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F O R E W O R D 

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

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

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

T T \ u r i n g his attendance at a G o r d o n Conference i n the U S A i n 1962, 
Professor R. M . Barrer of I m p e r i a l Co l lege , L o n d o n , expressed the 

op in i on that per iod i c molecular sieve conferences w o u l d be w o r t h w h i l e . 
O n the premise that i t was appropr iate to h o l d the first conference i n 
L o n d o n to honor Professor Barrer 's contr ibutions , a group of B r i t i s h s c i 
entists was encouraged to init iate its organizat ion . A s a result , the first 
Internat ional Conference on M o l e c u l a r Sieves was h e l d successfully i n 
L o n d o n , A p r i l 4 -6 , 1967, under the cha i rmanship of Professor B a r r e r a n d 
under the sponsorship of the Society of C h e m i c a l Industry . T h e confer
ence was attended b y some 200 scientists, a n d 34 papers w e r e presented. 
T h e proceedings, " M o l e c u l a r Sieves," is p u b l i s h e d b y the Society of 
C h e m i c a l Industry , 14 Be lgrave Square , L o n d o n , S .W. 1, 1968. 

I n 1968, Professor Barrer a n d one of us ( L B S ) in i t ia ted the con
t inuat ion of the conferences on a t r i enn ia l basis b y i n v i t i n g the second 
conference to be h e l d at Worcester Po ly technic Institute, w i t h the A m e r 
i can C h e m i c a l Society i n v i t e d to be the sponsoring society. It was be
l i eved appropriate to h o l d the second conference i n the U n i t e d States 
to recognize the p ioneer ing commerc ia l i za t i on of molecular sieve zeolites 
b y U n i o n C a r b i d e C o r p o r a t i o n a n d the petro leum ref ining industry . T h e 
organiz ing committee for the second conference i n c l u d e d the co - chairman 
representing the A m e r i c a n C h e m i c a l Society ( E M F ) , D r . W . L . K r a n i c h , 
W P I , secretary-treasurer, D r . P . K . M a h e r , D a v i s o n C h e m i c a l D i v i s i o n , 
W . R. G r a c e & C o . , indus t r ia l l ia ison, a n d Prof . Barrer , honorary member . 
D r . D . W . Breck par t i c ipated h e l p f u l l y i n several discussions. T h e Petro 
l e u m Research F u n d contr ibuted to the expenses of i n v i t e d d is t inguished 
speakers, a n d contributions for support of the conference were rece ived 
f rom B P ( N o r t h A m e r i c a ) L t d . - B r i t i s h Pet ro l eum C o . , L t d . , Esso R e 
search & E n g i n e e r i n g C o . , W . R . G r a c e & C o . - D a v i s o n D i v i s i o n , G u l f 
Research & Deve lopment C o . , M o b i l Research & Deve lopment C o r p . , 
N a l c o C h e m i c a l Co . , N o r t o n C o . , S h e l l D e v e l o p m e n t C o . , S u n O i l C o . , 
Texaco, Inc. , U n i o n C a r b i d e C o r p . , U n i o n O i l C o . of C a l i f o r n i a , a n d 
U n i v e r s a l O i l Products C o . A n u m b e r of spec ia l services were donated 
b y the U n i o n C a r b i d e C o r p . 

A p p r o x i m a t e l y 300 scientists f rom 18 countries par t i c ipated i n the 
conference. T h e meet ing p r o v i d e d an oppor tuni ty for presentation of 
new scientific in format ion a n d discussion a n d exchange of ideas b o t h 
formal ly a n d in formal ly , i n an extremely pleasant a n d congenia l env i ron -
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ment. T h e success a n d enjoyment of the conference resulted p a r t l y f r o m 
the care fu l p l a n n i n g a n d p r o g r a m m i n g of the organ iz ing committee , bu t 
especial ly f r om the u n t i r i n g w o r k of the l oca l committees headed b y : 
D r . Y . H . M a , Prof . W . B . B r i d g m a n , M r . W . Trask , M r . G . F u l l e r , 
M r s . A . H . Weiss , M r . A . B e g i n , M r . C . A . K e i s l i n g , D r . I. Z w i e b e l , 
D r . A . H . We iss , M r s . D . C . F r e n c h , M r . G . Gage , a n d D r . R . E . W a g n e r . 

O n the final day of the conference, a permanent Internat ional Zeol ite 
Conference C o m m i t t e e was elected, consist ing of M i s s E d i t h M . F l a n i g e n , 
C h a i r m a n , Prof . R . M . Barrer , D r . H . B . H a b g o o d , Prof . Α. V . K ise l ev , 
D r . P . K . M a h e r , Prof . W . M . M e i e r , D r . C . Naccache , Prof . J . V . S m i t h , 
Prof . J . B . Uyt terhoeven , a n d D r . P . B . Venuto . It was voted to accept 
the inv i ta t i on of Prof . W a l t e r M . M e i e r to host the t h i r d conference i n 
Z u r i c h , S w i t z e r l a n d , i n September 1973, under the cha irmanship of Prof . 
M e i e r . Unfor tunate ly , he c o u l d not attend the second conference because 
en route his p lane was h i jacked to the Jordan ian desert where h e was 
h e l d hostage. 

T h e Conference C o m m i t t e e w o u l d l ike to c o m m e n d Rober t F . G o u l d , 
E d i t o r , M r s . C o l l e e n S t a m m , Assistant E d i t o r , a n d the staff of the 
A D V A N C E S IN C H E M I S T R Y SERIES for their efficient h a n d l i n g of an unex
pected ly large n u m b e r of manuscr ipts a n d their outstanding job i n the 
p u b l i c a t i o n of the Prepr ints a n d these two final volumes. T h e cooperation 
a n d contr ibutions of the authors, discussants, session cha irmen, p a n e l 
cha i rmen a n d panelists, a n d other part ic ipants are also grateful ly 
acknowledged . 

T h e Proceedings are d i v i d e d into two volumes f o l l o w i n g the session 
divis ions at the Conference . V o l u m e I contains the Introductory L e c t u r e 
a n d 40 papers w i t h discussion, presented under Synthesis, Structure a n d 
M i n e r a l o g y , a n d M o d i f i c a t i o n a n d G e n e r a l Properties . V o l u m e I I includes 
35 papers w i t h discussion i n Sorpt ion a n d Catalys is , a n d the C o n c l u d i n g 
Remarks . 

It appears f rom the contr ibutions a n d par t i c ipat i on i n the first a n d 
second conferences that they serve a need i n the r a p i d l y g r o w i n g field 
of mo lecu lar sieve science a n d technology, a n d they have been establ ished 
accord ing ly on a t r i enn ia l basis. M a y w e take this oppor tuni ty to thank 
the m a n y others w h o contr ibuted to the success of the conferences a n d 
extend best wishes to those o rgan iz ing the next. W e can assure t h e m 
that the pleasure of meet ing a n d w o r k i n g w i t h the m a n y people i n v o l v e d 
i n the conference far outweighs any b u r d e n of w o r k i n its organizat ion . 

EDITH M. FLANIGEN 
LEONARD B. SAND 

Tarrytown, New York 
Worcester, Massachusetts 
March 1971 

χ 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
pr

00
1

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



1 

Recent Advances in Zeolite Science 

D. W. BRECK 
Union Carbide Corp., Tarrytown Technical Center, Tarrytown, Ν. Y. 

Zeolite properties are being studied by nearly every type of 
modern scientific discipline, and they are being utilized in 
many new chemical engineering processes. Important ad
vances include detailed basic information on cations in zeo
lites, more understanding of the mechanism of zeolite 
formation, the formation and character of structural defects 
and hydroxyl groups, the role of zeolite structure in adsorp
tion and catalysis, and the increasing technology of the use 
of molecular sieve zeolites in catalysis and adsorption. 

' T i h e discovery of synthetic crystal l ine zeolites has resulted i n w i d e 
scientific interest a n d a great var iety of appl icat ions i n industry . T h e 

growth of scientific interest i n zeolites m a y be measured b y the increase 
i n the number of re lated publ icat ions . F r o m the early research on zeol ite 
minerals i n 1909 u n t i l 1969, over 4500 papers have been p u b l i s h e d i n the 
open l i terature. T h e extensive interest is ev idenced equal ly b y over 1000 
patents w h i c h have been issued i n the U n i t e d States alone. T h e f u n d a 
menta l properties a n d appl icat ions of molecular sieve zeolites invo lve 
m a n y scientific disc ipl ines a n d cross many of the t rad i t i ona l boundaries . 
F i e l d s invo lved are inorganic a n d phys i ca l chemistry w i t h emphasis on 
surface a n d co l l o id chemistry a n d catalysis, b iochemistry , the geological 
sciences of geochemistry, geology, mineralogy , a n d physics , i n c l u d i n g 
crystal lography, spectroscopy, a n d so l id state physics . 

App l i ca t i ons i n the engineering sciences inc lude adsorption separa
tions, hydrocarbon catalysis, a n d purif ications. T h e molecular sieve zeo
lites possess m a n y un ique properties w h i c h have resulted i n their use i n 
a great variety of appl icat ions such as hydrocarbon conversion catalysts, 
recover ing radioact ive ions f r om waste solutions, separating hydrogen 
isotopes, so lub i l i z ing enzymes, car ry ing active catalysts i n the c u r i n g of 
plastics a n d rubber , transport ing so i l nutrients i n fert i l izers , a n d even 
filtering tars f rom cigarette smoke. M i n a t o has presented an interest ing 
rev iew on industr ia l uses for m i n e r a l zeolites i n Japan (65 ) . Re la t ive ly 
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2 M O L E C U L A R SIEVE ZEOLITES 1 

f e w of the k n o w n zeolite types are u t i l i z e d i n major appl icat ions . A 
considerable n u m b e r are s i t t ing on the shelf, as i t were , w i t h perhaps 
h i d d e n potent ia l . I n add i t i on , developments i n recent years l e a d to the 
unquest ionable conclusion that the group of zeolite species can be m u c h 
larger than is n o w k n o w n . T h e analysis of the crysta l structures of most 
of the k n o w n zeol ite minerals a n d some of the synthetic types has l e d to 
classifications based on s tructura l pr inc ip les . A n extension of these p r i n 
c iples suggests the f o rmulat i on of hypothet i ca l zeol ite structures. 

Some Recent Important Achievements in Zeolite Research 

T h e g r o w t h i n zeolite research is reflected i n the g r o w t h i n these 
conferences, f r o m 31 papers at the first h e l d i n L o n d o n 3 years ago, to 
78 papers i n this one. Recent developments i n zeol ite research f a l l into 
the f o l l o w i n g groups : zeol ite s tructura l chemistry , zeolite mineralogy , 
synthesis of zeolites, adsorpt ion b y zeolites, zeolite catalysts, a n d zeolite 
chemistry . 

Zeolite Structural Chemistry. T h e e luc idat ion of the intr icate de
tails of zeol ite structures is i n t r i g u i n g i n a scientific sense as w e l l as 
important i n p r o v i d i n g an unders tanding for indus t r ia l appl icat ions. T h e 
basic f ramework types of zeolites can be grouped into classes b y c o m m o n 
subunits of their structure. Classif ications of this type were proposed b y 
S m i t h (71) a n d ref ined b y M e i e r (59 ) . 

T h e basic structures of near ly a l l of the zeolite minerals appear to 
have been resolved, i n c l u d i n g the complex structures of laumont i te (17), 
st i lb ite ( 3 9 ) , heulandi te (63), a n d yugawara l i te ( 55 ) . I n add i t i on , the 
re lat ionship of the zeolites erionite a n d offretite has been del ineated 
further b y the w o r k of K a w a h a r a (51) and , i n this sympos ium, b y G a r d . 
Zeol i te minerals for w h i c h s tructura l analyses have not been completed 
inc lude the w i d e l y o c curr ing m i n e r a l c l inopt i lo l i te a n d the rarer m i n e r a l 
stellerite, w h i c h apparent ly is re lated to st i lbite . 

Synthet ic zeolites w h i c h have been resolved inc lude the zeol ite type 
L (14) a n d the zeolite Ω (13), bo th of w h i c h have open frameworks a n d 
shou ld have important catalysis appl i cat ion . I on exchange studies (71) 
have contr ibuted to an unders tanding of the synthetic zeolite Τ (19), 
w h i c h appears to be s tructura l ly re lated to the minerals offretite a n d 
erionite. 

T h e locations of cations i n par t i cu lar zeolites have been determined ; 
i n other zeolites, extensive studies have been completed on cations a n d 
the interact ion of cations w i t h other molecules i n the structure. T h e 
extensive w o r k carr i ed out on faujasite a n d the topolog ica l ly re lated 
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1. BRECK Advances in Zeolite Science 3 

synthetic zeolites type X a n d type Y is s u m m a r i z e d b y S m i t h , page 
171. 

In f rared spectroscopy has been a va luab le technique for exp lor ing 
zeolite structures. It is useful for s tudy ing the nature of h y d r o x y l groups 
i n zeolites, the interact ion of cations w i t h adsorbed molecules, a n d the 
fundamenta l f ramework structures of zeolites. 

Zeolite Minerals. Several zeolite minerals— i . e . , c l inopt i lo l i te , fer-
r ier i te , erionite, analc ime, mordenite , chabazite , ph i l l i ps i t e , l a u m o n t i t e — 
occur i n extensive sedimentary deposits i n m a n y areas of the earth's 
surface (44). Recent ly , for example, erionite has been reported i n the 
U S S R (18). A n unusua l ferrierite w i t h a h i g h S i / A l ratio (about 7 ) 
was reported i n C a l i f o r n i a (82). 

T h e minera logy of yugawara l i te (42), gonnardite (41), st i lbite (43), 
ferrierite (2), offretite a n d erionite (70), a n d faujasite ( 50 ) , have been 
reported. 

N o n e w zeolite minerals have been reported , a n d the total s t i l l stands 
at 34 recognized species ( T a b l e I ) . H o w e v e r , there is p robab ly l i t t le 
chance of finding zeolite minerals on the surface of the moon. 

Zeolite Synthesis. Research on zeol ite synthesis has cont inued u n 
abated. T h e objectives seem to be three- fo ld : the preparat ion of nove l 
synthetic zeolites, the unders tanding of the mechanism of zeolite nuc l ea -
t ion a n d growth , a n d the g r o w t h of larger single crystals of synthetic 
zeolites. T h e latter p r o b l e m is important for unders tanding the zeol ite 
crysta l l i zat ion process as w e l l as for p r o v i d i n g specimens w h i c h are 
needed urgent ly for m a n y aspects of zeolite research—e.g., x -ray crystal 
structure studies a n d other p h y s i c a l measurements. T a b l e I I summarizes 
those synthetic zeolites reported recently w h i c h have been reasonably 
w e l l character ized. T h e character izat ion of a n e w mater ia l as a zeol ite 
must be done w i t h considerable care and involves a var iety of c ontr ibut ing 
techniques. M u c h of the early w o r k on zeolite synthesis i n the p u b l i s h e d 
l i terature is of l i t t le value o w i n g to the lack of adequate a n d necessary 
details. I n m a n y cases, a synthesized mater ia l was loosely designated as 
a synthetic zeolite of some type based on p r e l i m i n a r y x-ray powder pat 
terns alone. M u c h of the earl ier w o r k should be rev iewed , d iscredited i f 
necessary, and u p d a t e d i f appropriate . I n recent years, zeolites have 
been synthesized i n somewhat different systems—e.g., l i th ium—sodium. 
Systems i n v o l v i n g t e t r a a l k y l a m m o n i u m bases have resulted i n the f o rma
t ion of zeolite Ω a n d Z S M 4 . 

Subst i tut ion of phosphorus i n zeolite f rameworks is reported i n 
this sympos ium. T h e occ lusion of phosphate i n a zeolite w i t h the 
type A f ramework was reported earl ier b y K u e h l i n the synthetic zeolites 
Z K 2 1 a n d Z K 2 2 (56, 58). A contr ibut ion to an unders tanding of the 
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4 M O L E C U L A R SIEVE ZEOLITES 1 

Table I. 

Structure Year 
No. Name Group Discovered 

1 A n a l c i m e 1 1784 
2 B i k i t a i t e 6 1957 
3 Brewster i te 7 1822 
4 Chabaz i t e 4 1772 
5 C l i n o p t i l o l i t e 7 1890 
6 D a c h i a r d i t e 6 1905 
7 E d i n g t o n i t e 5 1825 
8 E p i s t i l b i t e 6 1823 
9 E r i o n i t e 2 1890 

10 Fau jas i te 4 1842 
11 Ferr ier i te 6 1918 
12 G a r r o n i t e 3 1962 
13 Gismondine 1 1816 
14 G m e l i n i t e 4 1807 
15 Gonnard i t e 5 1896 
16 H a r m o t o m e 1 1775 
17 Herschel i te 4 1825 
18 H e u l a n d i t e 7 1801 
19 Kehoe i te 1 1893 
20 L a u m o n t i t e 1 1785 
21 L e v y n i t e 2 1825 
22 Meso l i t e 5 1813 
23 M o r d e n i t e 6 1864 
24 N a t r o l i t e 5 1758 
25 Offretite 2 1890 
26 Pau l ing i t e 1 1960 
27 Ph i l l i ps i t e 1 1824 
28 Scolecite 5 1801 
29 Stel lerite 7 1909 
30 St i lb i t e 7 1756 
31 Thomsoni te 5 1801 
32 Vise i te 1 1942 
33 W a i r a k i t e 1 1955 
34 Y u g a w a r a l i t e 1 1952 

mechanism of zeolite crystal l izat ion a n d growth is presented b y A i e l l o , 
Barrer , a n d K e r r , page 44. 

T h e g r o w t h of zeolite X single crystals was reported b y C i r i c (30) 
a n d more recently i n an interesting approach us ing nonaqueous solvents 
b y C h a r n e l l (26), the latter resul t ing i n 100-micron crystals of zeol ite X . 

Adsorption. D u r i n g the past years, molecular sieve act ion has been 
reported for crystal l ine a n d noncrystal l ine solids other than zeolites. 
These inc lude coal (64), spec ia l act ive carbons ( 5 9 ) , porous glass (84), 
microporous b e r y l l i u m oxide powder (47), a n d layer- type silicates w h i c h 
have been modi f ied b y exchange w i t h large organic cations ( I I ) . H o w -
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1. BRECK Advances in Zeolite Science 5 

Zeolite Minerals 

Typical Occurrence 
in Igneous Rocks 

I re land , N e w Jersey, etc. 
Rhodes ia 
Scot land 
N o v a Scot ia , I re land , etc. 
W y o m i n g 
E l b a 
Scot land 
Ice land 
R a r e ; Oregon 
R a r e ; G e r m a n y 
R a r e ; B r i t i s h C o l u m b i a 
I re land , Ice land 
R a r e ; I t a l y 
N o v a Scot ia 
France , I t a l y 
Scot land 
S i c i l y 
Ice land 
R a r e ; South D a k o t a 
N o v a Scot ia , Faroe Islands 
Ice land 
N o v a Scot ia 
N o v a Scot ia 
I re land , N e w Jersey 
R a r e ; France 
R a r e ; W a s h i n g t o n 
I re land , S i c i l y 
Ice land, Co lorado 

Ice land, I re land , Scot land 
Scot land , Co lorado 
R a r e ; B e l g i u m 
N e w Zealand 
J a p a n 

Occurrence in Sedimentary Rocks 

Western U . S . , deep sea floor 

A r i z o n a , N e v a d a , I t a l y 
Western U . S . , deep sea floor 

N e v a d a , Oregon 

U t a h 

A r i z o n a 
N e w Zealand 

N e w Zea land , U . S . S . R . , C a l i f . 

U . S . S . R . , J a p a n , Western U . S . 

Western U . S . , A f r i c a , deep sea floor 

ever, only the crystal l ine zeolites have attained commerc ia l significance 
as molecular sieves. Since zeolites are used i n m a n y diverse appl icat ions 
i n c l u d i n g catalysis a n d i o n exchange, the term molecular sieve is not nec
essarily inc lus ive or consistent w i t h this w i d e sphere of appl i cat ion . H o w 
ever, stereoselective catalyt ic a n d ion-sieve behavior are w e l l k n o w n . 

Studies of the fundamenta l adsorpt ion phenomena on zeolites have 
cont inued i n several different areas. These are rev i ewed b y K i se l ev a n d 
Barrer ( V o l . I I , p. 37 ) . A d s o r p t i o n studies have been confined largely to 
a few materials , chiefly those of c ommerc ia l significance such as zeolites 
A , X , a n d Y . I n recent years, interest i n adsorpt ion kinetics a n d dif fusion 
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6 M O L E C U L A R SIEVE ZEOLITES 1 

Table II. Some New Synthetic Zeolites 

Name 

Z S M - 2 

Z S M - 3 

Z S M - 4 

Zeolite Ν 

Zeolite Ω 

Zeolite α 

Zeolite β 

Zeolite N - A 

Z K - 1 9 

Z K - 2 0 

Z K - 2 1 

Z K - 2 2 

Composition 

L i 2 0 · A 1 2 0 3 · 3.3-4.0 
S i 0 2 · H 2 0 

Structure 

Tetragona l 
a = 27A, c = 28 .1A 
Adsorbs cyclohexane 
Faujas i te - type 
Adsorbs cyclohexane 

Ref. 

(SI) 

0.3-0.8 L i 2 0 · 0.7-0.2 
N a 2 0 · A 1 2 0 3 · 2.8-4.5 
S i 0 2 · 9 H 2 0 

0.5-0.01 T M A · 0.5-0.99 
N a 2 0 · A 1 2 0 3 · 6-15 
S i 0 2 · 5 H 2 0 

0 . 8 3 ± 0 . 0 5 N a 2 O · 0 .03±0 .01 C u b i c aQ = 37 .2A 
T M A · A 1 2 0 3 · 1.8-2.2 S m a l l pore 
S i 0 2 · Y H 2 0 

0-0.7 T M A · 0.5-1.5 
N a 2 0 · A 1 2 0 3 · 6-12 
S i 0 2 · 1 0 H 2 O 

0.2-0.5 T M A · 0.5-0.8 
N a 2 0 · A 1 2 0 3 · 4.0-7.0 
S i 0 2 · Y H 2 0 

X N a ( 1 . 0 ± 0 . 1 - X ) T E A · 
A 1 0 2 · 5-100 S i 0 2 · 
4 H 2 0 & 

T M A · A 1 2 0 3 · 2.5-6.0 
S i 0 2 · 7 H 2 0 

C u b i c a0 = 22 .2A 
Adsorbs cyclohexane 

Hexagona l 
a = 18.1, c = 7.59 
Large pore size ~ 11A 
C u b i c , A - T y p e 
a0 = 12.04A 
Adsorbs n-hexane 
C u b i c a0 = 12.04 
Adsorbs cyclohexane 

( N a 2 0 , K 2 0 ) · A 1 2 0 3 · 
3.0-6.25 S i 0 2 · ~ 5 H 2 0 

(0 .1 -0 .2 )R 2 O · (0.8-0.9) 
N a 2 0 · A 1 2 0 3 · 4 -5 
S i 0 2 · Y H 2 O c 

1 . 0 ± N a 2 O · A 1 2 0 3 · 
Y S i 0 2 · Z P 2 ( V 

Y = 1.9 to 4.5, 
Y - f 2 Ζ = 0.01 to -

( T M A , N a 2 0 ) d 

48 

A - T y p e 
C u b i c aa = 12.12 
Adsorbs n-hexane 
Ph i l l i ps i t e - type 
Absorbs H 2 0 

L e v y n i t e - t y p e 
Adsorbs C H 4 

A - t y p e 
C u b i c a0 = 
12.14 - 12.21 
Adsorbs n-hexane 

A - t y p e 
Adsorbs n-hexane 

(1) 

(38) 

(78) 

(77) 

(9) 

(57) 

(54) 

(58) 

(56) 

a T M A = tetramethylammonium. 
6 T E A = tetraethylammonium. 

• CH3—I + 

0 
d Intercalated phosphate—up to 1 Ρ/β cage. Thus, if Y = 4, Ζ = 1/8 unit cell; 

contents are NasKAlC^MSiC^ie] · 1.0 P 0 2 . 

i n zeolites has been pronounced . Another area of interest is the descr ip
t ion of adsorpt ion e q u i l i b r i a i n terms of general relations such as the 
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1. BRECK Advances in Zeolite Science 7 

modi f ied P o l a n y i re lat ionship of D u b i n i n (35). I n m a n y cases, i t appears 
that the D u b i n i n equat ion can describe adsorpt ion e q u i l i b r i a quite satis
factori ly . T h e interact ion of the adsorbate w i t h aspects of the zeolite 
structure such as cations w i t h adsorbed molecules, the thermochemistry 
of zeolite adsorpt ion, and the various components w h i c h contribute to 
the interact ion of adsorbed molecules w i t h the zeolite structure have been 
topics of considerable interest. Studies have been reported on the a d 
sorption of hydrocarbons i n zeolite L (10). T h e adsorpt ion character of 
zeolite L or ig ina l ly del ineated is ampl i f i ed b y these more recent measure
ments i n c l u d i n g heats of adsorption. T h e adsorpt ion isotherms c o u l d 
not be descr ibed over the complete range of filling of the zeolite i n t r a -
crystal l ine pores b y any single mode l . 

A d s o r p t i o n studies have not been confined to organic vapors a n d 
inert gases. Studies of the adsorpt ion of inorganic m a t e r i a l s — i n p a r t i c u 
lar , mercury , sulfur, a n d phosphorus—were reported on several i o n -
exchanged forms of zeolite X , zeolite A , chabazite , a n d gmel ini te (16). 
T h e adsorpt ion of rare gases i n the less stable minerals heulandite a n d 
sti lbite were s tudied (12). These zeolites, w i t h proper p a r t i a l act ivat ion, 
adsorb the gases argon a n d k r y p t o n , a l though complete dehydrat ion does 
col lapse the structures of these minerals . E r i o n i t e rece ived further atten
t ion b y E b e r l y , w h o invest igated the adsorpt ion of n o r m a l hydrocarbons 
i n the C 5 - C 8 range a n d compared adsorpt ion rates w i t h s imi lar measure
ments i n zeolite 5 A (36). 

Simple gas molecules have been used to probe the electrostatic fields 
i n zeolite Y exchanged w i t h univa lent a n d divalent cations (49). T h e 
large electric field w h i c h should be present near the po lyvalent cations 
was not observed, a n d the heats of adsorpt ion measured indicate that 
the field was obscured b y strongly b o u n d O H or Ο ions on the cation. 

A d s o r p t i o n studies on zeolite X a n d Y of v a r y i n g sod ium content 
( obta ined b y a var iat ion i n the S i / A l ratio a n d b y N H 4

+ exchange) 
revealed that there are 2 types of surface cations i n the zeolites w h i c h 
exhibi t near ly equa l adsorption energetics (66). These 2 cations are 
character ized b y site I I I ( w h i c h is preferent ia l ly removed f rom the 
structure) a n d site I I . A d s o r p t i o n heats for gases such as C H 4 , X e , a n d 
K r suggested an effective charge of 0.66 esu for the surface sod ium ions. 

Zeolite Catalysts. D u r i n g the past 3 years, interest i n zeolite catalysts 
has intensif ied greatly. Zeolites X , Y , a n d mordenite have been the center 
of most of the attention, w i t h some recent interest i n synthetic zeolites 
re lated to erionite a n d offretite. Controversy s t i l l exists concerning the 
source of act iv i ty a n d the nature of the active sites i n zeolites, such as the 
rare earth exchanged forms of zeolite Y for hydrocarbon conversion 
reactions. T h i s is r ev i ewed b y R a b o ( V o l . I I , p. 284) . A t present, op in ion 
seems to converge on the compromise that bo th the so-cal led Bronsted 
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8 M O L E C U L A R SIEVE ZEOLITES 1 

a n d L e w i s a c i d sites are r equ i red , w i t h o p t i m u m act iv i ty c o i n c i d i n g w i t h 
e q u a l numbers of each (68, 69 ) . In frared a n d thermal analyt i ca l studies 
have contr ibuted greatly to an understanding of these materials (3 , 25, 
80 ) . T h e diverse activities shown b y zeolite catalysts i n m a n y different 
organic reactions is r e v i e w e d b y Venuto . T h e re lat ionship between 
act iv i ty a n d different species of rare earth cations i n catalyt ic c rack ing 
are discussed b y Scherzer (page 266) . L i t t l e in format ion on the cata
ly t i c properties of potent ia l ly important materials such as zeolite L a n d 
zeol ite Ω has been pub l i shed , a l though these materials are of considerable 
interest. 

