faujasites. A c c o r d i n g to the data obta ined, the latter values are 15-17 
k c a l / m o l e , d e p e n d i n g o n S i 0 2 / A l 2 0 3 rat io. T h i s difference accounts for 
the h i g h act iv i ty of N a - m o r d e n i t e i n the reactions of benzene h y d r o 
génation. 

T h e p a r t i c i p a t i o n of N a + i n the hydrogénation process is conf i rmed 
also b y the fact that the catalyst ac t iv i ty increases w h e n N a - f o r m s are 
obta ined b y the reverse exchange according to the scheme: 

Because of the u n u s u a l behavior of N a - m o r d e n i t e i n the reactions of 
benzene hydrogénations, i t seemed of interest to s tudy other cat ion m o d i 
fications of mordeni te i n this react ion. T h e data obta ined w i t h a n u m b e r 
of ca t ion forms are s u m m e d u p i n T a b l e I I . 

Table II. Benzene Hydrogénation on the Cation Forms of Synthetic 
Mordenite at 2 5 0 ° C , Ρ = 30 A t m , V = 1 Hour" 1 

Catalyst EM LiM NaM KM MgM CaM ZnM CdM AlMa 

C y c l o h e x a n e 

y i e l d , % 19.7 87.7 98.3 11.0 69.4 98.6 59.7 17.4 77.0 

* At 200°C. 

I n a d d i t i o n to N a - f o r m , L i - , C a - , A1- , M g - a n d Z n - m o r d e n i t e also dis 
p l a y h i g h i somer izat ion act iv i ty . T h e l o w ac t iv i ty of K M p r o b a b l y results 
f r o m the large radius of the potass ium cat ion. 

T h u s , the data presented p r o v i d e evidence that the h y d r o g e n a t i n g 
ac t iv i ty of mordeni te catalysts is accounted for b y the nature of the sub
s t i tut ing cat ion. 

T o compare the h y d r o g e n a t i n g ac t iv i ty of the cat ion forms of mo r 
denite w i t h that of Η-form w h i c h contains the metals of c o l u m n V I I I , 
w e have s tudied benzene hydrogénation o n the catalysts 0 .5% P d / H M 
a n d 5 % N i / H M . U n d e r the condit ions i n d i c a t e d i n T a b l e I I , the extent 
of benzene hydrogénation o n these catalysts is 85 a n d 9 5 % , respect ively. 
T h u s , the hydrogenat ing ac t iv i ty of certa in ca t ion forms of mordeni te is 
not infer ior to that of H - m o r d e n i t e , w h i c h contains p a l l a d i u m a n d n i c k e l . 
Benzene hydrogénation o n these catalysts is a c c o m p a n i e d b y a cons id
erable hydro i somer iza t ion to y i e l d methylcyc lopentane 3 0 - 4 0 % . 

N a C I 
N H 4 M - » H M 

I N a C l 
+ N a M 

J 
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450 MOLECULAR SIEVE ZEOLITES II 

Conclusion 

T h e data presented i n this paper suggest that mordeni te i n various 
ca t ion modif icat ions is a u n i q u e catalyst since it shows a h i g h cata lyt ic 
ac t iv i ty i n the reactions of i somer izat ion of saturated hydrocarbons a n d 
hydrogénation of aromat ic compounds , w i t h no metals of c o l u m n V I I I 
i n v o l v e d i n its composi t ion . I n a d d i t i o n , the m e c h a n i s m of h y d r o c a r b o n 
i somer izat ion , t h o u g h of c a r b o n i u m - i o n character, is different f r o m those 
k n o w n for other catalysts. A s for the m e c h a n i s m of hydrogénation reac
tions o n a lka l ine a n d alkal ine-earth cat ion forms of mordeni te , i t is u n 
l i k e l y that the react ion w o u l d be the o x i d a t i o n - r e d u c t i o n type since 
these cations lack d-electrons. M o r e accurate conclusions concern ing the 
m e c h a n i s m of the hydrogénation react ion can be m a d e after t h o r o u g h 
invest igat ion into the react ion kinet ics , adsorpt ion of the reactants o n 
mordeni te surface, a n d their IR-spectra s tudy. 
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Present and Future Directions in Zeolite 

Research 

W. F. AREY, JR. 

Esso Research Laboratories, Baton Rouge, La. 70821 

Molecular sieve zeolites have become established as an 
area of scientific research and as commercial materials for 
use as sorbents and catalysts. Continuing studies on their 
synthesis, structure, and sorption properties will, undoubt
edly, lead to broader application. In addition, crystalline 
zeolites offer one of the best vehicles for studying the funda
mentals of heterogeneous catalysis. Several discoveries re
ported at this conference point toward new fields of inves
tigation and potential commercial utility. These include 
phosphorus substitution into the silicon—aluminum frame
work, the structural modifications leading to "ultrastable" 
faujasite, and the catalytic properties of sodium mordenite. 