Zeolite Chemistry. T h e ion-exchange properties of zeolites X , Y (6, 
73 ) , a n d chabazite (7 ) have rece ived intensive study i n recent years a n d 
the ion-exchange properties of zeolite X a n d zeolite Y have been c o m 
p a r e d ( 8 ) . T h e self-diffusion of sod ium i n zeolite X has been s tud ied b y 
B r o w n a n d Sherry (23 ) . T h e exchange of a m m o n i u m a n d a l k y l de r iva 
tives of a m m o n i u m i on i n zeolites X a n d Y has been compared b y T h e n g 
et al. ( 75 ) . T h e ion-sieve character of the synthetic zeolite Τ t o w a r d the 
r emova l of potassium ions f r o m the o r i g ina l zeolite has been reported b y 
Sherry (71 ) . I n short, intensive studies of these several zeolites have 
revealed a diverse behavior . T h e re lat ionship between structure, cat ion 
sites, a n d cat ion populat i on as determined b y S i / A l rat io a n d the i o n -
exchange behavior of zeolites has been clari f ied. C a t i o n selectivity has 
also been related to structure (72). Zeolites offer an u n t a p p e d source of 
u n i q u e materials for ion-exchange appl icat ions, a l though some a p p l i c a 
tions have been proposed i n a l i m i t e d way . T h e large major i ty of a v a i l 
able synthetic zeolites a n d zeol ite minerals have rece ived l i t t le , i f any, 
attention i n i on exchange. 

T w o add i t i ona l developments i n zeolite chemistry inc lude the re 
m o v a l of tetrahedral a l u m i n u m atoms f rom the f ramework b y complex-
i n g agents (53) a n d the increase i n stabi l i ty of a zeol ite b y essentially 
complete r emova l of the a l k a l i meta l cat ion ( 3 ) . T h e latter process— 
ul t ras tab i l i zat ion—is the center of some controversy. T w o proposals for 
exp la in ing the stabi l i ty of these materials have been advanced ; one is 
based u p o n the remova l of tetrahedral a l u m i n u m , w h i c h results i n an 
increase i n the S i / A l ratio of the f ramework, the format ion of add i t i ona l 
Ο—Si—Ο linkages, a n d a decrease i n the uni t ce l l constant. T h e other 
is based u p o n the complete remova l of a l k a l i meta l i on , w h i c h m a y act 
as a catalyst i n per turb ing the structure at elevated temperatures. A l 
though there m a y be meri t to one or bo th proposals, p robab ly neither is 
the sole explanation. 

T h e r m a l stabi l i ty results are significant i n a commerc ia l app l i cat ion 
of zeolites as catalysts. Since the zeolite must be able to w i ths tand treat
ment w i t h water vapor at quite h i g h temperatures, i t is also probable that 
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1. BRECK Advances in Zeolite Science 9 

a funct ion of the rare earth i o n i n the hydrocarbon conversion c rack ing 
catalyst is to improve the t h e r m a l a n d h y d r o l y t i c s tabi l i ty of the zeol ite 
as w e l l as prov ide a cata lyt i ca l ly active site. 

F r o m Mossbauer spectroscopy, the environment of F e 2 + ions i n 
zeolites has been deduced (34). I n summary , research i n recent years on 
zeolites has been concerned w i t h those materials of specific c o m m e r c i a l 
importance . There seems to be a d irect re lat ion between the l eve l of 
scientific interest a n d the area of major appl i cat ion . T h i s , of course, m a y 
be p r o m p t e d i n part b y the ava i lab i l i t y of materials since some zeol ite 
minerals are rare a n d difficult to obta in . M a n y zeolites a n d m a n y poten
t ia l l y interest ing aspects of zeol ite chemistry a n d zeolite properties have 
been neglected so far. 

Nomenclature 

A statement b y H e y (45) that, "the development of minera log i ca l 
nomenclature has been rather h a p h a z a r d a n d m a n y species a n d varieties 
have rece ived total ly different names," is app l i cab le to the zeolite nomen
clature p r o b l e m that exists today. 

T h e dif ferentiation of i n d i v i d u a l m i n e r a l species a n d m i n e r a l nomen
clature is a cont inu ing prob lem. I n the zeolite group of minerals , the 
s ituation has been i m p r o v e d greatly as the result of recent structural 
analyses. A t present, I bel ieve the zeolite m i n e r a l group inc ludes 34 
different species. F i v e of these minerals have been discovered since 1950; 
garronite was reported i n 1962 ( 79) ( T a b l e I ) . 

I n 1937, H e y (46) defined the zeolites as: 
" a group of crystal l ine solids, h y d r a t e d aluminosi l icates of mono- a n d 

d iva lent bases i n w h i c h the rat io ( R " , R 2 ) 0 : A 1 2 0 3 is un i ty , w h i c h are 
capable of los ing a part or the who le of their water w i t h o u t change of 
crystal structure, a n d of adsorbing other compounds i n p lace of the 
water removed , a n d w h i c h are capable of undergo ing base exchange." 

T h i s def init ion is descr ipt ive a n d s t i l l appl i cable . T o d a y , x-ray p o w 
der di f fraction methods are indispensable for descr ib ing n e w minerals . 
W i t h o u t x-ray dif fraction, synthetic zeolites w o u l d be hopelessly con
fused. A l l of the early attempts to synthesize zeolites are meaningless 
because x-ray di f fraction data are not avai lable . 

T h e descr ipt ion of a n e w m i n e r a l should inc lude accurate a n d c o m 
plete determinations of the chemica l , opt i ca l , a n d structural properties 
(60). 

T h e designation of a synthetic zeolite as a separate species must be 
based on characterist ic properties (20). T h e character izat ion a n d c lassi 
fication of synthetic zeolites have been h i n d e r e d b y the lack of a sys
tematic chemica l method for n a m i n g synthetic , complex aluminosi l icates . 
A t present, w e have f o l l owed the h is tor i ca l " L a w of P r i o r i t y " a n d have 
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10 M O L E C U L A R SIEVE ZEOLITES 1 

assigned to each n e w synthetic zeolite an arb i t rary letter or group of 
letters a n d numbers . T h e G r e e k alphabet also has been used. Di f ferent 
letters or code designations assigned to the same synthetic zeolite have 
l e d to confusion i n the l iterature. 

W h a t are the alternatives? O n e m i g h t develop a system s imi lar to 
the I U P A C rules for n a m i n g complex inorganic compounds, such as the 
heteropoly salts (40). T h u s analc ime, w i t h t y p i c a l un i t c e l l contents of 
N a 1 6 [ ( A 1 0 2 ) i 6 ( S i 0 2 ) 3 2 ] * 16 H 2 0 c o u l d be n a m e d sod ium 16-alumino-
32-sil icate-16-water. A nephel ine of composit ion N a 8 ( A 1 0 2 ) 8 ( S i 0 2 ) 8 

w o u l d be n a m e d sod ium 8-alumino-8-si l icate. T h e synthetic zeol ite type 
A , w i t h un i t ce l l contents of N a i 2 [ ( A 1 0 2 ) i 2 ( S i 0 2 ) 1 2 ] • 2 7 H 2 0 (pseudo-
cub i c ce l l ) c ou ld be n a m e d sod ium 12-alumino-12-si l icate-27-water. I f 
ha l f of the sod ium ions were rep laced b y c a l c i u m ions, i t c ou ld be n a m e d 
6-sodium-3-calc ium, etc. T h i s is too u n w i e l d y , a n d w e w o u l d p r o b a b l y 
resort to a s impler designation. 

T h e designation of a synthetic zeolite b y an arb i t rary code is no less 
subjective than the h is tor i ca l methods for n a m i n g minerals . T h e charac
terist ic properties w h i c h are the basis for designat ing the synthetic zeol ite 
as a separate species first must be determined careful ly . I t is u n l i k e l y 
that any proposed system for zeolite nomenclature w i l l meet w i t h c o m 
plete approva l b y a l l concerned. H o w e v e r , the f o l l o w i n g practices are 
general ly appl i cable . 

(1 ) T h e synthetic zeolite is designated b y the le t ter (s ) assigned 
to the zeolite b y the o r i g ina l investigator ( L a w of P r i o r i t y ) , for example , 
zeolite A , zeolite K - G , zeolite a, zeolite Z K - 5 , etc. 

(2 ) These letters designate the zeolite as synthesized. T h u s , zeolite 
A designates the synthetic zeol ite , N a i 2 [ ( A l 0 2 ) i 2 ( S i 0 2 ) i 2 ] · 2 7 H 2 0 
(pseudo-cubic un i t ce l l ) as prepared i n the N a 2 0 , A 1 2 0 3 , S i 0 2 , H 2 0 
system, a n d zeolite L designates the zeolite K 9 [ ( A l 0 2 ) 9 ( S i 0 2 ) 2 7 ] · 2 2 H 2 0 
as prepared i n the K 2 0 , A 1 2 0 3 , S i 0 2 , H 2 0 system. These refer to t y p i c a l 
compositions. W e also have used the terms " type A , " " type X , " etc., 
w h i c h have the same meaning . 

(3 ) I n some cases, various investigators have referred to a synthetic 
zeolite b y the name of a re lated mineral—e.g. , "synthetic analc ime , " 
"synthetic mordenite , " etc. T h i s approach is inaccurate a n d inadequate . 
T h e terms "mordenite - type , " "analc ime-type , " etc., are preferable for 
i n d i c a t i n g that the synthetic zeolite is re lated structural ly to a minera l . 
I n the l ight of current knowledge of the effect of cat ion type a n d locat ion, 
S i a n d A l d is tr ibut ion , a n d S i / A l rat io on the properties of the zeol ite , 
a statement of ident i ty is unw arrant e d w h e n only s imi lar i ty is established. 

(4 ) Unfor tunate ly , some confusion is unavo idable since w e a l l use 
the same alphabet . T h u s , N a - B refers to synthetic analc ime-type zeolite 
(15), a n d N a - D indicates a mordenite- type . W e have used the letter Β 
to refer to the synthetic zeolite phases w h i c h B a r r e r a n d others have 
referred to as " F ' ( 5 ) . Since the use of Ρ for these phases has precedence 
i n the p u b l i s h e d l i terature, i t is pre ferred . W e have used D to refer to 
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1. BRECK Advances in Zeolite Science 11 

a chabazite - type of synthetic zeolite. I n summary , where a letter has 
been e m p l o y e d to refer to more than 1 synthetic zeol ite , a d d i t i o n a l 
l e t ter (s ) are necessary; i n these examples, the s y m b o l for the predominant 
a l k a l i meta l is used. 

(5 ) A p r o b l e m arises i f the synthetic zeolite contains tetrahedral 
atoms other than A l a n d Si—e.g., P , G a , G e . W e use the s y m b o l as a 
prefix, as P - L , to ind icate zeol ite L w h i c h contains substantial Ρ subst i tu
t ion i n the f ramework ; i n this case, t y p i c a l un i t ce l l contents are : 
K 2 1 [ ( A 1 0 2 ) 3 4 ( S i 0 2 ) 2 5 ( P 0 2 ) 1 3 ] 4 2 H 2 0 . 

( 6 ) I t m a y be necessary to indicate a par t i cu lar composi t ion i n cases 
where the letter (s ) refer to a synthetic zeolite w h i c h can v a r y i n f rame
w o r k composit ion. T h i s is accompl ished b y g i v i n g the S i / A l rat io , un i t 
c e l l contents, etc. 

(7 ) W e have adopted the use of " N " to refer to a synthetic zeol ite 
w h i c h is p repared f r om systems that contain a l k y l a m m o n i u m bases. 
T h u s , " N - A " refers to a synthetic t e t ramethy lammonium zeolite that has 
the type A f ramework ( 9 ) . 

( 8 ) W h e n a different cat ionic f o r m of a synthetic zeol ite is p repared 
b y i o n exchange, i t m a y be so re ferred to—i.e., c a l c i u m exchanged ( zeo
l i te ) A abbrev iated as C a e x A or C a A (48). A h y p h e n between C a a n d A , 
C a - A , c o u l d refer to a complete ly different zeolite. T h u s : 

C a exchanged A = C a e x A = C a A ^ C a - A 

O f course, these terms refer to an unspeci f ied l eve l of exchange. It is 
assumed that the major cat ion component is, i n this example, C a 2 + 

(greater than 5 0 % exchange) . I n most cases, i t is necessary to specify 
add i t i ona l ly the degree of exchange as per cent of exchange equivalents , 
or i n terms of the un i t c e l l contents. T h u s C a 2 N a 8 [ ( A 1 0 2 ) i 2 ( S i 0 2 ) i 2 ] · 
X H 2 0 is equa l to 3 3 % exchange. 

(9 ) O b v i o u s l y , any alterat ion of the parent zeolite b y i o n exchange, 
dea luminat ion , decat ionizat ion , etc., must be specif ied careful ly . 

Since the nomenclature p r o b l e m is a matter of c ommunicat i on , a 
glossary is necessary. T h i s leads natura l ly to the scheme for systematiz ing 
zeolites b y structural classification. 

Classification Scheme for Zeolites 

Struc tura l classifications of zeolites have been proposed b y S m i t h 
(74) a n d F i s cher a n d M e i e r (37, 61). T h e classification I propose is a 
modi f icat ion of these. It is based on the f ramework topology of the 
zeolites for w h i c h the structures are k n o w n , 44 at present. T h e classifica
t ion consists of 7 groups ( T a b l e I I I ) . W i t h i n each group, the zeolites 
have a c o m m o n subunit of structure w h i c h is a specific array of ( A l , S i ) 0 4 

tetrahedra. ' T h e simplest units are the r i n g of 4 tetrahedra (4 - r ing) a n d 
6 tetrahedra ( 6-r ing ) as f ound i n m a n y other f ramework aluminosi l icates . 
These subunits have been ca l l ed "secondary b u i l d i n g uni ts , " sbu, b y 
M e i e r . T h e p r i m a r y units are the S1O4 a n d A 1 0 4 tetrahedra. I n m a n y 
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12 M O L E C U L A R SIEVE ZEOLITES 1 

Table III. Classification 

Name Typical Unit Cell Contents 

G r o u p 1 (S4R) 
A n a l c i m e N a i 6 [ ( A 1 0 2 ) l 6 ( S i 0 2 ) 3 2 ] · 16 H 2 0 
P h i l l i p s i t e (K,Na) io [A10 2 ) 1 0 (S i0 2 )22] · 20 H 2 0 
Pau l ing i te K 6 8 N a i 3 C a 3 . e B a i . 6 [ ( A 1 0 2 ) i 5 2 ( S i 0 2 ) 6 2 o ] · 700 H 2 0 
Y u g a w a r a l i t e C a 2 [ ( A 1 0 2 ) 4 ( S i 0 2 ) 1 2 ] · 8 H 2 0 

G r o u p 2 (S6R) 
E r i o n i t e / ( C a , M g , K 2 , N a 2 ) 4 . 5 [ ( A 1 0 2 ) 9 ( S i 0 2 ) 2 7 ] · 27 H 2 0 
Of fret i te ' ( K 2 , C a ) 2 . 7 [ ( A 1 0 2 ) 5 . 4 ( S i 0 2 ) i 2 . 6 ] · 15 H 2 0 

Omega" Na.. e ,TMAi.,[(A10i)«(SiOi)ie] · 21 H 2 0 
Τ N a i . 2 K 2 . 8 [ ( A 1 0 2 ) 4 ( S i 0 2 ) i 4 ] · 14 H 2 0 

G r o u p 3 ( D 4 R ) 
A N a 1 2 [ ( A 1 0 2 ) i 2 ( S i 0 2 ) i 2 ] · 27 H 2 0 
Ρ Na 6 [ (A10 2 ) e (S i0 2 ) i o ] · 15 H 2 0 

G r o u p 4 ( D 6 R ) s , 
Fau jas i te (Na , ,K l l Ca > Mg) „ . , [ (A lO0 i . (S iO0 i . i ] · 235 H 2 0 
X Nae,[(A10,)«(SiO,)ii»l · 264 H 2 0 
Chabaz i te C a 2 [ ( A 1 0 2 ) 4 ( S i 0 2 ) 8 ] · 18 H 2 0 
G m e l i n i t e N a 8 [ ( A 1 0 2 ) 8 ( S i 0 2 ) i 6 ] · 24 H 2 0 

Z K - 5 (R 2 ,Na 2 )3o[(A10 2 ) 3 o(Si0 2 ) 6 e] · 98 H 2 0 
L " K 9 [ ( A 1 0 2 ) 9 ( S i 0 2 ) 2 7 ] · 22 H 2 0 

G r o u p 5 (T 6 Oio ) i 

N a t r o l i t e N a i 6 [ ( A 1 0 2 ) 1 6 ( S i 0 2 ) 2 4 ] · 16 H 2 0 
Thomsoni te N a 4 C a 8 [ ( A l O 2 ) 2 0 ( S i O 2 ) 2 0 ] · 24 H 2 0 
E d i n g t o n i t e B a 2 [ ( A 1 0 2 ) 4 ( S i 0 2 ) 6 ] · 8 H 2 0 

" Of the 5 space-filling solids of Federov, 3 (cube, hexagonal prism, and truncated 
octahedron) are found as polyhedral units in zeolite frameworks. The cube, or 
double four-ring (D4R) as shown here is shown in the list of zeolite polyhedra by 
Barrer (4) as the 6-hedron. The double six-ring (D6R) is the hexagonal prism or 
8-hedron. The α cage is the Archimedean semiregular solid truncated cuboctahedron 
referred to also as a 26-hedron, Type I. The β cage is the truncated octahedron or 
14-hedron, Type I. The γ cage is the 18-hedron and the ε cage the 11-hedron. Other 
polyhedral units are as given by Barrer. 

6 The framework density is based on the dimensions of the unit cell of the hydrated 
zeolite and framework contents only. Multiplication by 10 gives the density in units 
of tetrahedra/lOOOA3. 

c The void fraction is determined from the water content of the hydrated zeolite. 

* Refers to the network of channels which permeate the structure of the hydrated 
zeolite. Considerable distortion may occur in the Group 5 and 7 zeolites upon 
dehydration. 
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1. BRECK Advances in Zeolite Science 13 

of Zeolites 

Type of 
Polyhedral Cagea 

Framework 
Density, 

G/C& 
Void 

Fraction0 

Type of 
Channels0, 

Free Aperture 
of Main 

Channels, Ae 

α, γ, δ (10-hedron) 

1.85 
1.58 
1.54 
1.81 

0.18 
0.31 
0.49 
0.27 

One 
T w o 

Three 
T w o 

2.6 
4.2-4.4 

3.9 
3.5 

ε, 23-hedron 
ε, 14-hedron (11) 

1.51 
1.55 

0.35 
0.40 

Three 
Three 

3.6-4.8 
3.6-4.8,||a 

6.3,11c 
γ, 14-hedron (11) 
ε w i t h D 6 R 

1.65 
1.50 

0.38 
0.40 

One 
Three 

7.5 
3.6-4.8 

α, β 1.27 
1.57 

0.47 
0.41 

Three 
Three 

4.2 
3.5 

β, 26-hedron (11) 
β, 26-hedron (11) 

20-hedron 
14-hedron (11) 

1.27 
1.31 
1.45 
1.46 

0.47 
0.50 
0.47 
0.44 

Three 
Three 
Three 
Three 

7.4 
7.4 

3.7-4.2 
3.4-4.1,||a 

α, γ 
ε 

1.46 
1.61 

0.44 
0.32 

Three 
One 

6.9,11c 
3.9 
7.5 

1.76 
1.76 
1.68 

0.23 
0.32 
0.36 

T w o 
T w o 
T w o 

2.6-3.9 
2.6-3.9 
3.5-3.9 

e Based upon the structure of the hydrated zeolite. 

f Erionite and offretite also may be considered to consist of double 6-rings linked 
by single 6-rings. 

0 Zeolite Ω may be considered to consist of single 6-rings linked by double 12-rings. 

h Zeolite L consists of double 6-rings linked by single 12-rings. 

l' The T6Oio refers to the unit of 5 tetrahedra as given by Meier for the 4-1 type 
of sbu (61). 

î The T 80i6 unit refers to the characteristic configuration of tetrahedra shown 
in Figure 8b of Ref. 61. 

* The T10O20 unit is the characteristic configuration of tetrahedra shown in 
Figure 8a of Ref. 61. 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

00
1

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



14 M O L E C U L A R SIEVE ZEOLITES 1 

Table III. 

Name Typical Unit Cell Contents 

G r o u p 6 (Τβθιβ)' 
M o r d e n i t e Na 8 [ (A10 2 ) 8 (S i0 2 ) 4 o ] · 24 H 2 0 

D a c h i a r d i t e N a 5 [ ( A 1 0 2 ) 5 ( S i 0 2 ) i 9 ] · 12 H 2 0 

E p i s t i l b i t e C a 3 [ ( A 1 0 2 ) 6 ( S i 0 2 ) 1 8 ] · 18 H 2 0 

G r o u p 7 ( T i 0 O 2 0 ) f c 

Heuland i t e C a 4 [ ( A 1 0 2 ) 8 ( S i 0 2 ) 2 8 ] · 24 H 2 0 

St i lb i te C a 4 [ ( A 1 0 2 ) 8 ( S i 0 2 ) 2 8 ] · 28 H 2 0 

cases, the f ramework m a y be considered to consist of larger p o l y h e d r a l 
units ( 4 ) such as the truncated octahedron a n d t runcated cuboctahedron 
(8, 33). Some of the sbu's proposed b y M e i e r are c o m p l e x — s u c h as the 
4—1, 5 - 1 , a n d 4 4 1 units . I have designated the cage-l ike units w i t h 
Greek letters as: 

α cage = t runcated cuboctahedron 

β cage = t runcated octahedron 

γ cage = double 8 w i t h 4-r ing bridges 

δ cage = double 8-r ing 

ε cage = " c a n c r i n i t e " u n i t or 11-hedron 

I n earl ier classifications, each group is n a m e d after a representative 
member , such as the "mordenite group , " natrol ite group, etc. I have 
adopted instead an arb i t rary group designation b y number . T h e 7 groups 
are based on the 7 sbu's of M e i e r . 

T h e classification is shown i n an abbrev iated f o rm i n T a b l e I I I w i t h 
an example to i l lustrate each group. I n c l u d e d is in format ion on the v o i d 
fract ion, expressed as cc per cc of dehydrated zeolite as der ived f r om 
the water content for the fu l l y h y d r a t e d zeolite, the f ramework density 
expressed i n g r a m s / c c , the approximate dimensions of the m a i n channels 
(as der ived f rom the structure of the hydra ted zeo l i t e ) , and the type of 
channel system, 1 for one-dimensional , etc. I n m a n y instances, of course, 
the dimensions of the apertures change substantial ly w i t h dehydrat ion . 
Consequent ly , the aperture dimensions are not necessarily consistent w i t h 
the adsorpt ion properties of the dehydrated zeolite. W e need consider
able in format ion on the structures of dehydrated zeolites. I n such a 
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1. BRECK Advances in Zeolite Science 15 

Continued 

Type of 
Polyhedral Cagea 

Framework 
Density, 

G/C& 
Void 

Fraction0 

Type of 
Channels'1 

Free Aperture 
of Main 

Channels, Ae 

1.70 0.28 T w o 

1.72 0.32 T w o 

1.76 0.25 T w o 

1.69 0.39 T w o 

1.64 0.39 T w o 

6.7-7.0,1 
2.9-5.7,| 
3.7-6.7,1 
3.6-4.8,1 
3.6-6.3,1 
4.9-6.3,1 

3.9-5.4,||a 
4.2-7.1,||c 
4.1-6.2,||a 
2.7-5.7, ||c 

classification, the d is t r ibut ion of S i - A l a n d other tetrahedral atoms must 
be considered for i n d i v i d u a l species where possible. T h e zeolites natro -
l i te , scolecite, a n d mesolite have the same f ramework topology b u t are 
different m i n e r a l species because of f ramework order ing of S i , A l , a n d / o r 
cations. Other examples are p h i l l i p s i t e - h a r m o t o m e , thomson i te -gon -
nardite , analcime—wairakite, a n d chabazi te -herschel i te . 

Topics Which Need Attention 

Several subjects w h i c h suffer f r om inadequate research need r e a l 
effort to increase our knowledge a n d expand ut i l i za t i on of molecu lar 
sieve zeolites. O f course, m a n y of these subjects are b e i n g s tudied i n 
more than one laboratory because m a n y have considerable indus t r ia l 
significance. 

F i r s t , more complete in format ion is needed on the structures of 
zeolites w h i c h have been resolved only par t ia l l y i n terms of f ramework. 
W e need to k n o w more about cat ion locations, h o w they change w i t h 
cat ion species i n terms of populat i on , h o w they are a l tered b y the re
m o v a l of water , a n d about changes i n the f ramework d u r i n g remova l of 
water. F o r the synthetic zeolites, the x-ray crystal lographer w i l l be a ided 
b y the ab i l i t y to grow single crystals of sufficient size to s tudy b y single-
crystal methods. 

T h e changes w h i c h result f rom remova l of tetrahedral a l u m i n u m 
ions b y chemica l methods are of considerable interest (52) but s tructural 
analyses are needed to determine these changes. 

Second, several types of u n k n o w n zeolite structures have been postu
lated. T h e chemist presently is g u i d e d b y qual i tat ive concepts concerning 
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16 M O L E C U L A R SIEVE ZEOLITES 1 

the mechanism of zeolite formation. W e w o u l d hope that i n the future 
w e w i l l be able to synthesize a zeolite w i t h a prev ious ly postulated 
s t r u c t u r e — m u c h l ike the pract ice of today's synthetic organic chemist. 
W e n o w bel ieve i t is possible to synthesize zeolites w i t h other f ramework 
atoms such as phosphorus. T h i s leads to interest ing possibi l it ies , such 
as a f ramework w h i c h bears no charge or poss ibly a posit ive charge, 
thus conta in ing exchangeable anions. Indeed, the zeolite synthesis area 
offers m a n y in t r i gu ing possibi l it ies . 

T h i r d l y , chemica l properties must be e luc idated . F o r example , i o n 
exchange was recognized early as a characterist ic property , yet w e k n o w 
l i t t le about the i on exchange behavior of most of the zeolites. T h e i o n 
exchange character of some zeolites, r ev i ewed above, has been studied 
i n deta i l a n d i n depth. These in -depth studies have revealed unexpected 
cat ion selectivities a n d have shown that zeolites m a y make interest ing i o n 
separations. O p t i m i z a t i o n of these properties m a y l ead to important 
appl icat ions i n so lv ing environmental problems. T h e nove l app l i ca t i on 
of the zeolite properties i n nuclear chemistry has been demonstrated. T h e 
Sz i la rd -Cha lmers react ion to f o rm actinides w i t h i n the structure of 
zeol ite X b y the usual ( η , γ ) react ion is k n o w n . R e c o i l of the nuc l ide 
after neutron capture permits easy e lut ion (24). 

T h e behavior of zeolites i n b i o l og i ca l systems is a b i t mysterious. 
F o r example, treatment of yeast mi tochondr ia w i t h zeolite A or X i n the 
sod ium or potassium cat ion forms disaggregates the mi to chondr ia a n d 
solubi l izes cytochrome oxidase i n an aqueous system. H o w e v e r , the same 
zeolites i n c a l c i u m or magnes ium f o rm showed l i t t le act iv i ty of this 
type (67). S i m i l a r l y , zeolite A can d isrupt bacter ia l cells (83). 

Applications of the Future 

Some urgent environmental problems m a y be solved or a l lev iated i n 
the next decade b y us ing the k n o w n properites of k n o w n zeolites a n d 
closely re lated materials or perhaps b y prepar ing a n e w zeolite w i t h 
desired chemica l or p h y s i c a l properties. T h e i on exchange properties of 
certain zeolites m a y be used selectively to remove certain radioact ive 
isotopes f r o m nuc lear wastes (21, 62). A l s o , c l inopt i lo l i te m a y be used 
to remove ammonia f rom secondary sewage effluents b y i on exchange 
(28). Deve lopment of a catalyt ic process to remove sulfur d iox ide f r om 
waste gases us ing a molecu lar sieve has been ind i ca ted (27, 29). 

Relat ive to the behavior of zeolites i n b io log i ca l systems, a "biozeo-
l i t i c " theory of sewage puri f i cat ion was proposed more than 30 years ago. 
It was reported then that sewage c lari f icat ion b y the so-cal led act ivated 
sludge process depends on the presence of an a luminosi l i cate complex 
w h i c h is sa id to be chemica l ly the same as "zeol ites" (76). 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

00
1

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



1. BRECK Advances in Zeolite Science 17 

Literature Cited 
(1) Acara, Ν. Α., U. S. Patent 3,414,602 (1968). 
(2) Alietti, Α., Passaglia, E., Scarni, G., Am. Mineralogist 1967, 52, 1562. 
(3) Ambs, W. C., Flank, W. H., J. Catalysis 1969, 14, 118. 
(4) Barrer, R. M., Chem. Ind. London 1968, 1203. 
(5) Barrer, R. M., Baynham, J. W., Bultitude, F. W., Meier, W. M., J. Chem. 

Soc. 1959, 195. 
(6) Barrer, R. M., Davies, J. Α., Rees, L. V. C, J. Inorg. Nucl. Chem. 1968, 

30, 3333. 
(7) Ibid., 1969, 31, 219. 
(8) Ibid., 1969, 31, 2599. 
(9) Barrer, R. M., Denny, P. J., Flanigen, E. M., U. S. Patent 3,306,922 

(1967). 
(10) Barrer, R. M., Lee, J. Α., Surface Sci. 1968, 12, 341. 
(11) Barrer, R. M., Millington, A. D., J. Colloid Interface Sci. 1967, 25, 359. 
(12) Barrer, R. M., Vaughan, D. E. W., Surface Sci. 1969, 14, 77. 
(13) Barrer, R. M., Villiger, H., J. Chem. Soc. (D), 1969, 659. 
(14) Barrer, R. M., Villiger, H., Z. Krist. 1969, 128, 352. 
(15) Barrer, R. M., White, E. A. D., J. Chem. Soc. 1952, 1561. 
(16) Barrer, R. M., Whiteman, J. L., J. Chem. Soc., A 1967, 13, 19. 
(17) Bartl, H., Fischer, K. F., Neues Jahrb. Mineral. Monatsh. 1967, 33. 
(18) Belitskii, I. Α., Bukin, G. V., Dokl. Akad. Nauk SSSR 1968, 178, 169. 
(19) Breck, D. W., Acara, W. Α., U. S. Patent 2,950,952 (1960). 
(20) Breck, D. W., Flanigen, E. M., Froc. Intern. Symp. Mol. Sieves, 1st, 

London, 1967, 1968, 10. 
(21) Bray, L. Α., U. S. Energy Comm. BNWL-288 (1967). 
(22) British Patent 1,117,568 (1968). 
(23) Brown, L. M., Sherry, H. S., Krambeck, F. J., Abstr. Natl. Meeting ACS, 

158th, New York, Sept., 1969, Phys. 125, 126. 
(24) Campbell, D., Inorg. Nucl. Chem. Letters 1970, 6, 103. 
(25) Cattanach, J., Wu, E. L., Venuto, P. B., J. Catalysis 1968, 11, 342. 
(26) Charnell, J. F., to be published. 
(27) Chem. Eng. News 1968, 46 (39), 22. 
(28) Ibid., 1968, 46 (35), 39. 
(29) Chem. Week 1967, 101 (27), 37. 
(30) Ciric, J., Science 1967, 155, 689. 
(31) Cirie, J., U. S. Patent 3,411,874 (1968). 
(32) Ciric, J., U. S. Patent 3,415,736 (1968). 
(33) Cundy, H. M., Rollett, A. P., "Mathematical Models," 2nd ed., Oxford 

Univ. Press, London, 1960. 
(34) Delgass, W. N., Garten, R. L., Boudart, M., J. Chem. Phys. 1968, 50, 

4603. 
(35) Dubinin, M. M., Zh. Fiz. Khim. 1965, 39, 1305. 
(36) Eberly, P. E., Jr., Ind. Eng. Chem. Prod. Res. Develop. 1969, 8, 140. 
(37) Fischer, K. F., Meier, W. M., Fortschr. Mineral. 1965, 42, 50. 
(38) Flanigen, E., Netherlands Patent 6,710,729 (1968). 
(39) Galli, E., Gottardi, G., Mineral. Petrogr. Acta 1966, 12, 1. 
(40) "Handbook for Chemical Society Authors," p. 42, The Chemical Society, 

London, 1960. 
(41) Harada, K., Iwamoto, S., Kihara, K., Am. Mineralogist 1967, 52, 1785. 
(42) Harada, K., Nagashima, K., Kinichi, K., Am. Mineralogist 1969, 54, 306. 
(43) Harada, K., Tomita, K., Am. Mineralogist 1967, 52, 1438. 
(44) Hay, R. L., GSA Special Paper No. 85, Geological Society of America, 

New York, 1966. 
(45) Hey, M. H., "An Index of Mineral Species and Varieties Arranged Chem

ically p. xvi, British Museum, London, 1955. 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

00
1

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



18 MOLECULAR SIEVE ZEOLITES-1 

(46) Hey, M. H., Trans. Brit. Ceram. Soc. 1937, 36, 84. 
(47) Horlock, R. F., Anderson, P. J., Trans. Faraday Soc. 1967, 63, 531. 
(48) Hoss, H., Roy, R., Beitr. Mineral. Petrog. 1960, 7, 389. 
(49) Huang, Y., Benson, J. E., Boudart, M., Ind. Eng. Chem. Fundamentals 

1969, 8, 346. 
(50) Iiyama, K., Harada, K., Am. Mineralogist 1969, 54, 182. 
(51) Kawahara, Α., Curien, H., Bull. Soc. Franc. Mineral. Crist. 1969, 92, 250. 
(52) Kerr, G. T., J. Phys. Chem. 1968, 72, 2594. 
(53) Ibid., 1969, 73, 2780. 
(54) Kerr, G. T., U. S. Patent 3,459,676 (1969). 
(55) Kerr, I. S., Williams, D. J., Acta Cryst. 1969, Sect. B., 25, 1183. 
(56) Kuehl, G. H., Abstr. Natl. Meeting A.C.S., 158th, 1969, Inor. 37. 
(57) Kuehl, G. H., Am. Mineralogist 1969, 54, 1607. 
(58) Kuehl, G. H., U. S. Patent 3,355,246 (1967). 
(59) Lamond, T. G., Metcalfe, J. Ε., III, Walker, P. L., Jr., Carbon 1965, 3, 59. 
(60) McConnell, D., Am. Mineralogist 1948, 43, 260. 
(61) Meier, W. M., Proc. Intern. Symp. Mol. Sieves, 1st, London, 1967, 1968, 

10-27. 
(62) Mercer, B. W., Natl. Meeting Am. Inst. Chem. Engrs., 66th, Portland, 

Oregon, 1969, 1968, paper 22d. 
(63) Merkle, A. B., Slaughter, M., Am. Mineralogist 1968, 53, 1120. 
(64) Metcalfe, J. Ε., III, Kawahata, M., Walker, P. L., Jr., Fuel 1963, 42, 233. 
(65) Minato, H., Koatsu Gasu 1968, 5, 536. 
(66) Neddenriep, R. J., J. Colloid Interface Sci. 1968, 28, 293. 
(67) Person, P., Zipper, H., Felton, J. H., Arch. Biochem. Biophys. 1969, 131, 

457. 
(68) Richardson, J. T., J. Catalysis 1967, 9, 182. 
(69) Ibid., 1968, 11, 275. 
(70) Sheppard, R. Α., Gude, A. J., III, Am. Mineralogist 1969, 54, 875. 
(71) Sherry, H. S., Intern. Conf. Ion Exchange in the Process Industries, Soc. 

Chem. Ind., London, 1969. 
(72) Sherry, H. S., Ion Exchange 1969, 2, 89. 
(73) Sherry, H. S., J. Colloid Interface Sci. 1968, 28, 288. 
(74) Smith, J. V., Mineral. Soc. Am. Spec. Paper No. 1, 1963. 
(75) Theng, Β. K. G., Vansant, E., Uytterhoeven, J. B., Trans. Faraday Soc. 

1968, 64, 3370. 
(76) Theriault, E. J., McNamee, P. D., Ind. Eng. Chem. 1936, 28, 79, 83. 
(77) Wadlinger, R. L., Kerr, G. T., U. S. Patent 3,308,069 (1967). 
(78) Wadlinger, R. L., Rosinski, E. J., Plank, C. J., U. S. Patent 3,375,205 

(1968). 
(79) Walker, G. P. L., Mineral. Mag. 1962, 33, 173. 
(80) Ward, J. W., J. Phys. Chem. 1968, 72, 4211. 
(81) Wells, A. F., "Third Dimension in Chemistry," Oxford Univ. Press, Lon

don, 1956. 
(82) Wise, W. S., Nokleberg, W. J., Kokinos, M., Am. Mineral. 1969, 54, 887. 
(83) Wistreich, G., Lechtman, M. D., Bartholomew, J. W., Bils, R. F., Appl. 

Microbiol. 1968, 16, 1269. 
(84) Yastrebova, L. S., Bessonov, Α. Α., Khvoschchev, S. S., Materialy Vses. 

Soveshch. po Tseolitam, 2nd, Leningrad 1964, 229. 
RECEIVED February 18, 1970. 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

00
1

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



1. BRECK Advances in Zeolite Science 19 

Discussion 

W . M . Meier ( Eidgenossische Technische Hochschu le , Z u r i c h ) : M o s t 
classification schemes w h i c h have been proposed so far are based on 
certain subunits of structure or secondary b u i l d i n g units. T h e choice of 
these is f requent ly somewhat arbi trary . H o w e v e r , these secondary b u i l d 
i n g units should always satisfy the f o l l o w i n g requirements : T h e unit ce l l 
must conta in an in tegra l n u m b e r of secondary b u i l d i n g units , a n d the 
secondary b u i l d i n g units should be compat ib le w i t h the observed S i / A l 
r a t i o ( s ) . T h e units stated for Groups 6 a n d 7 are not i n agreement w i t h 
the first requirement . T h e yugawara l i te f ramework ( G r o u p 1) is based 
o n single 4-membered rings whereas analc ime is not i f requirement 2 is 
taken into account. 
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Some Problems of Zeolite Crystallization 

S. P. ZHDANOV 
I. V. Grebenshchikov Institute of Silicate Chemistry, 
Academy of Sciences USSR, Nab.Makarova, 2, Leningrad, V-164, USSR 

In some zeolite crystallization in heterogenous aluminosili
cate systems, temperature is mainly a kinetic factor whereas 
the nature and composition of crystals are determined by 
concentrations and correlations of components. Studies of 
their chemical structure and the peculiarities of crystalliza
tion kinetics show that a solubility equilibrium exists be
tween the solid and liquid phases of gels. Gel crystallization 
on heating is preceded by increased component concentra
tions in the liquid phase, which determines the composition 
of the zeolite crystals formed. Decreases in liquid component 
concentrations are compensated by dissolution of the solid 
phase of gels. This explains the linear rate of crystal growth 
during the first part of the crystallization process. Crystal 
size distribution for zeolite A and the linear rate of crystal 
growth indicate the autocatalysis of zeolite crystallization. 

^ V w i n g to systematic studies b y B a r r e r i n zeolite synthesis w i t h the use 
of the autoclave technique (2-12), more t h a n 50 species of zeolites 

di f fer ing i n composi t ion a n d structure were obtained. Temperature b o u n 
daries of zeolite crysta l l i zat ion were determined o n t°-n d iagrams ( n = 
S i 0 2 / A l 2 0 3 ) . M a n y N a - , K - , a n d Na ,K-zeo l i t es , i n c l u d i n g zeolites A , X , 
a n d Y , were synthesized b y B r e c k a n d others (13-17, 22) at l o w tempera
tures w i thout the autoclave. 

Cons iderab le progress achieved i n the low-temperature synthesis of 
zeolites is connected w i t h the use of h i g h l y reactive materials i n the 
co l lo id-dispersed state ( a luminos i l i ca gels, aqueous s i l i ca sols, s i l i ca , 
a l u m i n a gels, etc. ). T h e use of these materials i n the major i ty of cases 
facil itates synthesis, but at the same t ime it involves certain difficulties. 
I n m a n y such cases, not on ly the kinetics of the process but also the 
ac tua l final results appear to be dependent on the compl i cated chemica l 
behavior of these materials d u r i n g their preparat ion , i n the course of 

20 
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2. ZHDANOV Problems of Zeolite Crystallization 21 

crysta l l i zat ion , or o n st i rr ing . I n i t i a l materials can signif icantly influence 
the results of c rysta l l i zat ion at e levated temperatures under condit ions of 
the autoclave technique (1, 8,19, 20, 23, 33). These dependences as yet 
are not understood, but must be exp la ined i n terms of the pecul iar it ies of 
the mechanism a n d kinetics of zeolite crysta l l izat ion . 

Studies on the mechanism of zeol ite crysta l l i zat ion have rece ived 
extensive attention f r om m a n y investigators (4, 16, 22, 24, 29, 30, 33, 37, 
39). H o w e v e r , the m a i n questions of the mechan ism of c rysta l l i zat ion 
re ferr ing to kinet ics , such as the autocatalysis of the crysta l l i zat ion proc 
ess, a lka l in i ty effect on the rate of crysta l l i zat ion , the nature of the i n d u c 
t i on per iod , a n d seeding effects, have been insufficiently studied. T h e 
quest ion of the role of so l id a n d l i q u i d phases i n the format ion of zeolite 
crystals i n the heterogenous a luminosi l i cate systems also is s t i l l be ing d is 
cussed (16,22,25,30,31,37,39). 

D u r i n g recent years, n e w data have been obta ined a n d p u b l i s h e d on 
the influence of temperature a n d composi t ion of the i n i t i a l mixtures as 
w e l l as seeding a n d a d d i t i o n of complex ing reagents u p o n the kinetics 
a n d final results of the process of zeolite crysta l l i zat ion (16,20, 23, 31, 32, 
33,34,35,36,37,39,41). 

A c c o r d i n g to Refs. 6,19, 20, 23, 32, a n d 35, the temperature of zeolite 
crysta l l i zat ion can be l owered signif icantly b y increasing the a lka l in i ty of 
i n i t i a l mixtures. H o w e v e r , increases i n temperature a n d a lka l in i ty equa l ly 
influence the component concentrations i n the l i q u i d phases of hetero
genous mixtures. Therefore , the probab i l i t y of f ormat ion of the zeolites 
i n such cases is determined b y the concentrat ion of components rather 
t h a n b y the temperature. A t the constant temperature, the nature a n d 
composi t ion of crystals are determined m a i n l y b y chemica l factors—i.e., 
b y concentrations a n d correlations of components i n the systems (27, 31, 
35, 37, 39, 41) a n d more d i rec t ly i n the l i q u i d phase (39). Therefore, 
investigations into the chemistry a n d kinetics of zeolite crysta l l i zat ion are 
important i n s tudy ing the format ion a n d g r o w t h of zeolite crystals i n 
heterogenous a luminosi l i cate systems. Unfor tunate ly , the composi t ion of 
the l i q u i d phase of such aluminosi l i cate systems remains insufficiently 
s tudied i n connect ion w i t h zeolite crystal l izat ion . 

Chemical Structure of Alkali Aluminosilica Gels 

A l k a l i a luminos i l i ca gels f rom w h i c h zeolites usual ly are crysta l l i zed 
represent heterogenous co l l o ida l systems consisting of l i q u i d a n d so l id 
phases w h i c h strongly differ i n their chemica l compositions. I n those 
cases w h e n a luminos i l i ca gels are obta ined under equa l condit ions a n d 
f rom the same i n i t i a l mater ia ls—for example, f rom solutions of the s i l i 
cates a n d a luminates—the results of their crysta l l i zat ion reproduce w e l l , 
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22 M O L E C U L A R SIEVE ZEOLITES 1 

Table I. Changes in Concentrations and Correlations of Components 
in Their General Compositions; Characteristics 

Concentrations and 
Correlations in Initial Mixtures 

Gel Si02 
Na-Al SiOo in Gel 

Samples mole/I Si Al203 Skeleton 

V 0.133 25.0 0.33 2.2 
V I I I 0.184 12.5 0.33 2.6 
965 0.239 5.8 0.33 2.8 
967 0.270 13.7 1.0 2.6 
963 0.620 2.0 1.0 3.0 
V I I 0.710 3.5 2.0 2.3 
467 0.770 2.0 2.0 2.8 
I I I 0.470 9.2 5.0 2.5 
966 0.930 3.1 5.0 3.4 
196 1.340 1.2 5.0 3.5 
660 1.210 0.9 36.8 6.6 
104 2.140 0 .9 a 28.0 — 
105 2.530 0.7* 25.6 8.9 

a [ (Na + K) - Al] /Si . 
b Ch = K,Na-chabazite. 
c Er = K,Na-erionite. 

be ing determined only b y ge l composi t ion at a g iven temperature (31, 
37-41). Changes i n the conditions of gel preparat ion—that is, the use of 
s i l i ca sols instead of the silicates, ag ing of the obta ined gels at r oom 
temperature, or s t i r r i n g — c a n l ead to different results. T h e nature of 
c rys ta l l i z ing zeolites a n d kinetics of crysta l l i zat ion i n such cases are not 
determined only b y the c ommon composit ion of the system a n d b y t em
perature. T h e y probab ly depend on the differences i n concentrations a n d 
correlations of components i n different phases of gels, on their d i s t r ibut ion 
among the phases—i.e., on the chemica l structure of gels. Therefore , 
investigations into the chemica l structure of a luminos i l i ca gels i n terms 
of their crysta l l izat ion m a y appear useful for understanding the p e c u l i 
arities of format ion a n d growth of zeolite crystals i n the heterogenous 
a luminosi l i cate systems. 

Analyses of the so l id phases of m a n y samples of a luminos i l i ca gels 
showed that the S i / A l rat io i n the so l id phase of gels ( i n the gel skeleton) 
a lways exceeds 1, whereas the N a / A l ratio is close to 1; i.e., these re la 
tions i n the gel skeleton are the same as those i n the crystal lattice of 
zeolites. It was conc luded f rom these results (41 ) that A l i n the skeleton 
of a l k a l i a luminos i l i ca gels is coordinated four - fo ld w i t h i n the c ommon 
( S i , A l , 0 ) - f r a m e w o r k , whereas a lkal ine cations compensate excess nega
t ive charges of a l u m i n u m - o x y g e n tetrahedra. Analogous conclusions were 
d r a w n b y the authors (21) w h o obta ined the same correlations of c om-
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2. ZHDANOV Problems of Zeolite Crystallization 23 

in the Liquid and Solid Phases of Aluminosilica Gels with Changes 
of Zeolite Crystals Obtained 

Concentrations and Correlations 
in Liquid Phase of Gels Zeolite Crystals 

Al (OHTi, Si02, [Al] [Si] Si/Al SiOi 
mole/l mole/l X 10* X 10* AW3 Type 

0.466 0.030 1.40 64 1.8 A 
0.800 0.026 2.08 33 — A 
1.096 0.027 2.96 24 1.8 A 
0.218 0.054 1.17 25 — A 
0.570 0.011 0.63 19 1.9 A 
0.066 0.062 0.41 940 — A 
0.064 0.023 0.15 356 2.0 A 
0.061 0.263 1.57 4300 — X 
0.034 0.530 1.80 15600 2.6 X 
0.020 0.548 1.09 27400 3.0 X 
0.007 1.000 0.70 143000 5.1 Y 
0.024 2.030 4.88 85000 5.1 Ch» 
0.028 1.980 5.55 71000 7.2 E r c 

ponents i n the so l id phase for m a n y samples of a luminos i l i ca gels of 
different compositions. 

Consequent ly , the ( S i , A l , 0 ) - f ramework of a luminos i l i ca gels can be 
s imi lar to that of zeolites, at least i n regard to the simplest s tructural 
elements f o rming the network. A p p a r e n t l y , the ge l skeleton consists of 
more compl i cated structural elements such as the single a n d double 4-
a n d 6-membered rings a n d their combinations. T h i s can be suggested, 
for instance, f r om the data g iven be low on the compositions of er ionite- l ike 
crystals (perhaps erionite + offretite) a n d the a luminosi l i cate skeleton 
of gels y i e l d i n g these crystals. 

N a 2 0 K 2 0 A 1 2 0 3 S i 0 2 

I n i t i a l m i x t u r e 0.71 0.28 1.0 26 
G e l skeleton 0.27 0.73 1.0 8.9 
C r y s t a l s 0.29 0.71 1.0 7.2 

T h i s m a y indicate that i n bo th the ( Si,ΑΙ,Ο ) - f ramework of K , N a - g e l s 
a n d crystal latt ice of erionite, s imi lar s tructural elements are present, 
f ormat ion of w h i c h requires the par t i c ipat i on of potass ium ions. Potas
s ium ions w i l l p lay the dominant role i n the erionite structure a n d i n 
the ge l skeleton on potassium deficit i n the i n i t i a l mixture . Such struc
t u r a l elements can be b u i l t f rom 6-membered rings of tetrahedra l ike 
co lumns of erionite structure. Potass ium ions are b l o c k e d ins ide the ele
ments of erionite structure a n d o w i n g to this are nonexchangeable (37, 
40). 
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A n a l y t i c a l data o n the composit ions of so l id a n d l i q u i d phases for 
different a luminos i l i ca gels are g iven i n T a b l e I. 

T h e data g iven i n T a b l e I show that the d i s t r ibut ion of components 
between the l i q u i d a n d so l id phases of a luminos i l i ca gels appears to be a 
compl i ca ted func t i on of the i n i t i a l so lut ion composit ions. A general 
tendency exists for the increase i n S i / A l rat io i n bo th the so l id phases of 
gels a n d zeolite crystals w i t h increasing S i 0 2 / A l 2 0 3 rat io ( = n ) i n the 
i n i t i a l mixtures. A t equa l n, the S i / A l rat io i n the so l id phase of gels 
increases w i t h decreasing concentrat ion of the excess a l k a l i ( i n respect to 
A 1 2 0 3 c ontent ) ; i.e., w i t h decrease of N a - A l / S i 0 2 ratio . S u c h dependence 
was shown for zeolite crystals i n Ref. 37. 

T h i s dependence can be exp la ined i n terms of the po lycondensat ion 
mechanism of f ormat ion of a luminos i l i ca ge l skeleton f r om A l ( O H ) 4 " 
hydroxoa luminate ions a n d ( O H ) 4 . O T S i ( 0 " ) m s i l icate ions w i t h different 
degrees of hydroxy lat ion . A t equa l correlations a n d concentrations of the 
si l icate a n d a luminate ions i n solutions, the amount of si l icate ions p a r t i c i 
pa t ing i n the react ion of condensat ion shou ld increase w i t h the g r o w t h 
of the ir hydroxy la t i on degree. T h e degree of hydroxy la t i on of the si l icate 
ions i n a lka l ine solutions is determined b y E q u i l i b r i u m 1 a n d therefore 
i t must increase w i t h decrease i n N a O H / S i 0 2 rat io ( = m) a n d w i t h 
d i l u t i o n . 

S i ( O H ) 4 + m(Na+ + O H " ) <=> ( O H ) 4 _ m S i ( 0 ~ N a + ) m + m H 2 0 (1) 

Increase i n the S i / A l rat io i n the crystals of synthetic faujasites (37, 
41) a n d analcimes (35) w i t h decreasing a lka l in i ty of i n i t i a l gels a n d 
mixtures can be exp la ined on the basis of these considerations. 

G r o w t h of S i / A l rat io w i t h increasing water content was observed i n 
Ref . 37 for zeolite crystals obta ined f r o m usua l N a - a n d K - a l u m i n o s i l i c a 
gels a n d i n Ref . 27 for zeolites obta ined f r o m gels w i t h phosphate 
addit ions. 

G e n e r a l dependences observed for the change i n S i / A l rat io i n bo th 
the amorphous ( S i , A l , 0 ) - f r a m e w o r k of ge l skeleton a n d zeolite f rame
works ( T a b l e I ) suggest the same mechanism of their f ormat ion i n 
solution. 

Corre lat ions a n d concentrations of components i n the l i q u i d phase of 
gels appear to be qui te different f rom those i n the so l id phase a n d i n i t i a l 
mixtures. I t is essential that i n a l l cases bo th the si l icate a n d a luminate 
ions are present i n the l i q u i d phase of gels, a n d the product of their con
centrations is comparat ive ly constant at significant changes i n the absolute 
values for i o n concentrations of each type. T h i s can be a n i n d i c a t i o n of 
the existence of a n e q u i l i b r i u m s imi lar to that of dissociat ion or so lubi l i ty . 
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2. ZHDANOV Problems of Zeolite Crystallization 25 

amorphous a luminosi l i cate a luminate ions + sil icate ions 

(solid phase) (solution) 

a luminosi l i cate ions 
(solution) 

T h o u g h systems of this type cannot be regarded as t h e r m o d y n a m i -
ca l ly true e q u i l i b r i u m states, the existence of quas i - equ i l i b r ia between 
the so l id a n d l i q u i d phases of a luminos i l i ca gels is conf irmed b y good 
reproduc ib i l i t y of the compositions of their so l id a n d l i q u i d phases i n 
repeated syntheses. 

I n the case of gels prepared f rom solutions of the aluminates a n d 
s i l i ca sols, the concentrations a n d correlations of components i n the l i q u i d 
phase appear to be essentially different, as compared w i t h gels of the 
same compositions obta ined f rom solutions of the silicates a n d aluminates 
( T a b l e I I ) . 

Table II. Concentrations in the Liquid Phase, Mole /L 

Gel samples Na20 K20 Al203 Si02 Si02/Al20* 

105 f rom silicate 0.72 0.21 0.018 2.12 120 
105 f rom sol 0.86 0.25 0.020 0.05 2.6 
237 f rom silicate 1.42 — 0.061 2.42 40 
237 f rom sol 1.73 — 0.034 0.04 1.2 

T h e compositions of l i q u i d phases were ana lyzed at once after the 
ge l formation. I n bo th cases, the concentrations of s i l i ca i n the l i q u i d 
phases of gels obta ined f r om si l i ca sols appeared to be very l ow, a n d 
consequently the S i 0 2 content i n the skeleton must be higher. A l l co l 
l o i d a l s i l i ca i n such gels is present i n their skeleton a n d is not f ound 
analyt i ca l ly i n the l i q u i d phase. T h e skeleton of gels obta ined f rom sols, 
un l ike the gels prepared f rom the si l icate solutions, does not consist of 
continuous ( S i , A l , 0 ) - f r a m e w o r k only ; i t must conta in inclusions of S i 0 2 

co l l o ida l particles unstable i n a l k a l i med ia . Therefore, no e q u i l i b r i u m 
exists between the so l id a n d l i q u i d phases of such gels after their prepara 
t ion . Differences i n chemica l structure of gels obta ined f rom the sil icate 
solutions a n d f r om si l i ca sols natura l ly should affect the behavior of gels 
d u r i n g their crysta l l izat ion a n d the final results as w e l l . 