/ T f h e task of s u m m a r i z i n g the major results of the conference a n d sug-
A gest ing the future d i rec t ion of molecular sieve zeolites is not a n easy 

one. I n par t icular , i t is di f f icul t to summarize the major results because 
there were so m a n y noteworthy contr ibut ions . O b v i o u s a n d substantial 
progress is b e i n g m a d e i n a l l the major areas—i.e., synthesis, structure 
a n d minera logy , sorpt ion a n d di f fusion, a n d catalysis. 

B r e c k made the f o l l o w i n g comment i n the in t roductory lec ture : 
" T h e r e seems to be a direct re lat ion between the leve l of scientif ic interest 
a n d the area of major a p p l i c a t i o n . " I bel ieve that this meet ing lends 
support to that statement. T h e h i g h degree of representation of petro
leum-or iented research organizat ions is evident . 

O n e of the major appl icat ions of crystal l ine zeolites is as cata lyt ic 
materials for p e t r o l e u m ref in ing processes. A p r i m e use is i n cata lyt ic 
c r a c k i n g , w h i c h is the major conversion process i n today's refineries. 
A n o t h e r g r o w i n g use is i n h y d r o c r a c k i n g , such as the U n i c r a c k i n g — J H C 
process, w h i c h gives the refiner a d d e d f lex ib i l i ty i n oils w h i c h can be 
processed a n d products w h i c h can be made . 

451 
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452 MOLECULAR SIEVE ZEOLITES II 

T o date, crystal l ine zeoli te catalysts have been most effective i n 
c a t a l y z i n g c a r b o n i u m i o n reactions such as catalyt ic c r a c k i n g a n d h y d r o -
crack ing . O t h e r c a r b o n i u m i o n reactions such as a l k y l a t i o n a n d i somer i 
zat ion also are ca ta lyzed b y certain forms of zeolites. I expect to see 
these appl icat ions e x p a n d — p r o v i d e d suitable catalyst composit ions are 
d e v e l o p e d to a l l o w economica l ly v i a b l e processes. A l t h o u g h X - a n d 
Y - t y p e faujasite can be used i n catalyt ic c rack ing a n d h y d r o c r a c k i n g , the 
Y - t y p e is pre ferred for paraff fn-olef in a lky la t ion . Y - t y p e faujasite is suit
able for use i n hydro isomer iza t ion catalysts, but synthetic mordeni te is 
also a p r o m i s i n g mater ia l . 

O n the other h a n d , zeol i te-based catalysts have not deve loped any 
signif icant interest i n other important processes such as catalyt ic r e f o r m 
i n g , hydrogénation of olefins a n d aromatics, h y d r o d e s u l f u r i z a t i o n a n d 
hydrodeni t rogenat ion . T h i s lack of u t i l i t y is at tr ibutable , i n part , to the 
h i g h c r a c k i n g ac t iv i ty exhib i ted b y act ive zeol i te-based catalysts. 

A t present, the major interest lies i n catalysts based on synthetic X -
a n d Y - t y p e faujasite a n d synthet ic mordeni te . 

W i t h this b a c k g r o u n d , I bel ieve that the f o l l o w i n g results w e r e 
h ighl ights of the m e e t i n g : 
• T h e subst i tut ion of materials other than s i l i con or a l u m i n u m into the 
zeol i te f r a m e w o r k — p a r t i c u l a r l y the phosphorus subst i tut ion repor ted b y 
F l a n i g e n a n d Grose . It was, however , d i s a p p o i n t i n g that this was suc
cessful w i t h on ly one large-pore mater ia l , namely , type L zeolite . 

• T h e e luc idat ion of the structures i n v o l v e d i n p r o d u c i n g ultrastable 
faujasite reported b y M a h e r , H u n t e r , a n d Scherzer. A l t h o u g h the dis
covery of the ultrastable faujasite was reported at the 1967 L o n d o n 
meet ing , these subsequent studies ( a n d w o r k b y G . T . K e r r ) are p o i n t i n g 
to an unexpected m e t h o d of al ter ing the crystal l ine f ramework . 

• T h e h i g h act iv i ty of s o d i u m mordeni te for ca ta lyz ing benzene h y d r o 
génation as repor ted b y M i n a c h e v et al. T h i s result is so u n i q u e that 
a d d i t i o n a l invest igat ion is warranted . 

I t seems to me that the above constitute discoveries w h i c h c o u l d 
l e a d to n e w a n d different catalyt ic materials . 

T h e c o n t i n u i n g studies on the mechanisms i n v o l v e d i n zeol i te syn
thesis are l e a d i n g to a better unders tanding of the cont ro l l ing factors i n 
this c o m p l i c a t e d react ion system. B u t more remains to be done. T h i s also 
holds the promise of l ead ing to the synthesis of n e w zeol i t i c structures. 