T h u s , studies on the chemica l structure of a l k a l i a luminos i l i ca gels 
u t i l i z e d i n zeolite synthesis reveal a compl i cated dependence i n the d i s t r i 
b u t i o n of components between the so l id a n d l i q u i d phases. A t the same 
t ime, i n the case of gels prepared f rom the homogenous solutions, the 
structural elements of d isordered ( Si,ΑΙ,Ο ) -network i n the gel skeleton 
and those of the regular ( S i , A l , 0 ) - f r a m e w o r k s i n zeolites p robab ly are 
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s imi lar . T h e d is tr ibut ion of components between the l i q u i d a n d so l id 
phases of gels depends on the method of gel preparat ion a n d i n i t i a l 
materials used. 

T h i s dependence should be more evident for heterogenous a l u m i n o 
sil icate mixtures u t i l i z e d i n zeolite synthesis at elevated temperatures. 
Studies of the l i q u i d phase compositions of such mixtures d i rec t ly under 
the synthesis condit ions appear to be extremely important for the explana
t ion of the final results of crysta l l izat ion . 

A s seen f rom the data of T a b l e I , the nature a n d composi t ion of 
zeol ite crystals f ormed f rom a luminos i l i ca gels are closely connected w i t h 
the compositions of their l i q u i d phases. 

Chemical Changes in Aluminosilica Gels in the 
Course of Their Crystallization 

D a t a on the compositions of l i q u i d a n d so l id phases of a luminos i l i ca 
gels g iven i n T a b l e I refer to the e q u i l i b r i u m state at r oom temperature. 
C r y s t a l l i z a t i o n of gels proceeds, as a ru le , on heat ing ; therefore, i t is 
essential to k n o w w h a t chemica l changes take place i n gels under these 
condit ions. T a b l e I I I shows the changes i n compos i t ion of the l i q u i d 
phase of gels after their heat ing at 9 0 ° C for 4 hours. 

These data show that increases i n concentrations of a l l components 
i n the l i q u i d phase of gels take place o n heat ing. T h i s m a y be connected 
w i t h the g r o w t h of so lub i l i ty of the a luminosi l i cate skeleton w i t h increas
i n g temperature. Consequent ly , increases i n concentrat ion of the sil icate 
a n d a luminate ions i n the l i q u i d phase precede the beg inn ing of gel 
crysta l l izat ion . 

Changes i n concentrations i n the l i q u i d phase of N a , K gels d u r i n g 
erionite crysta l l i zat ion are i l lustrated b y F i g u r e 1, where the continuous 
curves refer to the ge l obta ined f r om the mixtures of si l icate a n d a l u m i 
nate solutions, a n d the dashed curve represents the gel prepared f rom 
s i l i ca sol. I n b o t h cases, the total composi t ion of i n i t i a l mixtures is the 
same (7.1 N a 2 0 -2.8 K 2 0 • A 1 2 0 3 · 25.6 S i 0 2 · 433 H 2 0 ) . Points of the 
axis of ordinates correspond to the component concentrations i n the i n i t i a l 
mixtures. 

Table III. Changes in Component Concentrations (Mole/L) in 

Gel 20°C 

Samples Na20 AW- '8 SiOt [Al] [Si] X 10* 

965 
963 
266 
196 
660 

1.20 
0.77 
0.21 
0.91 
0.45 

0.548 
0.285 
0.016 
0.009 
0.004 

0.027 
0.011 
0.008 
0.330 
1.000 

2.96 
0.63 
0.026 
0.60 
0.80 
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Figure 1. Changes in component concentrations in liquid phase of gel ob
tained from solution of silicates and aluminates and from silica sol (dotted 

curve) during crystallization 

F o r m a t i o n of ge l f rom the sil icate a n d a luminate mixtures i m m e 
diate ly leads to the decrease of concentrations i n solution. Changes 
observed d u r i n g the first 24 hours of heat ing can be o w i n g to the estab
l ishment of so lub i l i ty e q u i l i b r i u m at the temperature of the experiment 
( 1 0 0 ° C ) . A f ter this , the concentrations of a l l components except S i 0 2 

r e m a i n prac t i ca l ly constant. Increase i n the S i 0 2 concentrat ion observed 
after 48 hours of heat ing can be expla ined b y the beg inn ing of erionite 
crysta l l izat ion , since the S i / A l rat io i n erionite crystals is less than that i n 
the so l id phase of gels y i e l d i n g these crystals (3.6 instead of 4.45). 

the Liquid Phase of Aluminosilica Gels after Heating at 9 0 ° C 

90°C 

Na20 AW3 [Al] [Si] X 10* 

1.23 0.669 0.063 8.46 
0.87 0.371 0.015 1.11 
0.24 0.012 0.017 0.041 
1.01 0.010 0.388 0.78 
0.66 0.008 1.243 1.99 
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28 M O L E C U L A R SIEVE ZEOLITES 1 

Changes i n S i 0 2 concentrat ion i n the l i q u i d phase of gels obta ined 
f r om s i l i ca sols are qui te different. I n this case, the l i q u i d phase of freshly 
prec ip i ta ted gel appears to be very poor i n s i l i ca . A sharp increase i n 
S i 0 2 concentrat ion d u r i n g the first p e r i o d of ge l heat ing is caused b y the 
dissolut ion i n the a lkal ine intermice l lar l i q u i d of the S i 0 2 c o l l o id partic les 
w h i c h f o rm the inhomogenous skeleton of such gels together w i t h 
( S i , A l , 0 ) - f r a m e w o r k . A f t e r 48 hours of heat ing , the S i 0 2 concentrat ion 
i n the l i q u i d phase reaches the values at w h i c h erionite crysta l l i zat ion 
proceeds i n ge l obta ined f r o m the sil icate. Consequent ly , gels prepared 
f r om s i l i ca sols are rea l ly n o n e q u i l i b r i u m systems i n re lat ion to S i 0 2 

concentrat ion i n the l i q u i d phase, i n contrast to gels obta ined f r o m solu
tions of the silicates a n d aluminates. 

A s seen f rom T a b l e I , the S i / A l rat io i n zeolite crystals i n a l l cases 
is less than that i n the skeleton of a luminos i l i ca gels; therefore, the excess 
s i l i ca must pass f r om the ge l skeleton into the l i q u i d phase d u r i n g crystal 
f ormat ion i n gels. 

W h e n crysta l l i zat ion of a luminos i l i ca gels is f u l l y completed , the 
so lut ion appears to be i n contact not w i t h amorphous but on ly w i t h 
crysta l l ine a luminosi l i cate . Therefore , other e q u i U b r i u m concentrations 
shou ld be establ ished i n the mother l iquor . T h e data (37) show that 
the concentrat ion of a luminate ions i n the mother l i quor is a lways lower 
than that i n the l i q u i d phase of gels, whereas the concentrat ion of si l icate 
ions is either h igher or l ower t h a n that i n the gel l i q u i d phase. H o w e v e r , 
the decrease i n the product of concentrations of the si l icate a n d a luminate 
ions i n mother l iquors is a general regular i ty , as v i s i b l y ev idenced b y the 
data of T a b l e I V obta ined at 20 °C . 

These data show that the so lub i l i ty of zeolite crystals, as c o u l d be 
expected, is l ower than that of the amorphous a luminosi l i cate phase of 
gels f r om w h i c h the crystals were formed. 

T h u s , increases i n concentrations of a l l components i n the l i q u i d 
phase of a luminos i l i ca gels d u r i n g the p e r i o d preced ing crysta l l i zat ion 
( T a b l e I I I ) are at tr ibutable to the g r o w t h of so lub i l i ty of their so l id 
amorphous phase w i t h increasing temperature. A s for the changes i n 
concentrations occurr ing i n the l i q u i d phase d u r i n g crysta l l i zat ion , they 
are connected w i t h the f ormat ion of the crystal l ine phase i n w h i c h compo
sit ion and so lub i l i ty differ f r om those of the amorphous a luminosi l i cate 
so l id phase of gels. 

Table IV. Aluminosilica Gel and Zeolite Crystal Solubility 

Gel Samples V 965 967 462 963 467 196 105 

[Al] [Si] Χ 10 2 

I n l i q u i d phase 1.4 2.96 1.17 0.76 0.63 0.15 1.09 5.6 
I n mother l iquor 0.48 0.70 0.24 0.63 0.14 0.07 0.28 5.3 
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2. ZHDANOV Problems of Zeolite Crystallization 29 

On the Peculiarities of Kinetics of Zeolite Crystallization 

T h e pecularit ies of zeolite c rysta l l i zat ion reported i n several works 
(6, 13, 16, 20, 24) are the i n d u c t i o n per iod , autocatalyt ic nature of the 
process, g r o w t h of c rysta l l i zat ion rate w i t h increasing a l k a l i concentra
t i on , a n d effects of seeding on the kinetics . 

Induction Period. T h e causes of the i n d u c t i o n p e r i o d have been 
insufficiently c leared up . I n this per i od w h i c h precedes r a p i d c rys ta l l i za 
t ion , the f ormat ion of n u c l e i a n d their g r o w t h to a size exceeding a c r i t i c a l 
one (13, 16, 20) take place. H o w e v e r , the i n d u c t i o n p e r i o d decreases 
w i t h increas ing temperature a n d a l k a l i concentrat ion i n the mixtures ( 16, 
20, 24), a n d i t depends on the nature of the i n i t i a l a luminosi l i cate mate
rials u t i l i z e d i n the synthesis (20). These facts indicate that the i n d u c t i o n 
per i od can be associated w i t h the dissolut ion of components of the so l id 
a luminosi l i cate phase d u r i n g the per i od preced ing crystal l izat ion . 

A s fol lows f rom our p u b l i s h e d data ( 37, 39 ) a n d the data of T a b l e I 
o n the crysta l l i zat ion of any zeolite i n the heterogenous a luminos i l i cate 
systems, the nature a n d composi t ion of crystals are determined d i rec t ly 
b y the composi t ion of the l i q u i d phase. Concentrat ions a n d correlations 
of components i n the l i q u i d phases of the heterogenous a luminos i l i cate 
mixtures needed for the beg inn ing of crysta l l izat ion c a n be reached b y 
d isso lv ing the so l id phase. T h e rate of d isso lut ion increases w i t h increas
i n g temperature a n d a l k a l i concentration, r e d u c i n g the i n d u c t i o n p e r i o d 
(16,20). 

I n those cases w h e n the i n i t i a l materials are mixtures of a lka l ine 
solutions a n d crystal l ine aluminosi l icates , the dissolut ion of crystal l ine 
mater ia l accompanied b y the format ion of amorphous a luminosi l i cate 
phase apparent ly precedes the beg inn ing of crysta l l i zat ion ( 6 ) . T h e i n 
d u c t i o n per i od i n such cases can be associated w i t h the dura t i on of disso
lu t i on of the i n i t i a l crystal l ine mater ia l i n the a lkal ine l i q u i d phase. A t a 
considerable degree of supersaturation of the solution, the format ion of 
a luminos i l i ca gels as an intermediate product appears to be necessary. 

A s for the gels prepared f rom co l l o ida l aqueous s i l i ca a n d a lka l ine 
a luminate solutions, the d isso lv ing of S i 0 2 c o l l o i d partic les of gel skeleton 
i n the a lkal ine solut ion precedes the beg inn ing of crystal l izat ion . 

If, i n the course of heat ing the gels u p to a definite temperature, the 
concentrations of components i n the l i q u i d phase reach values a l l o w i n g 
the format ion a n d g r o w t h of nuc l e i , c rysta l l i zat ion can start immed ia te ly 
after reach ing this temperature w i t h o u t any i n d u c t i o n per iod . T h e curves 
i n F i g u r e 2 show the t ime dependence of the size changes i n zeolite A 
cub i c crystals f o rmed f rom gels of the same composi t ion ( 2.8 N a 2 0 · A 1 2 0 3 

• 1.9 S i 0 2 · 427 H 2 0 ) at different temperatures. E a c h po int is an aver
age result of 20 -30 measurements of the edge length of the largest 
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30 M O L E C U L A R SIEVE ZEOLITES 1 

Time (h) 
Figure 2. Growth of zeolite A crystals in aluminosilica gels of the 

same compositions at different temperatures 

crystals under a microscope. F o r at least 2 temperatures (90° a n d 
1 0 0 ° C ) , one can surely affirm the absence of a pro longed p e r i o d preced ing 
the beg inn ing of crystal formation. T h e i n d u c t i o n p e r i o d here m a y be 
considered as the t ime requ i red to achieve the temperature of c rysta l l i za 
t ion. T h e absence of an induc t i on per i od d u r i n g the crysta l l izat ion of 
zeol ite A f r o m gels was ind i ca ted b y the authors (18 ) . 

Consequent ly , the i n d u c t i o n per i od is the t ime r e q u i r e d for p r o v i d i n g 
the condit ions of nuc l e i format ion rather than the t ime w h i c h is necessary 
for the growth of n u c l e i to a c r i t i ca l size. 

Autocatalytic Nature of Zeolite Crystallization. T h e autocatalyt ic 
nature of crysta l l i zat ion reported i n Refs. 13, 16, 20, a n d 24 suggests the 
existence of a per i od d u r i n g w h i c h the acceleration of crysta l l i zat ion is 
observed at the constant temperature of the experiment. 

K e r r (24, 25) showed that the rate of zeolite format ion increases 
proport ional ly to the quant i ty of crystal l ine product present. 

(3) 
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2. ZHDANOV Problems of Zeolite Crystallization 31 

T h e rate of any crysta l l i zat ion process is determined b y the rate of n u c l e i 
f ormat ion a n d crysta l growth . 

E q u a t i o n 3 indicates the increase i n either the l inear rate of crysta l 
g r o w t h or the rate of n u c l e i f ormat ion d u r i n g the p e r i o d of c rysta l l i zat ion 
descr ibed b y the equation. Yet , there is a lack of data i n the l i terature 
concerning the rate of g r o w t h of zeolite crystals a n d that of nuc leat ion . 
D a t a g iven i n F i g u r e 2 show that the autocatalyt ic nature of the c rys ta l l i 
zat ion process cannot be at tr ibuted to a change i n the rate of c rys ta l 
g r o w t h i n the course of crysta l l izat ion . T h e rate of crystal g rowth is the 
greatest at the beg inn ing of crysta l l izat ion , g radua l ly decreasing as the 
process develops. 

T h e observed acceleration of crysta l l i zat ion ev ident ly must be con 
nected w i t h the increase i n the rate of n u c l e i f ormat ion after the b e g i n 
n i n g of crystal l izat ion. Th i s finds conf irmation i n the results of the analy 
sis of the curve for crysta l size d i s t r ibut ion of zeolite A obta ined at 90 ° C 
( F i g u r e 3 ) a n d the curve of crysta l g r o w t h for the same zeol ite under 
the same condit ions ( F i g u r e 2 ). 

T h e t ime passed f r om the beg inn ing of crysta l l i zat ion to the f o rma
t ion of n u c l e i of crystals of each size can be ca lcu lated f r om the data 
represented b y the curves i n F igures 2 a n d 3. 

20 

16 

12 

/ 

/ 
/ 

/ 

Η* 

E L 

Figure 3. 

4 6 β 10 M 14 16 48 20 22 
C r y s t a l lenqth ( J J . ) 

Crystal size distribution of zeolite A in the 
product of crystallization (90°C). 
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32 M O L E C U L A R SIEVE ZEOLITES 1 

After the transformation of the scale of crystal size i n F i g u r e 3 into 
the scale of the t ime of crystal format ion , i t is easy to obta in the de
pendences shown i n F i g u r e 4. T h e on ly assumption made was that the 
l inear rate of c rysta l g rowth is independent of its size. T h i s assumption 
seems reasonable. A s seen f r o m the slope of the curves of F i g u r e 2 ( curves 
of 100° a n d 9 0 ° C ) , the rate of crystal g r o w t h remains prac t i ca l ly constant 
u p to 8-12/Λ. Decrease i n the rate of c rysta l g r o w t h observed later can 
be caused b y the decreasing component concentrations i n solutions. 

A s fo l lows f rom F i g u r e 4, the format ion of n u c l e i takes place d u r i n g 
the entire process of crysta l l i zat ion , but the rate of nuc leat ion is increas
i n g only d u r i n g its first per iod . T h i s conclusion is conf irmed b y the 
results of mathemat i ca l analysis of the exper imental curves for c rysta l l i za 
t ion as a funct ion of t ime obta ined b y B r e c k a n d F l a n i g e n for zeolites 
A a n d X , a n d b y D o m i n e a n d Quobex for mordenite . I n a l l cases, these 
curves are descr ibed b y a c o m m o n equat ion i n the f o rm Ζ = ktn. S imi lar 
dependence was f ound b y C i r i c (/. Colloid Interface Sci. 1968, 28, 315) 
for the crysta l l i zat ion of zeolite A . T h e continuous curves i n F i g u r e 5 
are exper imental curves, a n d the points denote the magnitudes of con
vers ion ca lcu lated f rom this equat ion at the corresponding values of the 
constants k a n d n . 

0 40 80 120 160 200 

Time (h) 
Figure 4. Growth of the number of nuclei (1 ) and change 
in the rate of their formation (2) during crystallization of 

zeolite A 
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2. ZHDANOV Problems of Zeolite Crystallization 33 

t i m e , houfcs 

Figure 5. Crystallization of zeolites as a function of time 

1. Zeolite A, 100°C 
2. Zeolite X , 100°C (Breck and Flanigen) 
3. Mordenite, 300°C (Domine and Quobex) 

Experimental curves Ο Points calculated from Ζ = kt11 

A s F i g u r e 5 shows, the ca lcu lated points agree quite w e l l w i t h the 
exper imental curves. T h e calculations conf irm that the autocatalyt ic 
g r o w t h of the mass of crystals can take place d u r i n g the induc t i on per iod . 
H o w e v e r , as the absolute quantit ies of crystals f o rmed d u r i n g this p e r i o d 
are l ow , they cannot be f ound b y existing methods. 

T h e values of the constants k a n d η are easily ca lcu lated f rom the 
plot of l og ζ vs. l og t ( F i g u r e 6 ). It is essential that the constant values 
of η for a l l three cases are η > 4. 

Theoret i ca l ly , at the constant l inear g rowth rate of crystals a n d at 
the constant nuc leat ion rate, η must be equa l to 4. T h e values of η > 4 
obta ined f rom the calculations are connected w i t h the growth of the 
nucleat ion rate d u r i n g the i n i t i a l autocatalyt ic per i od of crystal l izat ion . 

Such an increase i n the nucleat ion rate can be expla ined b y postu
la t ing that not only the aluminosi l i cate blocks formed i n the l i q u i d phase 
but also the s imi lar blocks w i t h ordered structure occurr ing i n the gel 
skeleton can be the nuc l e i of crystals. T h e n u m b e r of such blocks passing 
into solut ion a n d coming out at the surface of ge l particles for a un i t of 
t ime must increase w i t h increasing dissolut ion rate of the gel skeleton 
d u r i n g the autocatalyt ic stage of crysta l l izat ion . 
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Figure 6. Kinetics of zeolite crystallization, log Ζ vs. log t 
1. Zeolite A, 100°C 
2. Zeolite X, 100°C (Breck and Flanigen) 
3. Mordenite, 300°C (Domine and Quobex) 

Temperature Dependence of the Rate of Crystal Growth of Zeolite 
A . T h e rate of zeolite crysta l l i zat ion is signif icantly dependent o n tem
perature. U s i n g the temperature—time dependence of crysta l l izat ion , 
B r e c k a n d F l a n i g e n (16) estimated the act ivat ion energy of the crysta l 
l i za t i on process for zeolites A , X , a n d Y . T h e values obta ined are 11, 14, 
a n d 15 k c a l / m o l e , respectively. S i m i l a r l y , f r om k inet i c data reported i n 
Ref . 20, the act ivat ion energy of mordeni te crysta l l i zat ion can be esti
mated at about 11 k c a l / m o l e . T h e values obta ined for act ivat ion energy 
are important as energetic characteristics for the zeol ite crysta l l i zat ion 
process as a who le , yet they give no answer to the question as to w h i c h 
of the probable stages of the crysta l l i zat ion process (d isso lut ion of the 
amorphous phase, f ormat ion of nuc le i , or crystal g rowth ) l imits the rate 
of crystal l izat ion . I n this l ight , studies on the temperature dependence of 
the rate of zeolite crysta l g rowth are of interest. 

T h e influence of temperature o n the rate of crystal g rowth of zeolite 
A is i l lustrated b y the curves i n F i g u r e 2. A l inear dependence of the log 
of the rate of crystal g rowth aginst 1 / T ( F i g u r e 7 ) was obta ined f r om 
the results g iven i n F i g u r e 2. T h e value of 10.5 k c a l / m o l e for act ivat ion 
energy of the zeolite A crystal g rowth was ca lculated f rom the slope of 
the straight l ine i n F i g u r e 7. It is i n good agreement w i t h the value of 
11 k c a l / m o l e f ound for act ivat ion energy of zeolite A crysta l l izat ion i n 

T h e closeness of the values for act ivat ion energy of the crysta l l izat ion 
process as a who le a n d for one of its stages, crystal growth , suggests that 

Ref. 16. 
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2. ZHDANOV Problems of Zeolite Crystallization 35 

i n this case the rate of crystal g r o w t h but not the rate of nuc leat ion a n d 
that of d issolut ion or di f fusion l imits the rate of c rysta l l i zat ion at the 
temperature of crystal l izat ion . R e a l l y , the rate of n u c l e i f o rmat ion i n 
a luminos i l i ca gels must be very h i g h a n d , as seen f r om F i g u r e 4, i t i n 
creases d u r i n g crysta l l izat ion , accelerating the process. T h e act ivat ion 
energy of d issolut ion a n d dif fusion i n solutions c a n be expected (28) to 
be considerably l ower than the 10.5 k c a l / m o l e ca l cu lated above for 
crystal growth . A c c o r d i n g to our p r e l i m i n a r y data , the act ivat ion energy 
of d isso lut ion of a luminos i l i ca ge l s tudied above ( F i g u r e 2 ) i n 0 . 5 N 
N a O H is about 5 k c a l / m o l e . H o w e v e r , at l o w a l k a l i concentrations i n gels, 
the rate of crysta l l i zat ion m a y be l i m i t e d also b y that of dissolution. 

T h e conclusions made here concern the crysta l l i zat ion of a l u m i n o 
si l ica gels, but K e r r (24) came to analogous conclusions i n s tudy ing the 
format ion of zeolite A f rom the amorphous a luminosi l i cate , treat ing i t 
w i t h s od ium hydrox ide solution—i.e., under condit ions different f r o m 
those of the usua l crysta l l i zat ion of a luminos i l i ca gels. 

3,5 

3,0 

2,5 

26 V 2.8 2,9 $0 3,1 γ - 1 0 * 

Figure 7. Log of the rate of crystal growth 
(A/h) vs. reciprocal of the absolute tem

perature 

Effect of Alkalinity on the Rate of Crystallization. T h e causes of 
the effect of a lka l in i ty o n the rate of crysta l l i zat ion have not been d is 
cussed i n the l i terature. T h e authors (22) on ly reported that c rysta l l i za 
t ion is cata lyzed b y excess a l k a l i . U s u a l l y , an increase i n a l k a l i concentra
t i on i n a luminos i l i ca gels a n d a luminosi l i cate mixtures leads to a decrease 
i n b o t h the durat i on of crysta l l i zat ion a n d crysta l sizes (32, 38). T h i s can 
be exp la ined b y the g r o w t h of the rate of nuc leat ion w i t h increasing a l k a l i 
concentration. Therefore , a greater n u m b e r of n u c l e i shou ld f o r m d u r i n g 
crysta l l i zat ion i n a more a lka l ine m e d i u m . 
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Table V . Component Concentrations in the Liquid Phase of Gels 
(Mole/L) and Rate of Growth of Zeolite A Crystals at 9 0 ° C 

Gel 
Samples NaOH AWZ SiO* [Al] [Si] X 10* Yav μ /Day 

266-1 0.560 0.0266 0.0103 5.46 3.05 
266-2 0.460 0.0258 0.0085 4.00 2.25 
266-3 0.428 0.0208 0.0092 3.80 1.80 
266-4 0.302 0.0104 0.0108 2.25 1.25 

A s seen f rom T a b l e I , the change i n a l k a l i concentrat ion i n gels 
causes compl i ca ted changes i n S i 0 2 a n d A 1 2 0 3 concentrations i n the l i q u i d 
phase. 

L o w - a l k a l i a luminos i l i ca gels do not crystal l ize at a l l , even at 90 °C . 
T h i s indicates the existence of some m i n i m u m a l k a l i concentrations at 
w h i c h crysta l l i zat ion at a g iven temperature becomes possible. 

F i g u r e 8 i l lustrates the unusua l effect of changes i n a l k a l i concentra
tions i n a luminos i l i ca gels on the sizes of zeolite A crystals f o rmed i n the 
4 sample gels w i t h the same ratios of N a 2 0 : A 1 2 0 3 : S i 0 2 = 2.8 : 1 : 1.9 
( a l k a l i concentrat ion i n ge l was changed b y d i l u t i o n ) . I n this case, the 
increase i n a l k a l i concentrat ion l e d to the g r o w t h of crystal size, not to 
its decrease as i n other cases (38 ) . 

T o understand this apparent d iscrepancy, the composit ions of l i q u i d 
phases of the other samples of gels w i t h the same oxide ratios were 
invest igated together w i t h the rates of crystal growth . T h e results ob
ta ined are g iven i n T a b l e V . 

T h e data of T a b l e V show that the average rate of crysta l g r o w t h at 
a g iven temperature is approx imate ly a l inear funct ion of the product of 
concentrations of the si l icate a n d a luminate ions i n the l i q u i d phase of gel. 
Consequent ly , i n the case shown i n F i g u r e 8, the change i n crystal size 
c a n be caused b y changes i n concentrations of other components rather 
t h a n a change i n a l k a l i concentrat ion. 

Seeding Effects. C r y s t a l l i z a t i o n of some zeolites ( scolecite, natrol ite ) 
proceeds on ly i n the presence of seeds (26, 36). T h e mechanism of seed
i n g is insufficiently clear i n such cases. 

B r e c k a n d F l a n i g e n (16, 22) observed the acceleration of zeolite A 
crysta l l i zat ion b y the a d d i t i o n of seeds i n a luminos i l i ca gels, but f o u n d no 
significant increase i n crysta l size. T h i s was ind i ca ted also b y the authors 
(18). 

T r e a t i n g the amorphous p o w d e r e d a luminos i l i cate w i t h N a O H solu
t i on under d y n a m i c condit ions , K e r r showed (24) that the use of zeol ite 
A crystals as seeds i n the l i q u i d phase considerably accelerates the con
vers ion of the amorphous phase into the crystal l ine one. T o understand 
the mechanism of a luminos i l i ca gel crysta l l i zat ion , i t is essential to k n o w 
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2. ZHDANOV Problems of Zeolite Crystallization 37 

whether the seed g r o w t h occurs i n the course of crysta l l i zat ion . A s f o l 
lows f r o m Kerr ' s data obta ined under spec ia l condit ions of his exper i 
ments, the seed crystals must g r o w at the expense of soluble components 
of the l i q u i d phase, though no measurements of c rysta l size were per 
f o rmed i n his w o r k (24). 

Seeding effects of different synthetic zeolites on the results of a l u m i 
nosi l i ca gel crysta l l i zat ion have been invest igated i n our laboratory b y 
S a m u l e v i c h a n d Shubaeva. T h e greater the a d d i t i o n of seed crystals, the 
less is the durat ion of crysta l l i zat ion . D i r e c t measurements of c rysta l size 
showed that the seed crystals grow d u r i n g crysta l l i zat ion at a rate w h i c h 
differs on ly s l ight ly f r om that of the g r o w t h of f o r ming crystals. T h e 
m a x i m u m size of zeolite A crystals obta ined f r om gels w i t h o u t seeds was 
19/x,, w h i l e the size of the seed crystals i n the next test of the same ge l 
amounted to 36μ. These results are of great importance for unders tand ing 
the mechanism of zeolite crysta l l i zat ion . 

On the Mechanism of Crystallization of Aluminosilica Gels 

I n the major i ty of investigations o n zeolite synthesis, par t i cu lar atten
t i on was p a i d to the effect of temperatures o n crysta l l i zat ion . Recent 
works on mordenite crysta l l i zat ion (20, 32) indicate that temperature 

1 

to 

Figure 8. Dependence of crystal growth of zeolite A 
on alkali concentration in gel at 90° C 
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influences the kinetics of the process rather t h a n its final results. T h e 
temperature of zeolite crysta l l i zat ion c a n be signif icantly reduced either 
b y increase i n a lka l in i ty of the heterogenous aluminosi l i cate mixtures or 
b y the use of more read i ly soluble i n i t i a l materials (6, 20, 33, 34 ) . Since 
the increase i n b o t h the temperature a n d a lka l in i ty raises the so lub i l i ty of 
the so l id a luminosi l i cate phase, one c a n suggest that the composi t ion of 
the l i q u i d phase i n such heterogenous systems has an essential effect o n 
crysta l l i zat ion , yet there is a lack of in format ion on this quest ion i n the 
l i terature. 

Investigations carr ied out i n our laboratory (37, 39) a n d results re 
por ted here refer to a luminos i l i ca gels. N o c o m m o n op in ion exists on the 
mechanism of crysta l l i zat ion of a luminos i l i ca gels a n d the role o f their 
so l id a n d l i q u i d phases. T h e authors (22, 29, 30) suggest that zeolite 
crystals are f o rmed i n the so l id phase of gels. I n add i t i on , i t is considered 
that no dissolut ion of the so l id phase occurs d u r i n g crysta l l i zat ion (22) 
a n d the components of the l i q u i d phase do not d i rec t ly part i c ipate i n the 
format ion of crystals (29, 3 0 ) . 

T h e experiments on the subst i tut ion of l i q u i d phase i n a luminos i l i ca 
gels (37, 39, 41) c lear ly showed that the crysta l l i zat ion of a luminos i l i ca 
gels cannot be considered as s imple order ing of the structure of the gel 
skeleton w i t h o u t any par t i c ipat i on of the l i q u i d phase a n d wi thout a 
transport of the components of the so l id phase into so lut ion d u r i n g 
crysta l l izat ion . 

I n our understanding (41), based on the results of invest igat ion of 
the chemica l structure of a luminos i l i ca gels, the n u c l e i of zeolite crystals 
beg in to f o rm i n the l i q u i d phase of gels or at the interface of gel phases. 
T h e growth of crystal n u c l e i proceeds at the expense of a luminosi l i cate 
h y d r a t e d anions o c curr ing i n the solution. These anions represent differ
ent combinations of ( S i , 0 ) - a n d ( ΑΙ,Ο ) -tetrahedra, as i t was postulated 
b y B a r r e r et al. (4). These units can be the s tructural b locks of the 
g r o w i n g crystals. T h e i r compositions a n d structures are g iven b y the 
compositions of l i q u i d phases. T h e growth of crystals leads to the d is 
so lv ing of the so l id phase d u r i n g a l l the per i od of crystal l izat ion. 

T o exp la in the autocatalyt ic nature of a luminos i l i ca ge l c rys ta l l i za 
t ion , it is assumed that the gel skeleton, be ing x-ray amorphous as a 
who le , contains together w i t h the d isordered (Si,ΑΙ,Ο)-network the s i m 
plest s tructural b locks—for example, i n the f orm of the single a n d double 
4- a n d 6-membered rings of ( S i , 0 ) - a n d (ΑΙ,Ο)-tetrahedra. Structura l ly , 
these aluminosi l i cate blocks are s imi lar to those of the zeol ite f rameworks 
but they differ f r o m them chemica l ly b y the presence of t e rmina l S i - O H , 
A l - O H , a n d S i - 0 " N a + ( or general ly S i - 0 " R + ) groups w h i c h have not 
been used i n po lycondensat ion reactions of the format ion of gel skeleton 
o w i n g to the h i g h react ion rate. T h e structure a n d S i / A l rat io of these 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

00
2

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



2. ZHDANOV Problems of Zeolite Crystallization 39 

AMORPHOUS SOLID 
PHASE 

Ο Si · Al 
^ hydrated cations 

1 ^ S i : A l ^ 5 
(O-atoms not shown) 

INITIAL 
ALUMINOSILICATE GEL 

Heating 

CRYSTALLISING GEL 

LIQUID PHASE 

Hydrated species: 
îîaî 0H7 A1(0H)~, 
(HO)y^nSI(0)5. 

(Al,0,SI,CH)-anions· 
0.1 V o i / - A V x I O 2 - ^ 6 

(anproxinately) 

AMORPHOUS SOLID 
PHASE 

autocatalytic growth 
of dissolution rate 
of amorphous phase 

! 

t ,dissolving LIQUID PHASE 
increase of concentrations 
in the l iquid phase 

condensation 
ver. étions 

ACCUMULATION OF 
ZEOLITE CRYSTALS time-;fτον/th in size and 

number of nuclei 

decrease of concentrations 
in the l iquid phase 

Figure 9. Schematic representation of aluminosilica gel crystallization 

blocks as w e l l as the composi t ion of the ge l skeleton as a w h o l e a n d that 
of the l i q u i d phase of gel are set b y the composi t ion of the i n i t i a l mixture . 

T h e so l id a n d l i q u i d phases of a luminos i l i ca gels are connected b y 
the so lub i l i ty e q u i l i b r i u m . O w i n g to this, bo th the a luminosi l i cate a n d 
sil icate ions are a lways present i n the l i q u i d phase of a luminos i l i ca gels 
( T a b l e I ) a n d the e q u i l i b r i u m product concentrations of the ions (the 
so lub i l i ty product of amorphous aluminosi l i cate ) depend o n the compo
sit ion of amorphous aluminosi l i cate a n d temperature. I n heat ing the gels, 
their so lub i l i ty increases a n d E q u i l i b r i u m 2 moves to the r ight . T h i s leads 
to increased concentrat ion of the sil icate, a luminate , a n d a luminos i l i cate 
ions i n the l i q u i d phase. A s a result , the p r o b a b i l i t y of condensation 
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reactions between the ions increases, g i v i n g rise to the format ion of 
p r i m a r y a luminosi l i cate blocks (4- a n d 6-membered r ings ) a n d crystal 
nuc le i . T h e format ion a n d growth of crystal n u c l e i l ead to the exhaustion 
of l i q u i d phase i n the simplest si l icate, a luminate , a n d aluminosi l i cate 
ions, a n d the e q u i l i b r i u m state is reached b y permanent d isso lv ing of the 
so l id phase. Because of the lower so lub i l i ty of zeolite crystals i n c ompar i 
son w i t h that of the amorphous a luminosi l i cate skeleton of gels f rom 
w h i c h they are f o rmed ( T a b l e I V ) , the crysta l l izat ion process must 
cont inue to complete dissolut ion of the amorphous phase. 

Closeness of the compositions between the so l id phase of gels a n d 
zeol ite crystals obta ined f r om t h e m ( T a b l e I ) provides re lat ive con
stancy of composit ion i n the l i q u i d phase d u r i n g crysta l l i zat ion ; i.e., sta
b i l i t y of the condit ions of nuc leat ion . T h i s m a y expla in the ease of 
ob ta in ing the pure zeolite phases i n the crysta l l i zat ion of a luminos i l i ca 
gels. 

D u r i n g the d isso lv ing of the a luminosi l i cate skeleton of gels, b o t h 
the simplest si l icate a n d aluminate ions a n d aluminosi l i cate blocks trans
port into the l i q u i d phase. These blocks m a y be regarded as prepared 
s tructura l elements for g rowing crystals a n d nuc le i . Consequent ly , a 
s i tuation develops w h e n structural elements of nuc l e i arise at the expense 
not only of react ion i n so lut ion but also of the b r e a k d o w n of the gel 
skeleton d u r i n g its dissolution. It has to l ead to increases i n the rate of 
nuc leat ion a n d quant i ty of g r o w i n g n u c l e i a n d crystals ( F i g u r e 4 ) . A t 
the constant rate of crystal g r o w t h at the expense of the components i n the 
l i q u i d phase ( F i g u r e 2 ) , this must l ead to an increase i n the rate of 
d isso lut ion of the so l id phase—i.e., to the autocatalyt ic acceleration of 
crysta l l izat ion . 

Schematic representation of the crysta l l i zat ion of a luminos i l i ca gels 
accord ing to our understanding of the process is g iven i n F i g u r e 9. 

A s the n u c l e i a n d crystals grow at the expense of components of the 
l i q u i d phase of gels, the composi t ion of crystals should depend on that of 
the l i q u i d phase. T h i s is conf irmed b y the data g iven i n T a b l e V I . 

Table VI . Dependence of S i / A l Ratio of Zeolite X 
on the Composition of Gel Liquid Phase 

Concentrations in Liquid Phase, 
Mole/1000 Grams of Solution Gel 

Samples 

196-1 
196-2 
196-3 
196-4 
196-5 

Na20 

0.702 
0.825 
0.926 
0.955 
1.200 

Al203 

0.0124 
0.0114 
0.0105 
0.0116 
0.0202 

Si02 

0.397 
0.304 
0.220 
0.174 
0.117 

SiQ2 

Al2Oz 

32.0 
26.6 
21.0 
15.0 

5.8 

Na2Oex 
Si02 

1.75 
2.68 
4.17 
5.42 

10.05 

Si/Al in 
Zeolite X 
Crystals 

1.63 
1.38 
1.33 
1.15 
1.07 
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2. ZHDANOV Problems of Zeolite Crystallization 41 

It is essential to note that bo th S i / A l ratio a n d N a O H content i n a l l 
gels used was constant ( S i / A l = 2.5; N a O H concentrat ion = 2.61 
m o l e / l ) . T h e data of T a b l e V I indicates that the g r o w t h of the S i / A l 
rat io i n the crystals of synthetic faujasite is d i rect ly associated w i t h i n 
creases i n the S i 0 2 concentrat ion a n d S i / A l rat io i n the l i q u i d phase of 
the gels. 

As we conc luded above, the act ivat ion energy of crysta l l i zat ion 
corresponds to that of crystal growth . T h e act ivat ion energies of different 
zeolites are close. F o r example, for mordenite a n d zeol ite A , the c a l c u 
lated values ment ioned above are 10 to 11 k c a l / m o l e ; i.e., act ivat ion 
energy is equivalent to the energy of 2 hydrogen bonds. It can be con
nected w i t h the necessity of dehydrat i on of the sil icate 

0 O H H 
\ / \ / 

S i Ο 
_ / \ / \ 
Ο O H Η 

and a luminate 

O H O H Η 
\ _ / ' \ / 

A l Ο 
/ ' \ / \ 

O H O H Η 

ions i n so lut ion before the condensation reactions between the ions c ou ld 
take place. 

M u c h evidence can be presented i n favor of the proposed mechanism 
of a luminos i l i ca ge l crysta l l izat ion , some of w h i c h was reported earl ier 
(37, 39). T h e most c onv inc ing arguments support ing this mechanism are 
the g r o w t h of seed crystals i n gels, dependence of the rate of c rysta l 
g r o w t h u p o n the concentration of components i n the l i q u i d phase, a n d 
dependence of the S i / A l rat io i n crystals o n the composit ion of the l i q u i d 
phase. 

T h e p r o b a b i l i t y of crysta l l izat ion of a luminos i l i ca gels w i t h remova l 
of a considerable part of the l i q u i d phase ( w h i c h is suggested as the 
m a i n support ing evidence for the format ion of zeolite crystals w i t h o u t 
any par t i c ipat i on of l i q u i d phase) is quite rea l f rom our po int of v i ew . 
T h e e q u i l i b r i u m between the so l id a n d l i q u i d phases of gels does not 
depend o n the vo lume of solut ion but on ly on the c o m m o n composi t ion 
of ge l a n d on the temperature. So, r emova l of some quant i ty of l i q u i d 
phase w i l l not l ead to the change i n e q u i l i b r i u m a n d should not influence 
the crysta l l i zat ion results of such gels. 
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I n zeolite crysta l l i zat ion f rom the heterogenous a luminos i l i cate m i x 
tures, the d isso lv ing of some quant i ty of solids must precede the beg in 
n i n g of crysta l l izat ion ( i n d u c t i o n p e r i o d ) . F o r one specific case, i t was 
w e l l i l lustrated b y K e r r (24). 
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RECEIVED February 20, 1970. 

D i s c u s s i o n 

W. H. Flank (Houdry Laboratories, Marcus Hook, Pa. 19061): In 
crystallizing a given zeolite from a 2-phase nutrient system, the compo
sition in the liquid phase, especially the effective hydroxyl ion concen
tration, and the temperature must be controlled so that a balance is 
maintained between the ratio of the various silica and alumina species 
being obtained from dissolution of the solid phase and the ratio of these 
species already present in the liquid phase. Degree of supersaturation 
should also be controlled. Since the rate dependence of the various reac
tion steps is not constant for all species, lack of such control may have a 
severe effect on the system. What was done to the gel samples in Table 
VI, which had constant Si/Al and Na/Si ratios, to produce the various 
ratios noted for the liquid phase? 

S. P. Zhdanov: The changes in the liquid phase composition were 
reached by diluting the initial silicate and aluminate solutions. The con
centrations of NaOH in the initial mixtures were constant but not the 
Na/Si ratios. The constancy of NaOH concentration was reached by 
diluting the solution. 
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Stages of Zeolite Growth from Alkaline 
Media 

R. AIELLO, R. M. BARRER, and I. S. KERR 
Physical Chemistry Laboratories, Imperial College, London S.W. 7, England 

A study has been made of stages of aggregation from alka
line aluminosilicate solutions. Appropriate mixtures con
taining M2O, Al2O3, SiO2, and H2O (where M = Li, Na, or 
K) were made with sufficient water and strength of alkali 
that the solids initially dissolved to give clear liquids. 
These liquids were heated at 80°C without stirring. Solids 
appeared, the evolution of which was followed by electron 
microscopy and electron and x-ray diffraction. The solid 
phase appeared initially as laminae, mostly amorphous. 
After longer heating, the solids contained thin laminae and 
thicker, broken laminae which seemed to be evolving into 
larger particles. At this stage, the x-ray pattern showed 
clear arcs caused by zeolites. Finally, the laminae were 
completely replaced by zeolites, nucleation of which ap
peared to be heterogeneous. 

Τ Tnder suitably alkaline conditions and with a sufficient volume of 
^ water, it is possible to dissolve aluminosilicate gels to form clear 
liquids free of any residual solids. Such liquids are of interest because 
from them one may hope to examine the first stages of zeolite crystalliza
tion. The question of homogeneous vs. heterogeneous nucleation (7,8) 
of zeolite crystals may be studied usefully when clear liquids provide the 
reaction mixture. For these reasons, we have examined the first solids 
to appear from such liquids and have followed their subsequent evolution. 

Experimental 

Limpid liquids were obtained by dissolving a small quantity of 
amorphous silica powder and freshly prepared aluminum hydroxide 
(total weight of oxides about 2 to 3 grams) in 1 liter of hot I N Na, K, 

44 
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3. AIELLO E T A L . Growth from Alkaline Media 45 

or L i hydrox ide solution. T h e S i 0 2 : A l 2 0 3 mo lar ratios were about 4. 
T h e l i qu ids so prepared were filtered a n d each was d i v i d e d into 4 parts, 
w h i c h were put i n p last ic bottles i n an oven at 80 ° C w i t h o u t s t i rr ing . 
A f t e r a somewhat var iab le in terva l , usua l ly of several hours , there was 
prec ip i ta t i on of solids. T h e bottles were removed , one at a t ime at i n 
tervals, f r o m the oven, a n d the solids were separated f r o m the l i q u i d 
b y centr i fugat ion a n d washed. A l i t t le of the mater ia l suspended i n 
water was p l a c e d on grids for subsequent electron microscopic examina
t ion , a n d the remainder was d r i e d for x-ray study. Because so l i t t le was 
needed for the e lectron microscope, i t was possible to obta in samples 
for this examinat ion corresponding to shorter react ion times than were 
i n v o l v e d i n co l lect ing the first samples for x-ray examination. 

Electron Microscopy 

T h e first solids to f o rm were t h i n bouyant partic les w h i c h tended 
to c i rculate through the l i q u i d b y convect ion. A s they aged, they became 
denser a n d settled at the bot tom of the vessel. T h e freshly f o rmed solids 
cou ld , because of their bouyancy , be gel - l ike , w i t h a considerable water 
content. 

I n a l l cases considered, these freshly f o rmed partic les appeared under 
the electron microscope to consist m a i n l y of lamel lae such as are shown 
i n F igures ΙΑ, 2 A , a n d 3. A s the react ion t ime increased, i n add i t i on to 
the t h i n flakes m a n y th icker a n d broken ones were observed ( F i g u r e s 
4 a n d 5 ) , as w e l l as some th i ck particles or conglomerates w h i c h were 

Figure 1. Laminae with the appearance of a smectite from solutions contain
ing Na+ 

Figure 2. Crystallite laminae and electron diffraction patterns 
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46 M O L E C U L A R SIEVE ZEOLITES 1 

Figure 3. Lamellae 
grown from liquids con

taining Li+ 

Figure 4. Gaps develop
ing in lameUar material 

Figure 5. A further stage in the nu- Figure 6. Final stage showing crys-
cleation of zeolite tats of Na-Pl and basic sodalite 

probab ly composed m a i n l y of zeolites. A t s t i l l longer react ion times, 
the t h i n laminae became less numerous, a n d the th ick broken ones were 
predominant . F i n a l l y , at the longest times, the lamel lae pract i ca l ly dis 
appeared a n d were replaced b y crystals of zeolite, such as those i n F i g u r e 
6 w h i c h were identi f ied b y x-ray di f fraction as N a - P l (3 ) a n d basic soda-
l i te (6). A l t h o u g h the format ion a n d evolut ion of the lamel lae seemed 
to be s imi lar i n a l l the cases examined, their nature appeared to be to 
some extent a funct ion of the cat ion present, as shown below. 

Electron Diffraction by Lamellae 

F i g u r e 3 shows t y p i c a l freshly f o rmed lamel lae g rown f rom the 
l iqu ids containing L i + . A l l the lamel lae examined showed only the diffuse 
halos characteristic of a near ly amorphous structure. A large major i ty 
of the laminae freshly g r o w n f rom l iqu ids conta in ing K + also were amor
phous. H o w e v e r , a f e w of these, w h i c h already showed signs of the 
ag ing referred to i n the previous section a n d contained smal l partic les 
( F i g u r e 7 A ) , gave patterns such as that i n F i g u r e 7 B , w i t h a b r o a d arc 
i n the range d = 2.88-2.93A. T h i s corresponds w i t h the strongest d i f 
f ract ion f ound i n the chabazite - l ike phase K - G of Barrer a n d B a y n h a m 
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3. AIELLO E T A L . Growth from Alkaline Media 47 

Figure 7. Laminae grown from liquids contain
ing K+ 

(2). X - r a y di f fract ion showed that this phase was present, a n d i t is 
conc luded that K - G forms the dark particles seen i n F i g u r e 7 A . 

T h e lamel lae g r o w n f rom the l i qu ids conta in ing N a + also compr ised 
m a i n l y amorphous structures w i t h diffuse halos, but there were 2 m i n o r 
exceptions. A few laminae such as those i n F i g u r e 1 A have the appear
ance of a smectite a n d i n fact give electron di f fract ion patterns l ike those 
i n F igures in a n d 1 C , taken respect ively f r o m t h i n a n d th i cker parts of 
the same lamel la . T h e latter pattern also appears to show rotat ional s l ip . 
T h e d-spacings are g iven i n T a b l e I . T h e y can be indexed as the hkffs 
f r o m a hexagonal un i t c e l l w i t h a = 5.24A or a monoc l in i c u n i t c e l l w i t h 
a = 5.24A a n d b = 9.08A, s imi lar to that for micas a n d c lay minerals . 
T i l t i n g the lamel lae revealed heavy fau l t ing i n layers para l l e l to the basal 
p lane, a n d i t was therefore impossible to determine c. 

A f e w other laminae p r o d u c e d patterns such as those i n F igures 2 B 
a n d 2 C . F i g u r e 2 C shows the pattern n o r m a l for m a n y such crystall ites. 
F i g u r e 2 B shows the pattern f r om the laminae i n F i g u r e 2 A , a n d i n d i 
cates a type of e lectron di f fraction pattern w h i c h occurs w h e n there is a 
strongly pre ferred orientation para l l e l to the support ing film a n d this 

Table I. Electron Diffraction D a t a 0 from the Lamina in Figure IB 

Int. dohJA hkl 

vs 4.50 100 
vs 2.61 110 
v w 2.27 200 
m 1.71 210 
vs 1.52 300 
S 1.31 220 
w 1.26 310 
v w 1.04 320 
v w 0.99 410 
v w 0.87 330 

° Indexed on a hexagonal unit cell with a — 5.24A. 

American Chemical Society 
Librsry 

1155 16th St, N.W. 
m i — h i — t w n o 9 n m c 
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film is t i l t e d w i t h respect to the inc ident beam. d-Spacings f r om F igures 
2 B a n d 2 C are shown i n T a b l e I I . T h e y correspond to the same as yet 
unident i f ied mater ia l h a v i n g a hexagonal uni t ce l l w i t h a = 7.05A a n d 
c = 6.47A. 

X-Ray Examination 

T h e x-ray di f fraction patterns of the solids after they h a d begun to 
evolve towards the stage of thicker , broken lamel lae h a v i n g the appear
ance of those i n F igures 4 or 7 A showed lines w h i c h occur i n the pat 
terns of various zeolites. T h e reflections were i n i t i a l l y very weak but 
became progressively more intense as the reaction t ime increased. I n 
solids f o rmed f rom l iqu ids containing N a + , zeol ite N a - P a n d basic soda-
l i te were the final crystal l ine constituents, but for short react ion times 
there were very weak reflections f o und i n the patterns of L i n d e A a n d 
faujasite. Solids der ived f rom l iqu ids containing K + soon developed 
reflections of K - G , w h i l e those f rom l iqu ids containing L i + deve loped 
reflections w h i c h corresponded w i t h lines i n the zeolite L i - A of Barrer 
a n d W h i t e ( 5 ) . I n general , these dif fraction studies were made on p r o d 
ucts further evo lved f r om the freshly f o rmed lamel lae than those used 
for the electron dif fraction, though there was some overlap. 

Discussion 

T h e format ion of the zeolites f rom clear l i qu ids d i d not occur as a 
direct shower of crystals, as w o u l d be the case for example w i t h rock 
salt crystallites f rom a supersaturated solution. T h u s , homogeneous n u 
c leat ion was not apparent. Instead, a rather complex evo lut ion took 
place , a lways hera lded b y the appearance of amorphous lamel lae . C r y s 
tallites w h i c h were not zeolites occasional ly appeared as add i t i ona l t ran 
sient species—e.g., layer silicates such as smectites, or the u n k n o w n 
phase of T a b l e I I . Zeolites then began to appear as crystallites i n asso
c iat ion w i t h the lamellae, a l though fresh, zeolite-free lamellae also seemed 
to be f o rming at the same t ime. W h e r e zeolite crystals were associated 
w i t h lamel lae , the latter soon developed holes a n d gaps a n d ( F i g u r e 4 ) 
gave the impression that the lamel lar mater ia l was be ing consumed. 
F r o m the foregoing evidence, the nucleat ion of zeolites is almost cer
ta in ly heterogeneous under our conditions. T h e laminae m a y feed the 
a lkal ine solut ion a n d the solut ion the g rowing zeolites, u n t i l eventual ly 
the laminae disappear. 

T h e sequence of the above processes recalls the pr inc ip l e first 
po in ted out b y O s t w a l d , that i n a l l reactions the most stable state m a y 
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Table II. Electon Diffraction D a t a a from Unknown Material 

Int. à/A hkl 
Figure 2 B 

m 6.14 100 
m 3.52 110 
v w 3.08 111 
s 2.85 102 
v w 2.40 112 
v w 2.22 202 
s 2.15 003 
vs 2.02 300 
m 1.89 212 
v w 1.76 220 
m 1.75 203 
v w 1.34 313 
v w 1.25 403 

F igure 2 C 
v w 3.56 110 
v w 3.23 002 
VS 2.83 102 
w 2.32 210 
s, br 1.90 301, 212 
m , br 1.50 400, 312, 303 
w, br 1.29 411, 005, 322 
w, br 1.15 311, 420 

a Indexed on the hexagonal unit cell with a = 7.05A, c = 6.47A. 

not be reached at once, but that first a succession of intermediate a n d 
less stable states tends to be traversed. Examples of this behavior i n 
h y d r o t h e r m a l systems inc lude the low-temperature formation of cristo-
bal i te instead of quartz f rom excess s i l i ca ( 4 ) , the format ion of h i g h -
temperature d isordered potash felspar under conditions w h e n the stable 
phase is the ordered felspar structure ( 2 ) , a n d the i n i t i a l formation of 
Na-morden i te f r om s i l i ca - r i ch h i g h l y a lkal ine aqueous a luminosi l i cate 
gels, w h i c h crystals then disproport ionate into analcite a n d quartz ( I ) . 
These latter species are stable under such a lkal ine condit ions. T h i s be
hav ior signifies a general tendency for less stable species to nucleate 
more r a p i d l y than stable ones so that k inet i c considerations can i n i t i a l l y 
outwe igh thermodynamic ones. T h e O s t w a l d l a w of successive trans
formations correlates, at least i n part , w i t h the s implexity pr inc ip l e of 
J . R. G o l d s m i t h ( 9 ) , accord ing to w h i c h phases tend to appear i n the 
order of decreasing s implexi ty or entropy. F o r instance, the d isordered 
felspar referred to above is i n a state of h igher s implex i ty than its ordered 
counterpart . R e a d y nuc leat ion m a y be favored b y h i g h s implexi ty or 
entropy, but energy as w e l l as entropy changes u l t imate ly determine 
the relat ive stabil it ies of the phases a n d so the final product . 
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D i s c u s s i o n 

John Turkevich (Princeton University, Princeton, N. J. 08540) : What 
were the conditions of centrifugation, and what types of particles could 
not be driven down? 

R. Aiello: The conditions of centrifugation were about 4000 rpm for 
many hours, until the solution was clear and practically all the suspended 
particles were separated. 

W. Sieber (Inst, fur Kristallographie und Pétrographie, ΕΤΗ, 
Zurich): Did you ever examine the behavior on heating of the filtrate 
from the amorphous lamellae? Is it excluded that formation of lamellae 
and formation of zeolites are independent phenomena? 

R. Aiello: We did not examine the behavior of the filtrate from the 
lamellae on heating. We cannot exclude that formation of lamellae and 
zeolite are independent. 
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Zeolite Formation from Synthetic 
and Natural Glasses 

R. AIELLO, C. COLELLA, and R. SERSALE 
Istituto di Chimica Applicata, Facoltà di Ingegneria, Università di Napoli, Italy 

The formation of zeolites from glasses has been investigated 
systematically. Synthetic sodic glasses with variable SiO2/ 
Al 2O 3 or Na2O/Al2Os ratios have been considered, together 
with synthetic, alkali-rich glasses obtained by melting natu
ral products—i.e., leucite—with alkalis, and natural glasses 
(pumices). Zeolites such as zeolite A, Na-P, analcite, basic 
sodalite, and faujasite have been obtained. The influence 
of different factors affecting the transformation of glass to 
zeolite have been examined. The kinetics of zeolite forma
tion have been followed, and the chemical composition of 
the mother liquors at different reaction times were deter
mined. The existence of a gel as an intermediate stage of the 
glass-zeolite transformation has been admitted. 