T h e systematic investigations of the structure a n d sorpt ion propert ies 
of n a t u r a l a n d synthetic zeolites are certa inly central to the b o d y of 
k n o w l e d g e that w i l l a i d i n the future research a n d u t i l i z a t i o n of zeolites 
i n various possible ways . 

N o m e n c l a t u r e is inf luenced b y structure. It w o u l d be desirable to 
have a better system of nomenclature . H o w e v e r , the quest ion of just h o w 
m u c h "fine s tructure" needs to be descr ibed m a y be dif f icult to answer. 
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77. ARE Y Directions in Zeolite Research 453 

M a n y n a t u r a l zeolites have a var iab le composi t ion . I t m a y be that the 
degree of S i - A l o r d e r - d i s o r d e r i n synthet ic zeolites m a y v a r y w i t h p r e p a 
rat ion procedures . H o w e v e r , i t w o u l d be of interest to determine w h a t 
effect the o r d e r - d i s o r d e r has o n adsorpt ive a n d / o r cata lyt ic propert ies . 

Several years ago, it was felt that cata lyt ic studies us ing crysta l l ine 
zeolites w o u l d d r a m a t i c a l l y a i d i n u n r a v e l i n g some of the mysteries of 
catalysis. T h i s was because the crystal l ine zeolites h a d a more u n i f o r m 
surface than amorphous materials a n d the structure c o u l d be w e l l de
fined. Some of the luster of this hope appears to be f a d i n g s l ight ly . It 
seems that the "act ive sites" have a spectrum of intensities rather t h a n 
b e i n g of a u n i f o r m character. Nevertheless , crystal l ine zeolites s t i l l offer 
one of the best vehicles for s t u d y i n g the fundamentals of heterogeneous 
catalysis. 

Catalysts based o n molecular sieve zeolites w i l l cer ta inly cont inue to 
be of m u c h interest i n petro leum ref ining. Improvements can be expected 
as t ime goes on. R a d i c a l l y different zeoli te structures offer the most 
chance of major improvements . Several authors have i n d i c a t e d the l i k e l i 
h o o d of ob ta in ing r a d i c a l , carbanion , a n d other n o n c a r b o n i u m i o n reac
tions over zeoli te catalysts. Pursu i t of this poss ib i l i ty m a y prove f r u i t f u l . 

Separations were one of the first uses of molecular sieve zeolites. 
A l t h o u g h some i s o - n o r m a l h y d r o c a r b o n separations plants are operat ing , 
g r o w t h i n this area has not been large. Separations based on inherent 
adsorpt ive behavior (rather than sieve act ion) are b e c o m i n g of more 
interest. T h i s is true not on ly of the separation of d imethylnaphthalenes 
(as reported b y H e d g e at this meet ing) b u t also of xylene isomers. 
Separations of this type to p r o d u c e streams of interest i n chemicals m a n u 
facture c o u l d grow. 

A s ment ioned b y B r e c k i n the in t roductory lecture, molecu lar sieve 
zeolites s h o u l d find use i n various p o l l u t i o n contro l appl icat ions . B o t h 
their sorbent a n d catalyt ic properties make t h e m technica l ly feasible as 
agents for various aspects of p o l l u t i o n contro l a n d abatement. 

I n summary , crystal l ine zeolites offer not o n l y use fu l articles of c o m 
merce b u t also an interest ing research area i n v o l v i n g m a n y different sc i 
entific disc ipl ines . U n d o u b t e d l y , the future w i l l revea l more about these 
unusua l materials , perhaps even i n ways not c lear ly foreseen at present. 

RECEIVED November 23, 1970. 
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Low-temperature calorimetric study 138 
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M o d e l 

adsorption 79 ,210 , 412 
of ethane sorption 174 
hard-sphere 102 
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Polyfunct ional catalyst 434 
Polymerizat ion 262 
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Pressure vs. adsorption 412 
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Product selectivity 274 
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Pulse technique 317 
Pure-component isotherms 211 
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adsorption 368, 379 
chemisorption of 358 
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Quenching phenomena 140 
Quinol ine poisoning 319 ,325 
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R a d i c a l 

ion formation 364 
mechanism 396 

Rare earth 
exchanged Y zeolites 362 
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of sorption 227 

Reactant selectivity 274 
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isotherm results 140 
kinetics 174,229 

Spectroscopic investigation, u l t ra
violet 86 
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State of dispersion of metal 428 
Statistical 

calculations 148 
thermodynamics 97 
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aspects of catalysis 284 
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of 356 
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mordenite, catalytic properties of 441 

Τ 
Temperature 
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Transport mechanism 161 
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V a p o r adsorption 37, 69 
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