TJor a long time, the Institute of Applied Chemistry of Naples Univer-
sity has been systematically investigating the zeolitization process of 

glasses, either volcanic (7) or synthetic, with composition near (8, 9) 
or different (4) from that of the natural ones. 

This paper refers to the most recent results obtained from studying 
the zeolite formation from synthetic sodic glasses with variable S i0 2 / 
A1203 or Na 2 0/Al 2 0 3 ratios, semisynthetic glasses prepared by melting 
leucite with sodium carbonate, and natural glasses (pumices). 

Experimental 
Synthetic glasses have been prepared by melting and subsequent 

quenching in distilled water of suitable oxide mixtures. The granulated 
glasses were oven-dried at 110 °C and subsequently ground. In this way, 
2 series of glasses were prepared, the first with Na 2 0/Al 2 0 3 ratio = 1 
and Si0 2 /A l 2 0 3 ratio variable between 1 and 6, the second with Si0 2 / 
A1203 ratio = 4 and Na 2 0/Al 2 0 3 ratio variable between 1 and 4. The 
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composi t ion of these glasses, de termined b y c h e m i c a l analysis, is specif ied 
i n the N a 2 0 - A l 2 0 3 - S i 0 2 d i a g r a m i n F i g u r e 1. 

sio2 

A 1 2 0 3 N*2<> / l l f e0b = 1 N a 2 ° 

Figure 1. Molecular composition of 
synthetic glasses examined 

N o n e of the samples invest igated, tested b y x-ray, showed any 
presence of arcs. 

T h e semisynthetic glasses were obta ined b y me l t ing mixtures of 
leucite f r o m Roccamonf ina , I ta ly , a n d sod ium carbonate. T h e samples 
tested have the molecu lar composi t ion ind i ca ted i n T a b l e I. 

R i o l i t i c pumices f r om L i p a r i , I ta ly ( T a b l e I I ) , served as na tura l 
glass samples. 

A l l the glasses, w h e n not otherwise specified, were s ieved at 256 
mesh. Glass samples were m i x e d w i t h N a O H solutions of different c on 
centrat ion i n perfect ly c losed Tef lon containers. These containers were 
p l a c e d i n an air - thermostated oven at var iab le temperature for a g iven 
t ime a n d rotated at 33 r p m . T h e rat io between the we ight of the glass 
a n d the we ight of the water contained i n the a lkal ine contact solut ion 
was considered as the s o l i d / l i q u i d rat io ( S / L ) . A t the e n d of each 
experiment, the solids were centr i fuged f rom the mother l iquors , washed 
u n t i l p H ^ 9, a n d oven-dr ied at 110°C. 

T h e f o l l o w i n g abbreviat ions indicate the products ob ta ined : X = 
faujasite-type zeol ite ( 3 ) ; A = zeol ite A ( 2 ) ; Ρ == zeol ite N a - P ( I ) ; 
Β = analcite ( I ) ; I = basic sodalite ( I ) ; U denotes no crystal l izat ion . 

Results and Discussion 

Zeolitization of Synthetic Glasses. T h e format ion areas of some 
products , obta ined i n different condit ions f r om bo th series of glasses 
( F i g u r e 1 ) , are shown i n F igures 2 a n d 3. F i g u r e 2 refers to the series 
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Table I. Molecular Composition of Semisynthetic Glasses 

Na20 K20 Si02 Symbol 

1.98 0.97 1 4.05 Sl 
2.95 0.94 1 4.03 s 2 

3.94 0.95 1 4.02 S3 

Table II. Composition of Riolitic Pumices 

S i 0 2 7 0 . 8 5 % 
A 1 2 0 3 12.83 
M n O 0.11 
T i 0 2 0.15 
F e 2 0 3 1.02 
F e O 1.35 
C a O 0.83 
M g O 0.55 
N a 2 0 4.46 
K 2 0 4.70 
H 2 0 3.71 

100.56 

% NaOH in Ihc conlacl solution ". NaOH in the eonlacl solution 

Figure 2. Formation areas of products obtained from a-f glasses treated 
for 36 hours with variably concentrated NaOH solutions and S/L = 1/20, 

at 80° and 120°C, respectively 

« N a O H in tk. contact .olution %NaOH in th. contact solution 

Figure 3. Formation areas of products obtained from dj-d^ glasses treated 
at 80°C with variably concentrated NaOH solutions and S/L = 1/20, for 

12 and 36 hours, respectively 
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of glasses a- f , after treatment w i t h N a O H solutions of var iab le concen
trat ion for 36 hours, w i t h s o l i d / l i q u i d rat io = 1/20, at 80° a n d 120°C, 
respectively. 

Zeol ite Ρ is predominant at b o t h temperatures. T h i s zeolite is nor 
m a l l y present i n cub i c f o rm. T h e tetragonal f o r m of zeolite Ρ has been 
obta ined par t i cu lar ly f r om glasses w i t h l o w S i 0 2 / A l 2 0 3 ratio, w i t h h igher 
concentrations of the a lkal ine contact solut ion a n d at h igher temperatures. 
A n a l c i t e appears only f r om starting glasses w i t h h i g h S i 0 2 / A l 2 0 3 rat io 
a n d at h igher temperatures. L o w temperatures favor the format ion of 
zeol ite A , as w e l l as zeolite X , w h i c h is complete ly absent at 120°C. 
A t 80 ° C the greatest, a l though l i m i t e d , y i e l d of zeolite X has been 
obta ined w i t h ratio S i 0 2 / A l 2 0 3 == 4. C o n s i d e r i n g the prac t i ca l interest 
of the synthesis of faujasite group zeolites, w e s tudied the zeo l i t i zat ion 
of more a lka l ine glasses ( N a 2 0 / A l 2 0 3 ratio > 1, S i 0 2 / A l 2 0 3 rat io f ixed 
a n d e q u a l to 4; glasses d 2 - d 4 i n F i g u r e 1 ) to investigate the influence of 
the glass a lka l in i ty on the y i e l d of zeolite X . 

2 4 6 8 10 

2 1 4 1 6 1 é ' 10 
%NoOH In thecontact solution 

Figure 4. Zeolite X per
centages from d2-di glasses 
treated at 80° C with variably 
concentrated NaOH solutions 
and S/L = 1120 for 12 (x) 

and 36 hours (o) 
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T h e format ion areas of some zeolites obta ined b y treat ing these 
glasses w i t h N a O H solution of var iab le concentration, s o l i d / l i q u i d rat io 
= 1/20, at 80 ° C for 2 different lengths of t ime , are shown i n F i g u r e 3. 
T h e increase of a lka l in i ty i n the start ing glass c lear ly promotes the fauja-
site f o rmat ion ; f r om the more a lkal ine glasses, zeolite X forms the single 
evo lut ion phase i n w i d e zones of the fields. Zeol ite Ρ format ion , u n l i k e 
zeolite A , seems to be promoted at the expense of zeolite X b y the 
increase of the react ion t ime. T h e glass a lka l in i ty also affects the y i e l d 
of zeolite X f rom the glass; this is par t i cu lar ly evident for short react ion 
t ime. I n F i g u r e 4, the percentage of zeolite X i n the solids after 12 a n d 
36 react ion hours has been p lo t ted against the N a O H concentrat ion of 
the contact solution. 

T h e percentage values were determined b y x-ray quant i tat ive analy 
sis, us ing molecular sieve 13X of U n i o n C a r b i d e as reference. T h e m a x i m a 
of the curves, corresponding to the highest values of the y i e l d , move 
t o w a r d l ower N a O H concentrations of the contact so lut ion as the a l k a 
l i n i t y of the starting glass increases. T h e more a lka l ine glasses ( d 3 a n d 
d 4 ) also show a better react iv i ty than the less a lkal ine one ( d 2 ) ; i n fact, 
the y i e l d of zeolite X obta ined after 12 hours of react ion is comparable 
w i t h the y i e l d at 36 hours for the d 3 a n d d 4 glasses b u t is m u c h in fer ior 
for d 2 . 

T h e a0 values of the zeolite X samples obta ined f r om d i - d 4 glasses 
correspond to the values of faujasites poor i n s i l i ca (zeolites X , S i / A l 
ratio < 1.5) ( 3 ) . F o r each of these glasses, the a0 va lue of zeolite X 
obta ined increases w i t h consequent decrease of the S i / A l ratio (3 ) as 
the N a O H concentration of the contact so lut ion increases. F i g u r e 5 
shows the var ia t ion of a0 of the zeolite X samples obta ined f r om the d 4 

glass against the i n i t i a l concentration of the contact solution. T h e inter -
p lanar spacings used to calculate the a0 values were corrected us ing 
P b ( N 0 3 ) 2 as s tandard a n d e m p l o y i n g a computer program. T h e a0 

var iat ion i n the field examined is pract i ca l ly l inear. B y consider ing the 
d i a g r a m of B r e c k a n d F l a n i g e n (3 ) w h i c h gives the a0 var ia t ion as a 
funct ion of the S i / A l ratio i n the faujas i te - type zeolites, i t is possible to 
extrapolate for the l i m i t i n g va lue of the S i / A l ratio = 1 (6 ) an a0 va lue 
equal to 25.02 A . T h i s shows that the S i / A l rat io of the sample corre
sponding to our highest a0 value ( F i g u r e 5) is a round 1. T h e same glass 
d 4 , after react ion w i t h d is t i l l ed water , again gives a good y i e l d of zeolite X 
( F i g u r e 4 ) , whose a0 va lue is 24.78 A . T h i s a0 value , w h i c h does not 
appear i n F i g u r e 5, lies w i d e l y apart f r om the other values obta ined a n d 
corresponds to a zeolite Y ( S i / A l rat io > 1.5) ( 3 ) . T h i s d isplacement 
m a y be re lated to the b i g p H var iat ion i n the contact solut ion passing 
f rom 0 to 1% of N a O H . 
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%NaOH in the contact solution 

Figure 5. aG variation as function 
of initial NaOH concentration in 
the contact solutions for zeolite X 
samples from dh glass treated at 
80°C for 36 hours and S/L = 1 /20 

5 10 15 60 
time, h 

Figure 6. Si02 and Al2Os concentrations in 
mother liquors obtained by treatment of ds 

glass at 80°C, with 4% NaOH solution and 
S/L = 1 /20 at different reaction times; n.d. 

= not determinable 

F o r a better understanding of the g lass-zeol i te transformation m e c h 
anism, the f ormat ion k inet i c of zeolite X f r o m d 3 glass has been f o l l owed 
w i t h different invest igat ion techniques. T h e treatment conditions of the 
glass have been 4 % N a O H solution a n d s o l i d / l i q u i d rat io 1/20, at 80 °C . 
F o r this purpose, a series of i dent i ca l g lass -so lut ion mixtures was set to 
react; the moment the glass was a d d e d to each solution (a lready p l a c e d 
i n the Tef lon container a n d thermostated at 8 0 ° C ) was assumed as t ime 
zero. E a c h container was extracted f r o m the thermostat at the pro 
g r a m m e d t ime, a n d the so l id was separated f r o m the mother l i quor . 
S i 0 2 a n d A 1 2 0 3 were determined grav imetr i ca l ly i n the l i q u i d s ; a l u m i n a 
was prec ip i tated us ing 8 -hydroxyquinol ine . T h e solids were washed a n d 
a s m a l l part was used for electron microscopy investigations; the r e m a i n -
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4. AIELLO E T A L . Formation from Glasses 57 

i n g part was d r i e d at 110°C a n d subsequently equ i l ib ra ted at 20 ° C for 
a week on C a ( N 0 3 ) 2 saturated solut ion. T h e percentage of zeolite X 
( b y x-ray quant i tat ive analysis) a n d the percentage of water ( b y thermo-
grav imetr i c analysis) present i n these solids were then determined i n 
the same thermostated room. T h e exper imental results are s u m m a r i z e d 
i n F igures 6, 7, a n d 8. 

Figure 7. Crystallization kinetic of zeolite X 
from ds glass treated at 80°C with 4% NaOH 

solution and S/L = 1/20 

5 10 15 60 

time, h 

Figure 8. Percentages of water present in sam
ples obtained from d3 glass treated at 80° C with 
4% NaOH solution and S / L = J /20 at different 

reaction times 

F i g u r e 6 shows the variations w i t h t ime of the si l icate a n d a luminate 
concentrations, expressed as S i 0 2 a n d A 1 2 0 3 , i n the mother l iquor . T h e 
format ion k inet i c of zeolite X , obta ined b y x-ray quanti tat ive analysis, 
us ing molecular sieve 1 3 X of U n i o n C a r b i d e as reference, is reported i n 
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F i g u r e 7. T h e percentages of water present i n the solids at different 
react ion times are reported i n F i g u r e 8. 

T h e 2 curves i n F i g u r e 6 can be d i v i d e d into 3 periods. I n the first 
( u p to about 1 h o u r ) b o t h curves are ascendent; i n the second ( u p to 
about 2 hours ) there is a l eve l ing off i n bo th cases, after w h i c h , i n t h i r d 
per iod , the curves diverge u n t i l they reach prac t i ca l ly constant values 
at the end of the reaction. C o n s i d e r i n g the curve i n F i g u r e 7, zeolite X 
becomes detectable b y x-ray shortly after the beg inn ing of the t h i r d 
per iod . A compar ison of the curves i n F igures 7 a n d 8 shows, however , 
a determinable amount of water i n the solids before the t h i r d per iod . T o 
evidence this finding, the water amounts i n the solids at different reac
t i on times not at tr ibuted to adsorpt ion b y zeolite X are ind i ca ted i n 
F i g u r e 9 as shaded area. T h i s water is, i n our op in ion , re lated to the 

Figure 9. Upper curve as Figure 8. Lower 
curve: water percentages adsorbed by zeolite X 
in the same solids. Shaded area shows water 

percentages connected with gel 

Figure 10. Electron micrographs. Samples obtained from d3 at 
80°C with 4% NaOH solution and S/L = 1/20 for 80 (A) and 

120(B) minutes 
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presence of a ge l as intermediate stage i n the crysta l l i zat ion process of 
zeolite X . T h e electron micrographs i n F i g u r e 10, together w i t h the scales 
of nonreacted glass, show the presence of a semitransparent ge l - l ike 
phase, amorphous to the electron dif fraction. Re ferr ing aga in to the 
curves i n F i g u r e 6, the first p e r i o d ( u p to about 1 hour ) has been inter 
preted as the i n i t i a l stage of the glass d isso lut ion ; the second ( u p to about 
2 hours) as the p e r i o d of gel format ion . I n the first per i od , the S i 0 2 / 
A 1 2 0 3 ratio i n the mother l i q u o r remains prac t i ca l ly constant a r o u n d 
values of 3.4-3.6 because of a probable di f ferential d isso lut ion of the 
glass. T h e gel f o rmat ion begins about the end of the first per i od , f o l l ow
ing the saturation i n S i 0 2 a n d A 1 2 0 3 of the solution. C o n s i d e r i n g that i n 
the second per i od the S i 0 2 a n d A 1 2 0 3 concentrations r e m a i n almost con
stant a n d their rat io is near that f o u n d i n the first per iod , w e deduce that 
the S i 0 2 / A l 2 0 3 rat io of the ge l is a round the values of 3.4-3.6 g iven 
above. A g a i n referr ing to F i g u r e 6, w e notice that w i t h i n 2 to 3 hours, the 
A 1 2 0 3 concentrat ion begins to decrease considerably , w h i l e the S i 0 2 

concentration remains prac t i ca l ly constant. T h i s indicates the be
g i n n i n g of format ion of zeolite X n u c l e i i n the gel . T h e zeolite X i n 
format ion shows a rat io S i 0 2 / A l 2 0 3 = 2.3, smaller than the va lue w e 
at t r ibuted to the ge l ; the S i 0 2 / A l 2 0 3 ratio i n zeolite X does not seem to 
vary d u r i n g the who le process of zeolite crysta l l izat ion . I n add i t i on , the 
results shown i n F i g u r e 9 suggested to us the presence of ge l i n successive 
stages of the process. Sticher a n d B a c h reached analogous conclusions 
s tudy ing the react ion between kaol in i te a n d potassium hydrox ide (10). 

T h e use of a natura l product w i t h S i 0 2 / A l 2 0 3 rat io = 4 as a r a w 
mater ia l for the preparat ion of synthetic glasses has also been studied . 
L e u c i t e was mel ted w i t h sod ium carbonate to obta in the S i , s 2 , a n d s 3 

glasses (see E x p e r i m e n t a l ) . These glasses were submit ted to the zeo l i t i za -
t i on process i n sodic environment, w i t h condit ions s imi lar to those used 
for the synthetic glasses considered above. T h e zeolites so far obta ined 
f rom these glasses ( A , X , P , a n d I ) are not different f rom those obta ined 
f rom glasses conta in ing only sod ium (F igures 2 a n d 3 ) . 

G o o d yields of zeolite X have been obta ined especial ly f r om the 
glass richest i n sod ium ( s 3 ) ; this is p r o b a b l y because of the h igher a l k a 
l i n i t y of the glass a n d the greater d i l u t i o n i n the glass of potassium present 
i n the start ing leucite. 

Zeolitization of Natural Glasses. T h e research on the zeo l i t i zat ion 
of na tura l glasses has been devoted essentially to the invest igat ion of the 
most favorable condit ions for the crysta l l i zat ion of the various zeolites 
obtainable . 

V o l c a n i c glasses appear remarkab ly versatile for the crysta l l i zat ion 
of different zeolites, p r o v i d e d that the condit ions of treatment i n a lka l ine 
environment are chosen proper ly . W e have p a i d part i cu lar attention to 
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10 15 20 25 
%NaOH in the contact solution 

Figure 11. Formation areas of 
products obtained from pumices 
(Lipari) at 65° C for 60 hours with 
various S/L ratios and variably 

concentrated NaOH solutions 

100 

5 30 40 50 60 70 
time.h 

Figure 12. Crystallization kinetics of 
zeolite X from pumices at 3 different fine
nesses, treated at 65°C with S/L = 1/25 

and 18% NaOH solution 
Fraction passing at 320 mesh: 
(1) 100% 
(2) About 50% 
(3) About 25% 

the f ormat ion of faujasite-type zeolites. Start ing f r om r io l i t i c pumices 
( T a b l e I I ) , zeol ite X , even i f obtainable at about 80°C , is a lways accom
p a n i e d at this temperature b y other phases ( 5 ) . A t lower temperatures, 
the f ormat ion of zeol ite X is favored i n re lat ion to the other phases; this 
is i n agreement w i t h the results of Barrer et al. ( I ) on the formation fields 
of faujasite-type zeolite f r o m gels. A s an example, the format ion areas 
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of some zeolites from riolitic pumices at 65°C are shown in Figure 11. In 
this case, because of the fixed chemical composition of the starting glass, 
the NaOH concentration in the contact solution and the solid/liquid ratio 
are considered variables. The shaded area refers to the conditions which 
permit zeolite X to be obtained unaccompanied by other phases. Figure 
11 shows the influence of the solid/liquid ratio on the type of zeolite 
obtained. This ratio, evidently varying the S i0 2 and A1 2 0 3 concentrations 
in the mother liquor, also influences the zeolite formation rate; with the 
lower solid/liquid ratios, the crystallization has not begun yet at 60 
hours. Another factor which evidently affects the crystallization kinetic 
of the zeolites from glasses, considering that the glass dissolution is an 
essentially superficial reaction, is the fineness of the starting glass. For 
this purpose, the crystallization kinetics of zeolite X from pumices at 3 
different finenesses, all treated at 65 °C with 18% NaOH solution and 
with solid/liquid ratio = 1/25, are reported in Figure 12. The curves 
were obtained by x-ray quantitative analysis, always referring to molec
ular sieve 13X of Union Carbide. 
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D i s c u s s i o n 

Harry Robson ( Esso Research Laboratory, Baton Rouge, La. ) : You 
state that the composition of zeolite X produced is constant throughout 
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the crystal l izat ion . T h e r m o d y n a m i c a l l y , w e should expect that S i 2 0 / A l 2 0 3 

of the crystal should change as the composi t ion of the mother l i q u o r 
changes. Is i t possible that the crystals i n i t i a l l y f o rmed are annealed 
d u r i n g the remainder of the crysta l l izat ion treatment to produce a u n i 
f o rm product? 

R. A i e l l o : T h e ce l l constant of the i n i t i a l a n d final crystals was prac 
t i ca l ly ident i ca l . W e therefore bel ieve this to m e a n that our system was 
not i n thermodynamic e q u i l i b r i u m . 

G . T s i t s i s h v i l i ( 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 ) : W e have synthesized zeolites P , A , a n d faujasite us ing natura l 
obs id ian aluminosi l icates , reol i te a n d perl i te . B y regulat ion of the crys
ta l l i za t ion process, i t is possible to obta in products w i t h different S i / A l 
ratios w i t h i n one type of zeolite. Deta i l s of these results are p u b l i s h e d : 
Izv. Akad. Nauk USSR, Inorg. Mater. 1965, 1, 285; 1966, 2, 1306; 1969, 
5, 1848. 
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5 

Crystallization of Zeolites in the Presence 
of a Complexing Agent 

Part ΙI1 

GÜNTER H. K Ü H L 2 

Mobil Research and Development Corp., Central Research Division 
Laboratory, Princeton, N. J. 

A zeolite of increased SiO2/Al2O3 ratio crystallizes when 
the ratio of silicate to tetrahydroxoaluminate in the reaction 
mixture is raised by complexing aluminum. The equilibrium 
between the resulting complex and tetrahydroxoaluminate is 
pH-dependent. All complexing agents investigated but sul
fate are effective to varying degrees, but only phytate pro
vides a buffering action comparable to phosphate. Attempts 
are made to explain the observed effect of these variables: 
SiO2/Al2O3 ratio, pH, cation or cation ratio, silica source, 
time, concentration, and temperature. The explanation is 
based on the polymerization-depolymerization equilibrium, 
the stabilizing effect of certain cations on certain precursors, 
and the hypothesis that cations determine the way in which 
precursors are linked to form a zeolite structure. Simple 
precursors are probably 4-rings, double 4-rings, and double 
6-rings. 

*Tp he effect of phosphate, arsenate, tartrate, and salicylate on the crystal-
lization of zeolites has been reported previously (17). The influence 

of other complexing agents is described herein. 
Zeolite synthesis has been quite empirical. Any information avail

able will help, therefore, to understand the sequence of reactions occur-

1 Part I presented as a monograph, "Molecular Sieves," Society of the Chemical In
dustry, London, 1968. 
2 Present address: Mobil Research and Development Corp., Applied Research and 
Development Division, Paulsboro, N. J. 08066 
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64 M O L E C U L A R SIEVE ZEOLITES 1 

r i n g d u r i n g crysta l l izat ion . In format ion gained f r om zeolite synthesis i n 
phosphate-containing react ion mixtures is par t i cu lar ly va luable because 
the p H is contro l led w e l l d u r i n g the entire crysta l l i zat ion per iod , a n d the 
obscur ing effect of a large excess of si l icate can be avoided. 

Experimental 

Reagents. S o d i u m aluminate a n d sod ium metasi l icate were supp l i ed 
b y A l l i e d C h e m i c a l C o r p . , G e n e r a l C h e m i c a l D i v i s i o n . T h e compositions 
were 4 3 . 3 % A 1 2 0 3 , 3 7 . 7 % N a 2 0 ; 2 1 . 9 % S i 0 2 , 2 4 . 5 % N a 2 0 . S o d i u m 
waterglass, obta ined f r om P h i l a d e l p h i a Q u a r t z C o . , h a d the composit ion 
2 8 . 7 % S i 0 2 , 8 .9% N a 2 0 . C o l l o i d a l s i l i ca sol ( L u d o x L S ) was supp l i ed 
b y d u Pont de Nemours ; compos i t ion : 3 0 . 7 % S i 0 2 , 0 .23% N a 2 0 . Other 
s o d i u m sil icate solutions w i t h different properties were obta ined f rom 
P h i l a d e l p h i a Q u a r t z C o . T h e y can be descr ibed as fo l lows : 

Si02 Na20 Molar Ratio Viscosity 
Designation % % Si02/Na20 Centipoise 

Star 26.5 10.6 2.48 60 
D 29.4 14.7 2.06 350 
C 36.0 18.0 2.06 70,000 
B - W 31.4 19.7 1.65 7,000 

G l u c o n i c a c i d , as a technica l grade 5 0 % aqueous solut ion, was obta ined 
f r om M a t h e s o n , C o l e m a n , a n d B e l l ; p h y t i c a c id , as a 7 0 % aqueous solu
t i on , f r om K & K L a b o r a t o r y , P l a i n v i e w , Ν. Y . G e i g y Industr ia l Chemica l s 
s u p p l i e d ethylenediamine d i ( o -hydroxypheny lacetate ) ( C h e l D P ). 
S o d i u m diethanolg lyc inate ( D E G N a ) was obta ined f rom Chas . Pfizer 
& C o . , Inc. A l l the other chemicals were analyt i ca l grade reagents. 

Preparation of Zeolites. Preparat ion was done as previous ly de
scr ibed (17). T h e temperature was i n the range 9 0 ° - 1 0 0 ° C . P o l y 
propy lene flasks were used throughout. T h e final p H was measured at 
ambient temperature after the crystal l izat ion. A l t h o u g h different f rom 
that at react ion temperature, i t provides a convenient comparison between 
experiments. 

Crystallization in the Presence of Complexing Agents 

General Considerations. I t has been reported previous ly (17) that 
phosphate aids i n the preparat ion of h igh-s i l i ca zeolites. A l u m i n u m is 
complexed b y phosphate (15) a n d gradual ly released f r om this complex, 
thereby becoming avai lable for react ion w i t h the si l icate. U n d e r react ion 
condit ions ( p H , temperature) the complex must prov ide a sufficiently 
h i g h concentrat ion of hydroxoaluminate to enable the zeolite to crysta l 
l i ze . O n the other h a n d , the s tabi l i ty of the complex must be h i g h enough 
to prov ide a lower concentrat ion of hydroxoaluminate than w i t h o u t the 
complex ing agent. 
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5. K U H L Crystallization of Zeolites 65 

Table I. Effect of Complexing Agents in the 
Preparation of Zeolite Y 

Reaction Mixture Molar Ratios 

Si02/ CA.al Na20/ H20/ Crystallization Final Si02/ 
No. Al20s Al2Oz C.A.a Na20 Time, Days pH Al2Oz 

Diphosphate 
1 4.0 4.0 (10.0)6 

( 9.0)6 

( 8.5)& 

( 8.0)b 

—65 5 12.8 3.22 
2 4.0 4.0 

(10.0)6 

( 9.0)6 

( 8.5)& 

( 8.0)b 

—65 7 12.55 3.31 
3 4.0 4.0 

(10.0)6 

( 9.0)6 

( 8.5)& 

( 8.0)b 

—65 14 11.85 3.43 
4 4.0 4.0 

(10.0)6 

( 9.0)6 

( 8.5)& 

( 8.0)b —65 - —10 Amorphous 

(10.0)6 

( 9.0)6 

( 8.5)& 

( 8.0)b 

Sulfate 
5 4.0 5.6 2.05 —77 2 12.0 2.73 
6 4.0 11.2 1.52 —52 

Oxalate 
6 12.0 2.80 

7 4.0 2.0 2.48 —135 3 12.2 2.81 
8 4.0 2.0 1.97 —170 4 12.2 3.12 
9 4.0 3.0 1.97 —150 5 13.0(?) 2.98 

10 4.0 3.0 1.47 —200 
Citrate 

16 11.95 3.33 

11 4.0 2.12 3.77 —110 2 12.05 2.93 
12 4.0 4.24 2.38 —90 3 12.35 3.23 
13 4.0 5.29 2.09 —80 6 12.75 3.33 
14 3.74 5.91 1.93 —75 

E D T A 
— 10.9 Amorphous 

15 4.0 2.04 4.35 —125 5 12.4 3.04 
16 4.0 3.06 3.24 —135 6 12.2 3.25 
17 3.74 3.80 2.68 —140 12 12.5 3.19 
18 3.74 4.75 2.34 —130 - 12.6 Amorphous 
19 6.0 2.04 5.42 —100 2 12.2 3.27 
20 6.0 3.06 3.95 —110 

Gluconate 
2 12.0 3.56 

21 4.0 1.02 5.67 —115 4 12.5 2.96 
22 4.0 3.06 2.06 —105 2 12.2 3.02 
23 4.0 5.10 1.43 —90 

Chel D P 
5 13.0(?) 3.16 

24 4.0 1.02 5.68 —230 6 12.6 3.11 
25 4.0 1.60 4.00 —210 6 12.6 3.27 
26 4.0 2.00 3.50 —190 

D E G - N a 
11 11.0 3.40 

27 4.0 2.0 1.66 —180 6 12.8 3.15 
28 4.0 3.0 1.33 —220 9 12.5 3.35 
29 4.0 3.0 1.17 —190 23 11.7 3.61 
30 4.0 3.0 1.00 —220 

Phytate 
— 9.7 Amorphous 

31 4.0 1.0 10.28 —90 4 12.6 3.14 
32 4.0 1.0 8.76 —110 30 11.0 3.48 
33 6.0 1.0 10.44 —90 14 11.7 4.34 
34 6.0 1.0 8.94 —105 45 10.7 Mainly 

amorphous 
a Complexing agent. 
6 p H to which NaA10 2-Na4 P2O7 solution was adjusted before addition of Na 2 Si0 3 . 
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66 M O L E C U L A R SIEVE ZEOLITES 1 

It appears that the react ion mixture must have a p H of 11 ± 0.2 or 
h igher for the faujasite structure to crystal l ize , w h i c h seems to be o w i n g 
to the state of the sil icate i n solution. Therefore , a complex ing agent for 
this app l i ca t i on should prov ide a favorable e q u i l i b r i u m between its a l u m i 
n u m complex a n d hydroxoaluminate at a p H of 11 or higher. 

T h e h igher the p H , the more hydroxoa luminate w i l l be i n e q u i l i b r i u m 
w i t h the a l u m i n u m complex. It w i l l be h e l p f u l , therefore, i f the complex
i n g agent can buffer i n the proper p H range. T h e ab i l i t y of a s a l t - a c i d 
mixture to buffer a so lut ion can be descr ibed best b y the dissociat ion 
constants of the ac id . H o w e v e r , the p K values m a y not a lways be v a l i d 
i n the presence of a l u m i n u m because complex acids m a y be formed. 

M o s t experiments descr ibed herein were conducted w i t h a 4.0 S i 0 2 / 
A 1 2 0 3 mo lar rat io of the mixture . W i t h o u t complex ing agent, the faujasite 
product of such a mixture h a d a S i 0 2 / A l 2 0 3 rat io of 2.81. 

Individual Complexing Agents. Exper iments w i t h the f o l l o w i n g 
complex ing agents are summar ized i n T a b l e I. 

Diphosphate. A p p a r e n t l y , no th ing is k n o w n of the existence of 
a l u m i n u m - d i p h o s p h a t e complexes i n the a lkal ine range. 

I n our experiments w i t h diphosphate as the complex ing agent, part 
of the a lka l in i ty was neutra l i zed w i t h H C 1 before sod ium metasi l icate was 
a d d e d (see c o l u m n 4 ) . D iphosphate does have an effect on the s i l ica-to-
a l u m i n a rat io of the product , but the p H has to be contro l led very 
careful ly . 

Sulfate. Sulfate forms an anionic complex w i t h a l u m i n u m ( 3 ) , 
N a [ A l ( S 0 4 ) 2 ] . T h e format ion of this complex is s low a n d cata lyzed b y 
O H " ions. 

Zeolites prepared i n the presence of sulfate have l o w S i 0 2 / A l 2 0 3 

ratios; no effect of sulfate can be seen ( T a b l e I ) . 
Oxalate. Oxalatoa luminate complexes of the type M 3 [ A 1 ( C 2 0 4 ) 3 ] 

are among the best k n o w n a l u m i n u m complexes (1). L a c r o i x (18, 19) 
f o u n d that oxalate can f o r m 2 complex a luminate ions. T h e complexes 
[ A 1 ( C 2 0 4 ) 2 ] ~ a n d [ A 1 ( C 2 0 4 ) 3 ] 3 " are extremely stable i n essentially 
neutra l solutions; noth ing is sa id about the stabi l i ty of the complexes at 
h igher p H values. T h e p K 2 va lue of oxalic a c id (4.19) indicates that this 
reagent is not an effective buffer i n the proper p H range. Because of the 
l o w so lubi l i ty of N a 2 C 2 0 4 , larger volumes than n o r m a l h a d to be used. 
L o w - s i l i c a zeolite Y instead of zeolite X was obta ined f r om a n u m b e r of 
preparations ( T a b l e I ) , i n d i c a t i n g that oxalate is capable of r e d u c i n g the 
concentration of hydroxoaluminate to some extent. 

Citrate. C a d a r i u , G o i n a , a n d O n i c i u (4) report an inf lect ion i n the 
t i t rat ion curve of an a l u m i n u m - c i t r a t e solut ion w i t h h y d r o x y l ions at p H 
11-12. T h i s inf lect ion diminishes as the ratio of c itrate to a l u m i n u m 
increases, a n d disappears at c i t r . / A l = 5. T h e complex a c i d f o rmed at 
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5. K U H L Crystallization of Zeolites 67 

l ow c i t r . / A l should be able to buffer i n the desired p H range. Indeed , 
the best buffering act ion is observed at l o w c i t r . / A l ( T a b l e I ) . C i t r i c 
a c id itself is a poor buffer ( p K s = 5.4). 

Ethylenediaminetetraacetate. A n ethylenediaminetetraacetate c om
plex of a l u m i n u m has been descr ibed b y Schwarzenbach a n d coworkers 
(22). Saito a n d Terrey (21) assign the f o rmula H [ A l ( H 2 0 ) E D T A ] to 
the a c id form. K e r r ( 12) f ound that this complex is actual ly H 2 [ A l ( O H ) -
E D T A ] w i t h 2 a c i d functions. T h e a c i d H 2 [ A l ( O H ) E D T A ] forms a 
monosod ium salt, N a H [ A l ( O H ) E D T A ] , at p H 4.5 a n d a d i s o d i u m salt, 
N a 2 [ A l ( O H ) E D T A ] , at p H 8.0 u p o n react ion w i t h sod ium hydrox ide . 
T h e last a c i d hydrogen of ethylenediaminetetraacetic a c i d has a p K of 
10.26, w h i c h is qui te h i g h compared w i t h most acids. It is approach ing 
the value for arsenic a c id (11.60) a n d m a y be capable of p r o v i d i n g a 
l i m i t e d degree of buffer ing i n the p H range of interest. 

C o m p a r i s o n of the example pairs 15,16 a n d 19,20 ( T a b l e I ) shows 
that an increase i n the ratio of E D T A / A 1 f r om 1 to 1.5 y ie lds products 
of signif icantly h igher S i 0 2 / A l 2 0 3 ratios. A greater excess of E D T A 
appears to h inder the crysta l l izat ion . 

Gluconate. Grossmi th (8) reported the preparat ion of a l u m i n u m 
complexes w i t h gluconate. 

T h e s i l i ca - to -a lumina ratios of the faujasite-type products f r om 
gluconate-containing mixtures ( T a b l e I ) were i n the h i g h X - or l o w 
Y-range. T h e final p H values were 12.2 or higher . W h e n w e t r i e d to 
obta in l ower alkal init ies , zeol ite Β of S i 0 2 / A l 2 0 3 = 3.3 crysta l l i zed , b u t 
the final p H remained the same. T h e crystal l i te size i n the preparations 
w i t h gluconate was generally larger than i n the other examples. 

Ethylenediamine di(o-hydroxyphenylacetate). Since C h e l D P is effec
t ive for che lat ing i r on i n m i l d l y a lkal ine solut ion (7, 13), i t was h o p e d 
that a complex analog to the ferr ic complex is f o rmed w i t h a l u m i n u m . 
T h e faujasite products obta ined w i t h C h e l D P were of a very h i g h crys-
ta l l in i ty a n d h a d compositions i n the l ow zeolite Y range. T h e absence 
of buffer ing ab i l i ty is evident f r om the fast decrease of the final p H w h e n 
N a 2 0 / C . A . is l owered to 3.5. Decreas ing a lka l in i ty does increase the 
complex ing ab i l i t y of C h e l D P for a l u m i n u m , as is evident f r om the 
h igher s i l i ca - to -a lumina ratio of the product . T h e amount of C h e l D P 
may have been adequate only i n E x a m p l e 26. 

Diethanolglycinate. T h e reagent forms very strong ferric i o n chelates 
over a b r o a d p H range, but is commonly used at p H 9.5 to 12.5. A l t h o u g h 
no data on complex ing a l u m i n u m w i t h this reagent have been f ound i n 
the l i terature, the chemica l s imi lar i ty of i r o n a n d a l u m i n u m made i t a 
candidate for this study. 

T h e exper imental results ( T a b l e I ) indicate that a complex between 
a l u m i n u m a n d D E G is formed, as the s i l i ca - to -a lumina ratio of the p r o d -
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68 M O L E C U L A R SIEVE ZEOLITES 1 

uct increases w i t h decreasing p H . T h e c o m p o u n d does not buffer the 
solut ion, so that contro l of the p H is diff icult. 

Phytate. P h y t i c a c i d is the phosphor ic a c i d ester of inosi to l , hexa-
hydroxycyc lohexane. E v e r y phosphor ic a c i d group contains 2 ac id i c 
hydrogens, so that the c o m p o u n d is expected to buffer. C o m p l e x f o rma
t i on w i t h a n u m b e r of cations is k n o w n (24) b u t a n a l u m i n u m complex 
has not been reported. 

T h e results of c rysta l l i zat ion i n the presence of phytate ( T a b l e I ) 
indicate that phytate is b o t h a good complex ing agent a n d a reasonably 
good buffer. Faujasites w i t h s i l i ca - to -a lumina ratios as h i g h as those 
obta ined i n the presence of phosphate a n d tartrate can be prepared w i t h 
this complex ing agent. T h e buf fer ing act ion of phytate is better than 
that of tartrate, but m a y not quite reach that of phosphate. 

Variables in the Crystallization of Zeolites 

Zeolites usua l ly are prepared b y m i x i n g si l icate a n d a luminate so lu
tions a n d heat ing the resul t ing ge l - so lu t i on mixture u n t i l a complete 
crysta l l i zat ion is obtained. Since zeolites have nonstoichiometr ic struc
tures w i t h A l subst i tut ing for S i , the composi t ion of the product depends 
o n the composi t ion of the react ion mixture . L i t t l e is k n o w n about the 
mechanism of zeolite crysta l l i zat ion . K e r r (10) has shown that zeol ite A 
crystal l izes f r om solution rather than b y s o l i d - s o l i d transformation. T h e 
same author (11) f o u n d i n d u c t i o n periods i n the crysta l l i zat ion of zeo
lites X a n d Β a n d different g r o w t h rates of the respective nuc le i . B y 
seeding, the i n d u c t i o n p e r i o d (nuc leat ion) c o u l d be e l iminated . C i r i c 
(5 ) f ou n d that the g rowth rate of zeolite A increases w i t h r i s ing a l k a 
l in i ty , but the i n d u c t i o n p e r i o d seems to r e m a i n unchanged . 

N o in format ion is avai lable on the composi t ion a n d structure of 
soluble precursors. W e feel that observations made i n buffered react ion 
mixtures are of part i cu lar value because the degree of po lymer iza t i on of 
si l icate a n d aluminosi l i cate is better control led . M o s t of our experiments 
have been carr ied out i n phosphate-buffered mixtures, and i t has to be 
taken into consideration that phosphate is also a complex ing agent for 
a l u m i n u m . 

S1O2/AI2O3. T h e S i 0 2 / A l 2 0 3 rat io (R) of the react ion mixture is 
one of the variables that contro l the m o n o m e r - p o l y m e r e q u i l i b r i u m a n d 
the composi t ion of the c rys ta l l i z ing f ramework structure (example : X - » 
Y ) . T h i s ratio also facil itates format ion of certain precursor structures 
that are r equ i red for certa in zeolites to crystal l ize . T h e number of cations 
associated w i t h a precursor can be regulated b y choosing the appropriate 
R; example : crysta l l i zat ion of zeolite A at R = 2 a n d of zeolite X at 
R = 4. A react ion mixture made w i t h phosphate-buffered sod ium a l u m i -
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5. K U H L Crystallization of Zeolites 69 

nate a n d sod ium waterglass y ie lds Z K - 1 4 ( chabazi te structure) at R = 4 
( f inal p H 11.85, S i 0 2 / A l 2 0 3 = 3.4) a n d Z K - 1 5 ( s imi lar to species S 2 ) at 
R — 6 ( f inal p H 11.65; S i 0 2 / A l 2 0 3 = 4.1). 

p H . T h e p H influences the p o l y m e r i z a t i o n - d e p o l y m e r i z a t i o n e q u i 
l i b r i u m of the soluble aluminosilicates—i .e. , the average size of these spe
cies increases w i t h decreasing p H . T h i s shift i n the size d i s t r ibut i on of 
b u i l d i n g blocks causes different structures to crystal l ize (example : soda-
l ite - » A ) . 

W h e n the p H is v a r i e d i n the presence of phosphate, zeolites of the 
same crysta l structure but different S i 0 2 / A l 2 0 3 ratios crystal l ize ( exam
p l e : X - » Y 1 7 ) . F u r t h e r decrease of the p H can cause crysta l l i zat ion of a 
zeolite w i t h a different crysta l structure, ev ident ly resul t ing f r o m a change 
i n the structure of the precursor (example : Y - > Z K - 1 5 1 7 ) ( T a b l e I I ) . 

Table II. Effect of p H a 

Na20 Si02 

P20b Zeolites Obtained Al20z 
(Product) 

3.55 Y 3.8 
3.11 Υ ( + Β + Z K - 1 5 ) 4.3 
2.87 Y + Β ( + Z K - 1 5 ) 4.8 
2.72 Z K - 1 5 + trace of Y 5.8 
2.60 Z K - 1 5 + trace of Y 6.0 

a Sodium metasilicate as the silica source, S1O2/AI2O3 = 5.18. 

I n the crysta l l izat ion of gallosilicates at 90 ° C , w é observed that 
every react ion mixture w i t h a final p H higher than about 12 y i e l d e d a 
sodalite structure, whereas a faujasite-type mater ia l c rysta l l i zed be low 
p H 12. 

It is l ike ly that, b a r r i n g any complicat ions , a type of b u i l d i n g blocks 
always w i l l generate the densest structure possible. I n the sod ium system, 
the smallest b u i l d i n g b l o ck that determines a crystal structure is con
ce ivab ly a r i n g of 4 tetrahedra w i t h associated cations. S u c h 4-member 
rings can combine to f o rm the sodalite structure. U p o n decrease of the 
p H , the predominant b u i l d i n g b lock m a y be a d imer of the 4-member 
r i n g , a cube, also k n o w n as a double 4-r ing, consisting of 8 tetrahedra a n d 
associated cations. Connec t ing these species i n the same w a y as the single 
4-rings yie lds the zeolite A structure. W h e n the p H is l owered further , the 
most abundant species m a y be a t r imer of the 4-member r i n g , a hexagonal 
p r i s m double 6-r ing, w i t h associated cations. Connec t i on of these 
precursors w o u l d f o r m the faujasite structure. H o w e v e r , a compl i cat ion 
arises here. I t seems diff icult for the faujasite structure to accommodate 
96 hydra ted sod ium ions per un i t ce l l . Therefore, this structure normal ly 
is observed only i f either the number of cations is l owered b y increasing 
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70 M O L E C U L A R SIEVE ZEOLITES 1 

the S i 0 2 / A l 2 0 3 ratio of the react ion mixture or some of the sod ium ions 
i n the mixture are rep laced b y presumably smaller h y d r a t e d potassium 
ions (25 ) . 

H o w e v e r , w e f o u n d that b o t h zeolites, X a n d A , crystal l ize f r o m a 
react ion mixture of R = 2.0 conta in ing gluconate. Zeolite X f o rmed i n 
this w a y always has a l o w S i 0 2 / A l 2 0 3 ratio ( T a b l e I I I ) . T h e lattice 

Table III. Preparation of Low-Silica Faujasite 

Si02/ CtHitOj/ Na20/ H20/ Final 
AWt Ah03 Na20 pH a 0 

2.0 3.06 1.67 ~ 1 4 0 13.0 35 25.090 
2.0 3.06 1.51 ~ 2 0 0 12.75 65 25.132 
2.06 3.06 1.37 ~ 1 7 0 12.9 55 25.064 
2.0 3.06 1.18 ~ 2 0 0 12.5 50 25.029 
2.0 3.57 1.01 ~ 2 0 0 10.9 70 25.071 
2.0 4.08 0.89 ~ 2 0 0 9.4 A m o r p h o u s 

parameter of one of the faujasite structures f rom these preparations was 
25.132 A , equivalent to S 1 O 2 / A I 2 O 3 = 2.0 ( 6 ) . It is doubt fu l that the 
g luconic a c i d plays any other role than that of an ac id . 

T h e zeolite A structure has not been observed i n gallosil icates. Pos
s ib ly , a stable precursor of the cube type cannot be f o rmed because of 
the larger ga l l ium. Instead, the tr imer is f o rmed immediate ly , l ead ing to 
the faujasite structure. 

I f the assumption is correct that the 3 precursors ment ioned exist, 
then every single 4-r ing has at least 1 A l , every double 4-ring at least 2, 
a n d every t r imer at least 3 A l . T h u s , the highest S i 0 2 / A l 2 0 3 rat io de
r i v e d f rom these precursors is 6.0. Indeed, no evidence has been f o u n d 
yet that A a n d X structures occur w i t h lattice parameters smaller than 
those corresponding to S i 0 2 / A l 2 0 3 = 6.0. H o w e v e r , preparat ion of h i g h 
s i l i ca sodalite (16, 20) suggests that single 6-rings conta in ing 1 A l a n a 
each associated w i t h 1 t e t ramethy lammonium cat ion are precursors of 
such a structure. 

A t h igher R, decrease of the p H causes a h igher degree of p o l y m e r i 
zat ion of the si l icate a n d l ower concentration of reactive species resul t ing 
i n a slower crysta l l i zat ion of zeolite Y , f requent ly contaminated w i t h 
zeolite B . F u r t h e r decrease of the p H causes Z K - 1 5 to crystal l ize . 

Type of Cation and Cation Ratio. T h e p o l y m e r i z a t i o n - d e p o l y m e r i -
zat ion e q u i l i b r i u m conceivably can be inf luenced b y the s tab i l i z ing effect 
of certain cations on certain precursors. T h e cations present also m a y 
determine the w a y i n w h i c h these b u i l d i n g blocks are jo ined to give a 
f ramework structure. React ion mixtures, ident i ca l except for the cat ion 
in t roduced w i t h the phosphate, y i e l d different products at the same p H . 
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5. K U H L Crystallization of Zeolites 71 

W h e n sod ium is predominant , the faujasite structure crystal l izes ; w h e n 
potassium is the major cat ion, a zeolite of chabazite structure ( Z K - 1 4 ) is 
formed. B o t h of these structures can be b u i l t f r om hexagonal prisms as 
the on ly b u i l d i n g blocks. A p p a r e n t l y the presence of the presumably 
smaller h y d r a t e d potassium ions al lows a denser structure ( chabaz i te ) 
to crystal l ize . 

T e t r a m e t h y l a m m o n i u m ions appear to stabi l ize the precursors that 
cause the zeol ite A structure to crystal l ize . T h u s , a zeolite A structure 
( Z K - 4 , Z K - 2 1 , Z K - 2 2 ) is obta ined f r o m a react ion mixture that w o u l d y i e l d 
a zeolite of faujasite structure i f the only cations present were sod ium 
(9, 16). 

A zeolite of ph i l l ips i te structure ( Z K - 1 9 ) (14, 17) is obta ined f rom 
a mixture of S 1 O 2 / A I 2 O 3 = 4 to 6 w h e n the f ract ion of sod ium i n a 
react ion mixture conta in ing sod ium a n d potassium is i n the range of 
0.5-0.8. T h i s denser structure is thermodynamica l l y more stable t h a n 
either the faujasite or chabazite structure. It seems to p l a y the same role 
as zeolite Β i n the pure sod ium system ( I I ) . 

W h e n a zeolite crystall izes, the n u m b e r of cat ionic charges incorpo 
rated i n the zeol ite structure is equa l to the n u m b e r of a l u m i n u m atoms 
i n the zeolite f ramework. O b v i o u s l y , i f on ly a smal l n u m b e r of cations 
are avai lable , the amount of a l u m i n u m be ing i n c l u d e d i n the zeolite 
f ramework is l i m i t e d . B y us ing cations whose size prevents t h e m f r o m 
be ing as easily incorporated as sod ium, one can l i m i t the number of 
cations effectively avai lable for zeolite crysta l l i zat ion w i t h o u t affecting 
the p H of the react ion mixture . If some of these large cations are incor 
porated i n the crysta l l i z ing zeolite, they m a y further l i m i t the n u m b e r of 
cat ionic charges per uni t ce l l , causing add i t i ona l increase of the si l ica-to-
a l u m i n a rat io of the product . It is important , of course, that the size a n d 
shape of the large cations be compat ib le w i t h the zeolite structure desired. 

I n order to prepare a h igh-s i l i ca zeolite of faujasite structure ( S i O a / 
A 1 2 0 3 > 4.5) f rom a phosphate-containing mixture , the number of s od ium 
ions can be l owered b y subst i tut ing part of the sod ium phosphate w i t h 
the corresponding te t ramethy lammonium phosphate, thus reta in ing the 
p H ( an example is g iven i n T a b l e V I ). 

Prepolymerization of Silicate. F r o m phosphate-buffered mixtures 
of ident i ca l chemica l composit ion, different zeolites crystal l ize depend ing 
on the degree of prepo lymer izat ion of the sil icate. Po lymer i c silicates 
t end to g ive Z K - 1 5 or zeolites of chabazite structure [ l ow-s i l i ca Z K - 1 4 
(17)1 i n the same p H range where metasi l icate causes zeolite Y to crys
tal l ize ( T a b l e I V ) . Thus , either the depo lymer izat ion of waterglass is 
s lower t h a n general ly thought or the precursors f o rmed w i t h par t ia l l y 
depo lymer ized sil icate are s tab i l i zed sufficiently to prevent further r a p i d 
depo lymer izat ion . 
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72 M O L E C U L A R SIEVE ZEOLITES 1 

Table IV. Effect of Silica Source 

Mixture Ratios Product 

SiO,/ Na20/ H2Of Si02/ 
Silica Source Ah03 P2O5 Na20 Type Al203 

M e t a s i l i c a t e 4.0 4.22 3.35 63 Y 4.0 
6.47 6.46 3.33 80 Y + T r a c e Β 4.1 

Waterglass 4.0 4.22 3.3 64 Z K - 1 4 3.4 Waterglass 
6.0 4.22 3.45 61 Z K - 1 5 4.2 

C o l l o i d a l s i l i ca 4.0 2.82 3.55 89 Z K - 1 5 4.6 
sol 6.0 2.82 3.55 89 Z K - 1 5 4.8 

T a b l e V contains in format ion on the crysta l l i zat ion of a certain 
a luminate -phosphate mixture w i t h silicates of different degrees of po ly 
mer izat ion . A l t h o u g h no correct ion was made for the different S 1 O 2 / 

N a 2 0 ratios of the silicates, the final p H was always i n a range that w o u l d 
have a l l owed zeolite Y to crystal l ize . A t rend f r om Y to Z K - 1 4 to Z K - 1 5 
to Β is observed w i t h increasing degree of po lymer i za t i on of the sil icate 
used. 

Table V . Effect of Degree of Polymerization of the Silicate 

Si02/Al20s = 6.0 

Si02/ 
Waterglass Final pH Zeolite Obtained Al2Os 

B - W 12.05 Z K - 1 4 + Z K - 1 5 + trace Y 4.09 
C 12.1 Z K - 1 5 4.35 
D 11.9 Z K - 1 5 4.39 

Star 11.6 Β + trace Z K - 1 5 4.76 

Time. M o s t zeolite structures are metastable; they are general ly less 
hydro thermal ly stable the lower their density is. Therefore , w h e n the 
more open zeolites are kept i n their mother l i quor for an extended t ime, 
they tend to recrystal l ize to denser structures. Zeolites of faujasite struc
ture recrystal l ize i n a sod ium system to zeolite B , a n d those of chabazite 
structure are transformed i n their m i x e d sod ium-potass ium mother l i quor 
to products of the denser ph i l l ips i te structure. 

T h e rate of crysta l l i zat ion of a certain zeolite crystal structure usual ly 
decreases w i t h increasing S i 0 2 / A l 2 0 3 ratio . As K e r r (11) po inted out, 
a longer crysta l l izat ion t ime gives the denser mater ia l—e.g . , zeolite Β— 
a chance to nucleate. T h e crysta l l izat ion rate of zeolite Β is greater than 
that of zeolite X so that the remain ing amorphous mater ia l crystall izes 
m a i n l y to zeolite B . Fur thermore , g iven sufficient t ime, the previous ly 
f o rmed zeolite X recrystall izes also to zeolite B . T h e nuc leat ion t ime of 
zeolite X can be e l iminated b y seeding. 
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5. K U H L Crystallization of Zeolites 73 

Concentration. A greater react ion vo lume frequent ly results i n a 
s l ightly h igher S i 0 2 / A l 2 0 3 rat io of the product . H i g h concentrations of 
salts i n h i b i t crysta l l i zat ion so that denser materials are obtained. 

Table VI . Effect of Concentration on Crystallizing Structure 

C o n s t a n t s : |£f = 8.0; + \{CH*MÛ- , B M 

Al2Oz P205 

Να20 _ n 9 _ 
Na20 + [(CH,)4N]20 ~ 

H20 Temp., Final Product 

Na20 + [(CHs),N]20 °C pH YJfoy Si02/Al20z 
53 90 12.3 X + 5 % A 6.0 
43 90 12.95 A + 1 0 % X 4.9 
26 95 12.6 Sodal ite + 1 5 % A 7.4 
26 90 12.3 Sodalite 8.1 

° Only the (CH 3 )4N + added as hydroxide. 

T a b l e V I shows the influence of d i l u t i o n i n a N a - ( C H 3 ) 4 N system 
conta in ing ( C H 3 ) 4 N B r . T h e smaller precursors are f o rmed i n the pres
ence of higher concentrations of T M A ions. Therefore, i t seems that 
T M A ions stabi l ize not only the precursors of the A - t y p e structure, pre 
sumably double 4-rings, but also, at higher concentrations, s ingle 4-rings 
a n d 6-rings. T h e same number of T M A ions m a y be requ i red for s tab i l i 
zat ion of either precursor; this explains the concentrat ion effect. 

Temperature. Temperature influences the p o l y m e r i z a t i o n - d e p o l y -
mer izat ion e q u i l i b r i u m . H i g h e r temperatures cause denser materials to 
crystal l ize . Se lb in a n d M a s o n (23) reported that they h a d to use a lower 
temperature to obta in the gallosi l icate analog of zeolite X . Temperatures 
above 70 ° C caused a gallosi l icate of sodalite structure to crystal l ize . 
Countless examples for the temperature effect are g iven i n the l i terature 
(see, e.g., Ref. 2 ) . 

Conclusions 

M o s t complex ing agents for a l u m i n u m do not have the buffering 
ab i l i ty des ired to a i d i n the crysta l l izat ion of h igh-s i l i ca zeolites. O f the 
reagents descr ibed i n this paper, only phytate is s imi lar i n performance 
to phosphate. U s e of a nonbuffer ing complex ing agent i n combinat ion 
w i t h phosphate as buffer appears wor thwhi l e . 

Observations made i n zeolite synthesis w o r k can be expla ined b y 
the sequence of reactions: Condensat ion of a luminosi l i cate ( a n d si l icate) 
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74 M O L E C U L A R SIEVE ZEOLITES 1 

to form polymers, ring closure, stabilization of certain ring structures by 
cations to form soluble precursors, combination of precursors under the 
influence of cations to give nuclei, and finally crystal growth. 
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D i s c u s s i o n 

Brian D. McNicol (Koninklijke/Shell Laboratorium, Amsterdam, 
Netherlands) : Was there any evidence of tetrahedral framework substi
tution by arsenic or phosphorus? 

G. H. Kiihl: No. 
John Turkevich (Princeton University, Princeton, N. J. 08540): Is 

the phosphate incorporated into the zeolite structure in those cases where 
phosphate is used to buffer? 
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5. K U H L Crystallization of Zeolites 75 

G . H . K u h l : I have never encountered phosphate substitution i n the 
f ramework . H o w e v e r , the zeolite A structure has been f o u n d w i t h u p to 
one Ρ per sodalite cage intercalated. 

J . A . Rabo ( 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) : Y o u 
suggested that large cations l i m i t the A l content to l ower levels. D o y o u 
have any examples for this effect w i t h large a l k a l i cations? 

G . H . K u h l : T h e examples are g iven i n the paper ( T a b l e V I , T M A 
ions, a n d possibly Ref . 25, where smaller h y d r a t e d K + ions appear to per 
m i t crysta l l i zat ion of l o w - S i zeolite X ) . 
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Phosphorus Substitution in Zeolite 
Frameworks 

EDITH M. FLANIGEN and ROBERT W. GROSE 
Union Carbide Corp., Linde Division Laboratory, Tarrytown Technical Center, 
Tarrytown, Ν. Y. 10591 

Zeolites containing phosphorus in the tetrahedral site in the 
framework have been synthesized. Phosphorus incorpora
tion in a variety of structural types of zeolite frameworks 
has been achieved: analcime, phillipsite, chabazite, Type A 
zeolite, Type L zeolite, and Type Β (P) zeolite. The syn
theses and properties of some of the new aluminosilicophos-
phate zeolites are described. The synthesis technique in
volves gel crystallization where incorporation of phosphorus 
is accomplished by controlled copolymerization and copre-
cipitation of all the framework component oxides, aluminate, 
silicate, and phosphate, into a relatively homogeneous gel 
phase. Subsequent crystallization of the gel is carried out 
at temperatures in the region of 80° to 210°C. Proof and 
mechanism of framework substitution of phosphorus is based 
on electron microprobe analysis, infrared spectroscopy, and 
other characterization. 

/ "phe polymorphs of silica—quartz, tridymite, etc.—exist as infinite three-
dimensional frameworks formed by corner-sharing [Si0 4] tetrahedra. 

Tetrahedra of [A104] may, by isomorphous substitution, replace [Si0 4] 
to form aluminosilicates with the excess negative charge neutralized by 
an alkali or alkaline earth cation. Phosphorus (P 5 +) also exhibits tetra
hedral coordination with oxygen anions to form [P0 4 ] tetrahedra and 
complex three-dimensional frameworks. The space dimensions of [P0 4 ] 
and [Si0 4] are similar, and the oxygen chemistry of phosphorus is similar 
to that of silicon. It therefore seems possible that [P0 4 ] could isomor-
phously replace [Si0 4] in the silicate crystal framework. 

Few instances of isomorphous replacement of [Si0 4] by [P0 4 ] have 
been found in mineral silicates. The mineral viseite, containing [P0 4 ] in 

76 
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6. FLANIGEN AND GROSE Phosphorus Substitution 77 

a d d i t i o n to [ A 1 0 4 ] a n d [ S i 0 4 ] , has a structure analogous to analc ime 
(10 ) . T h e m i n e r a l kehoeite is an analogue of the analc ime structure but 
is a complex z inc a luminophosphate containing [ A 1 0 4 ] a n d [ P 0 4 ] ( I I ) . 
Phosphate tetrahedra replace some [ S i 0 4 ] i n gr iphi te , a phosphate garnet 
( 12 ) , a n d [ S i 0 4 ] replace some [ P 0 4 ] i n apatite ( 9 ) . B a r r e r a n d M a r 
shal l reported unsuccessful attempts to synthesize phosphorus-containing 
zeolites ( 2 ) . K u h l has reported the effect of phosphate complex ing of 
a l u m i n u m i n zeolite crysta l l i zat ion (7 ) a n d the synthesis of a zeolite 
Z K - 2 1 conta in ing " interca lated" phosphate w i t h a crysta l structure s imi lar 
to zeolite A ( 8 ) . 

A number of compounds are related i n their crystal structures to the 
po lymorphs of s i l i ca (6). These substances can be arranged into 3 cate
gories on the basis of s tructural re lat ionship : s imple analogues, stuffed 
derivatives, a n d coup led derivatives. A n example of a s imple analogue 
of s i l i ca is g e r m a n i u m dioxide. G e r m a n i u m has been subst ituted for s i l i 
con successfully i n zeolite frameworks b y several researchers, as w e l l as 
g a l l i u m for a l u m i n u m ( I ) . Examples of the stuffed derivatives are 
N a A l S i 0 4 (h igh-carnegie i te ) a n d K A l S i 0 4 ( k a l s i l i t e ) , where ions of ap 
propr iate size are introduced into vacant interst i t ia l positions i n the S i 0 2 

structure type. 
T h e coup led derivatives are represented b y A 1 P 0 4 , G a P 0 4 , A l A s 0 4 , 

F e P 0 4 , a n d others w h i c h y i e l d neutra l frameworks w i t h s imilarit ies to 
various s i l i ca crystal structures. T h e format ion of an A l P 0 4 - t y p e c om
p o u n d i n the zeolite synthesis ge l appeared to be a reasonable approach 
to the synthesis of phosphorus-substituted zeolites. Exper iments there
fore were in i t ia ted to attempt the isomorphous substitution of [ P 0 4 ] i n 
zeolite structures us ing the low-temperature a n d pressure h y d r o t h e r m a l 
ge l systems general ly employed i n zeolite synthesis i n the U n i o n C a r b i d e 
laboratories (4). 

These experiments were successful i n synthesiz ing a luminos i l i co -
phosphate zeolites w i t h the f o l l ow ing types of zeolite f rameworks : ana l 
c ime, chabazite , ph i l l i p s i t e -harmotome , T y p e A zeolite, T y p e L zeolite, 
a n d T y p e Β ( Ρ ) zeolite, a l l of w h i c h contained significant amounts of 
phosphorus ( 5 - 2 5 w t % P 2 0 3 ) incorporated i n the crystal f ramework. 
Species re lated to the felspathoids, sodalite a n d cancrinite , were also syn
thesized a n d contained phosphate detected b y chemica l analysis. F r a m e 
w o r k substitution was not veri f ied for these materials , as they normal ly 
contain various intercalated salts i n their structure. Zeolites structural ly 
analogous to gmel inite ( T y p e S ), mordenite , T y p e X , and T y p e Y zeolites 
were synthesized i n the sod ium aluminosi l i cophosphate system but con
ta ined only smal l amounts of phosphate ( < 5 w t % P2O5). I n this work , 
character izat ion of the phosphorus-subst ituted species was per formed 
on ly on those w h i c h contained apprec iable amounts of phosphorus ( > 5 
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w t % P2O5) i n an attempt to reduce possible mis interpretat ion of the 
data o w i n g to the presence of extraneous phosphate. 

T h e nomenclature used throughout this paper designates the struc
t u r a l type b y the letter of the most closely re lated phosphorus-free syn
thetic zeolite as used i n the U n i o n C a r b i d e laboratories (4, 5 ) . T a b l e I I 
i n Ref. 5 contains a descr ipt ion of the synthetic zeolites descr ibed here. 
F o r the a luminosi l i cophosphate zeolites, these letter designations are pre 
fixed b y Ρ to indicate that the zeolite f ramework contains phosphorus 
substituted i n the tetrahedral ( S i , A l ) site. F o r example, the phosphate 
zeolite structural ly re lated to T y p e A zeolite is designated Ρ—A; P—R zeo
l ite is the phosphate zeolite re lated to zeolite R , a synthetic sod ium 
aluminos i l i cate zeolite w i t h a chabazite type f ramework structure ( 5 ) . 
T h e aluminosi l i cophosphate zeolites w i l l be abbreviated to phosphate 
zeolites or phosphorus-subst ituted zeolites throughout this paper. 

Synthesis 

T h e synthesis technique involves ge l crystal l izat ion where incorpora 
t ion of phosphorus is accompl ished b y contro l led copo lymer izat ion a n d 
coprec ip i tat ion of a l l the f ramework component oxides, a luminate , si l icate, 
a n d phosphate, into a re lat ive ly homogeneous gel phase. Subsequent 
crysta l l izat ion of the ge l is carr ied out at temperatures i n the region of 
80° to 210 °C. T y p i c a l compositions of the gels i n moles are g iven i n 
T a b l e I, a n d the synthesis procedure is descr ibed be low for the major 
phosphate zeolite species. 

Zeolite P - C (Analcime Structure Type) . Zeol ite P-C was crysta l l i zed 
f r om sod ium aluminosi l i cophosphate gels prepared b y s imultaneously 

Table I. 

P - C 
w 
G 
R 
A 
L 
Β (Ρ) 

Typical Synthesis Conditions for Crystallizing 
Phosphorus-Substituted Zeolites 

Beactant Composition in Moles 

Zeolite Na2Oa K2Oa Al203 Si02 P2Ob H2Oa 

>0 .5 

>1 .2 
>1 .8 

>0 .4 

>0 .5 
>0 .5 

>1 .0 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

0.6 
1.6 
1.0 
1.8 
1.6 
1.5 
0.6 

0.5 
0.5 
0.5 
0.9 
1.1 
1.0 
0.7 

> 55 
>110 
>110 
>110 
>110 
>110 
>110 

Crys- Crys-
talli- talli-

zation zation 
Temp., Time, 

°C Hrs. 

210 
150 
150 
125 
125 
175 
200 

160 
68 

116 
94 
45 

166 
70 

a Values for Na 2 0, K 2 0 , and H 2 0 are slightly higher than the values shown and 
undetermined because of unknown quantities absorbed on the precipitated hydrous 
aluminophosphate gel. 
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6. FLANIGEN AND GROSE Phosphorus Substitution 79 

Figure 1. Partial reaction composition dia
gram. Projection of the Na20, Al203, Si02> 

P205, H20 system at 100°-125°C. Na90 + 
Si02 + P205 = 100 mole %. Al2Os = 12-20 
mole % of the total anhydrous gel composition; 
mole H20/Al203 is constant (= 110). A solid 
colloidal silica ("Cah-O-Sil") is the silica source. 

Figure 2. Same as Figure 1 with a crystalliza
tion temperature of 125°-150°C and an aque
ous colloidal silica source ("Ludox"). Al203 = 

17-23 mole %. 

a d d i n g aqueous solutions of s od ium metasi l icate a n d phosphor i c a c i d to 
an aqueous solut ion of A1C1 3 w i t h agitat ion. T h e p H of the prec ip i ta t ing 
solution was adjusted to 7.5 b y t i t rat ion w i t h concentrated N a O H solu
t ion. T h e resultant prec ip i tate was separated b y v a c u u m f i l trat ion, washed 
w i t h d i s t i l l ed water , a n d p laced i n a Te f lon- l ined stainless steel autoclave. 
A predetermined amount of N a O H solut ion was added . T h e gel was 
crysta l l i zed at about 1 7 5 ° - 2 1 0 ° C a n d autogenous pressure for 90-160 
hours. M a x i m u m phosphorus contents of 25 w t % P2O5 were ach ieved 
i n zeol ite P - C . 
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Zeolite P -W (Phillipsite-Harmotome Structure Type) . T h e P - W 
synthesis ge l was prepared b y t i t rat ing an aqueous solution of A1C1 3 a n d 
phosphor ic a c i d w i t h concentrated K O H solut ion to a p H of 7.5. T h e 
prec ip i tate was filtered, washed w i t h d i s t i l l ed water , a n d then b l e n d e d 
w i t h " L u d o x , " an aqueous s i l i ca sol, a n d K O H solution. T h e react ion 
mixture was crysta l l i zed at 1 5 0 ° - 1 7 5 ° C a n d autogenous pressure for 
about 72 hours. T h e use of a s i l i ca sol as the s i l i ca source appears to 
favor the format ion of P - W zeolite over coexisting phases such as P - G 
or P - L zeolites. Phosphorus contents u p to 20 w t % Ρ 2 θ 5 were f ound i n 
zeol ite P - W . 

Zeolite P-R and P - G (Chabazite Structure Type) . Zeol ite P - G was 
crysta l l i zed f rom potass ium aluminosi l i cophosphate gels prepared b y the 
same procedure used i n the preparat ion of P - W gel . Zeolite P - R was 
crysta l l i zed i n the sod ium system b y us ing N a O H i n place of K O H . T h e 
reactant ge l was crysta l l i zed at 1 2 5 ° - 1 7 5 ° C a n d saturated water vapor 
pressure for 48 -120 hours. Zeol ite P - G conta in ing u p to 21 w t % P 2 0 5 , 
a n d zeolite P - R conta in ing u p to 16 w t % P 2 0 5 were synthesized. 

Zeolite P - A (A Structure Type) . T h e reactant composit ion for P - A 
zeol ite was prepared i n the same manner as that for the synthesis of 
P - W or P - R zeolites us ing N a O H solution as the t i trant a n d solvent. 
P - A zeol ite also was crysta l l i zed f r om sod ium aluminosi l i cophosphate 
gels prepared b y simultaneous add i t i on of N a A 1 0 2 - N a O H solution a n d 
H3PO4 solution to an agitated aqueous s lurry of " C a b - O - S i l , " a co l l o ida l 
s i l i ca powder . T h e synthesis ge l was crysta l l i zed at 1 0 0 ° - 1 5 0 ° C and 
autogenous pressure for 24 -96 hours. T h e " C a b - O - S i l " s i l i ca source favors 
the crysta l l i zat ion of P - A zeolite over zeolites such as P - R or P - B . Zeol ite 
P - A conta in ing u p to 10 w t % P 2 0 5 was prepared . 

Zeolite P - L (L Structure Type) . Zeolite P - L was synthesized f rom 
aluminosi l i cophosphate gels prepared b y the procedure descr ibed for zeo
lites P - W a n d P - G us ing K O H solution as the source of base. T h e use of 
a so l id s i l i ca source such as " C a b - O - S i l " facil itates the format ion of P - L 

Figure 3. Same as Figure 1 with a crystalliza
tion temperature of 150°C and a "Cab-O-Sil" 

silica source. Al2Os = 14-18 mole %. 
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6. FLANIGEN AND GROSE Phosphorus Substitution 81 

zeolite rather than P - W or P - G zeolite. T h e gel was crysta l l i zed at 1 5 0 ° -
175 ° C a n d autogenous pressure for 72-170 hours. Zeol ite P - L conta in ing 
u p to 19 w t % P 2 0 5 was synthesized. 

Zeolite P - B (B or Ρ Structure Type) . Zeol ite P - B was crysta l l i zed 
f r om coprec ip i tated gels us ing N a O H solution as the t i trant a n d " L u d o x " 
co l l o ida l s i l i ca sol. T h e ge l was crysta l l i zed at 1 5 0 ° - 2 0 0 ° C for 45 -72 
hours. Phosphorus contents u p to 23 w t % P 2 0 5 were achieved i n P - B 
zeolites. 

Figure 4. Partial reaction composition dia
gram. Projection of the K90, Al203, Si02f 

P205, H20 system at 150°C~ K20 + Si02 + 
Ρ JO. = 100 mole %. Al203 = 24-42 mole % 
of the total anhydrous gel composition; mole 
H20/Al203 constant (= 110). "Ludox" is the 

silica source. 

Figure 5. Same as Figure 4 with a crystalliza
tion temperature of 175°C and a "Ludox" or 
"Cab-O-Sil" silica source. Al203 = 12-25 mole 

%. 
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Table II. Typical X - R a y Powder Diffraction 

P-C P-W 

d, A I / Io d , A I / Io 
5.64 80 10.2 18 
4.87 16 8.3 42 
3.68 6 7.2 61 
3.44 100 5.40 17 
3.27 3 5.07 29 
2.93 45 4.51 27 
2.81 6 4.31 23 
2.70 14 4.11 19 
2.51 13 3.68 18 
2.37 8 3.25 71 
1.91 8 3.19 100 
1.87 5 2.96 45 
1.75 12 2.80 16 
1.72 3 2.75 39 
1.70 3 2.69 18 

2.57 23 
2.46 10 
2.20 8 
2.08 4 
1.79 5 
1.78 6 
1.73 8 

Figure 6. Optical photomicrographs of phosphate zeolites 
Plate 1 Zeolite P-C (12.9 wt % P2Os) 200X Plate 3 Zeolite P-B (21.1 wt % P2Os) 200X 
Plate 2 Zeolite P-C (17.5 wt % P2Os) 150X Plate 4 Zeolite P-W (14.3 wt % P2Os) 600X 
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6. FLANIGEN AND GROSE Phosphorus Substitution 83 

Data for Phosphate Zeolites P - C , P-W, P-R, P - G 

P-G P-R 

d, A I/Io d, A I/Io 

9.46 100 9.46 100 
6.97 21 6.94 29 
5.61 17 5.59 10 
5.10 21 5.09 32 
4.72 10 4.72 9 
4.53 5 - -
4.36 74 4.35 76 
4.15 7 4.11 5 
4.02 9 4.00 8 
3.90 43 3.90 24 
3.62 28 3.63 32 
3.48 16 3.47 16 
3.25 12 3.25 10 
3.14 10 - -
2.95 95 2.94 82 
2.92 53 - -
2.71 9 2.71 5 
2.64 19 2.62 11 
2.54 14 2.53 8 
2.33 9 2.32 5 
2.11 7 2.10 8 
1.89 8 1.89 8 
1.82 14 1.82 9 
1.73 12 1.73 6 

T h e format ion of the a luminos i l i cophosphate ge l requires a reactive 
f o r m of phosphorus such as phosphor ic a c id for its incorporat ion into the 
ge l structure a n d zeolite f ramework. T h e mere presence of a phosphate 
salt such as sod ium metaphosphate i n the reactant ge l w i l l not result i n 
phosphorus incorporat ion i n the zeolite crystal lattice. 

T e r n a r y react ion diagrams showing the regions of ge l composi t ion 
for synthes iz ing the phosphate zeolites are shown i n F i g u r e s 1-3 for the 
sod ium aluminosihcophosphate zeolites, a n d i n F igures 4 a n d 5 for the 
analogous potassium system. 

Properties 

Genera l l y , the phosphate zeolites crystal l ize i n the f o r m of large, 
near-single crystals of the order of 100 μ i n size. H o w e v e r , for zeol ite 
P - A , the crystal size was of the order of 1 to several μ. S ingle -crysta l 
measurements were therefore possible for most of the phosphate zeolites. 
Photomicrographs of several of the phosphate zeolite crystals are shown 
i n F i g u r e 6. 
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84 M O L E C U L A R SIEVE ZEOLITES 1 

T y p i c a l x -ray p o w d e r di f fract ion data for the phosphorus-subst i tuted 
zeolites are g iven i n Tables I I a n d I I I . U n i t c e l l dimensions have been 
determined for several of the phosphate zeolites a n d compared w i t h the 
s tructura l ly re lated phosphorus-free zeolites. T h e u n i t c e l l d imens ion of 
cub i c P - C zeolite ( 13.2 w t % P 2 0 5 ) was f ound to be 13.75 A f r o m single-
crysta l precession x-ray photographs. A single crysta l of the analogous 
zeol ite C has an a = 13.73 A . T h e crysta l structure of zeolite P - C ( 13.2 
w t % P 2 0 5 ) has been determined b y B i r l e et al. a n d w i l l be reported 
elsewhere ( 3 ) . 

A single crystal of P - W zeolite ( 16.5 w t % P 2 0 5 ) was examined b y 
precession x-ray photographs a n d f ound to be tetragonal , w i t h un i t ce l l 

Table III. Typical X - R a y Powder Diffraction Data for 
Phosphate Zeolites P - A , P - L , P-B(P) 

P-A P-L P-B 

d, A I / Io d , A I / Io d , A I / Io 

12.2 100 16.0 100 7.08 58 
8.6 89 8.0 4 5.01 58 
7.07 57 7.55 8 4.96 45 
5.48 35 6.09 18 4.44 7 
4.99 5 5.86 4 4.10 57 
4.33 16 4.65 29 4.04 17 
4.08 57 4.47 9 3.53 5 
3.87 8 4.37 6 3.34 6 
3.69 81 3.96 28 3.20 100 
3.54 5 3.68 9 3.13 57 
3.40 32 3.51 19 2.71 37 
3.28 68 3.32 15 2.68 38 
2.96 92 3.22 31 2.66 22 
2.89 22 3.09 24 2.53 8 
2.74 16 3.05 5 2.20 5 
2.68 11 2.93 28 1.98 6 
2.62 49 2.88 4 1.68 7 
2.50 11 2.82 4 
2.45 8 2.69 24 
2.36 5 2.64 8 
2.24 3 2.53 9 
2.17 14 2.50 4 
2.14 8 2.46 4 
2.10 5 2.44 5 
2.07 5 2.32 3 
2.05 14 2.30 3 
2.02 2 2.22 9 
1.92 12 2.06 3 
1.89 7 1.96 2 
1.85 5 1.88 6 
1.83 5 
1.73 18 
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6. FLANIGEN AND GROSE Phosphorus Substitution 85 

Table IV. P - A Zeolite Unit Cell Dimensions, 
a vs. P 2 O 5 Wt % 

Wt % P 2 O 5 a , A 

N a F o r m of P - A Zeolite 5.2 12.249 db 0.005 
6.2 12.243 ± 0.005 
6.4 12.246 ± 0.005 
6.6 12.237 ± 0.005 
6.7 12.236 ± 0.005 
6.8 12.235 ± 0.005 
6.9 12.232 db 0.005 
7.3 12.242 ± 0.005 
7.7 12.235 ± 0.005 
8.7 12.237 db 0.005 
9.1 12.235 ± 0.005 

10.2 12.232 ± 0.005 

C a e x F o r m of P - A Zeolite 6.3 12.237 =fc 0.005 
8.0 12.251 db 0.005 
8.6 12.220 ± 0.005 

L 
) 2 vs. P2O5 

\ 

a vs. P : 

DASI IED LI 
ANAL 

JES IN 
rTICAL 

DICAT 
ACCU 

ILIMI" 
^ACY 

S OF 

12.34 

12.32 

12.30 

12.28 , 

12.26 

12.24 

12.22 

6 8 10 12 
% P 2 0 5 

Figure 7. Si02 content vs. P,05 

content and unit cell dimension 
(a) vs. P205 content of P-A zeo

lite 

dimensions of a = 20.17 A a n d c = 10.03 A . A n alternate tetragonal ce l l 
w i t h a = 14 A was also consistent w i t h the x-ray data. A single crystal 
of phosphorus-free T y p e W zeolite was not avai lable for comparison. 
Based on p o w d e r data , zeol ite W has been indexed on a cub i c un i t ce l l 
w i t h a = 20 A b y D . W . B r e c k ( u n p u b l i s h e d results ) . Steinfink (14) 
reports a n orthorhombic un i t c e l l w i t h a = 9.96 A , b = 14.25 A , a n d 
c = 14.25 A for the m i n e r a l zeol ite ph i l l i ps i t e , a n d Sadanaga et al. ( 13 ) 
f ound a monoc l in i c uni t ce l l for the re lated m i n e r a l zeolite harmotome 
w h i c h deviates only s l ight ly f r om the or thorhombic ph i l l ips i t e ce l l . 
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Table V . Typical Unit Cell 

Phosphate Tetrahedra/ 
Zeolite Unit Cell U.C. 

P - L Hexagona l , 72 
a = 18.75, c = 15.03 c 

<^meas = 2.21 

P - W Tetragona l , 64 d 

a = 20.17, c = 10.03 d 

P - G } R h o m b o h e d r a l , 12 
a = 9.44, α = 94°28' 

(chabazite) 
P - R 

P - C C u b i c , α = 13.73 48 
dmeas = 2.30 ± 0.02 

P - B Tet ragona l , 6 a = 10.1 16 
c = 9.8 

P - A C u b i c , a = 12.24 (pseudo cell) 24 
Corneas = = 2.11 

° Calculated from wet chemical analysis for zeolites shown in Table VII except for 
zeolite P-C, where the average of wet chemical and microprobe analyses (3) was used. 
All calculations were normalized to the appropriate number of tetrahedra/unit cell. Unit 
cell dimensions are in A, and densities in grams/cc at 25°C. 

T h e cub i c uni t c e l l constants, a, of a n u m b e r of P - A zeolites were 
determined over a range of phosphorus content (0 to 10 w t % P 2 O 5 ) . 

T h e un i t ce l l d imens ion decreases w i t h increase i n phosphorus content 
( T a b l e I V , F i g u r e 7 ) . T h i s reduct ion i n uni t c e l l constant is consistent 
w i t h the subst itut ion of phosphorus i n the zeol ite f ramework b y the 
mechanism discussed later, a n d is at tr ibuted to the smaller tetrahedral 
Ρ — Ο b o n d distance of 1.54 A , compared to the tetrahedral Si—Ο b o n d 
distance of 1.61 A a n d A l — Ο b o n d distance of 1.75 A . U n i t ce l l c om
positions for P - A zeolites ca lculated on the basis of the pseudo cub i c un i t 
ce l l of T y p e A zeolite, a — 1 2 A , are i n c l u d e d i n T a b l e V . M e a s u r e d den
sities for the sod ium forms a n d ca lc ium-exchanged forms of zeolite A a n d 
zeolite P - A are g iven i n T a b l e V I . 

T y p i c a l chemica l composit ions of the phosphate zeolites are f o u n d 
i n T a b l e V I I . T h e phosphorus content of the zeolites m a y be v a r i e d b y 
use of suitable reactant ge l compositions to give the desired phosphorus 
substitution. S ingle -crysta l electron microprobe analysis was employed 
to ver i fy the P 2 0 5 content of several of the phosphate zeolites where crys
tals of sufficient size were avai lable . T h e electron microprobe analyses 
were carr ied out b y J . V . S m i t h a n d C . R. K n o w l e s at the U n i v e r s i t y of 
C h i c a g o ( u n p u b l i s h e d results ). A comparison of the electron microprobe 
results of S m i t h a n d K n o w l e s a n d the wet chemica l analyses of the b u l k 
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Compositions for Phosphate Zeolites" 

Charge 

COT)> position Deficiency* 

K 2 2.9[(A10 2)33.i(Si0 2) 2 6.3(P02)i2.6] · 42 H 2 0 -2.6 

K 1 6 . 6 [ ( A l O 2 ) 2 8 . 8 ( S i O 2 ) 2 4 . B ( P O 2 ) 1 0 . 7 ] · 55 H 2 0 + 2 . 5 

/K 3 . o [ (A10 2 ) 5 . 6 (S i0 2 )4 .3 (P0 2 ) 2 . o ] · 10.7 H 2 0 +0 .6 

(Na 4 .4 [ (A10 2 ) 5 .6 (S i0 2 )4 .5 (P0 2 ) 2 . o ] · 10.9 H 2 0 - 0 . 9 

Na 1 5 . 3Cao . 6 [ (A10 2 ) 2 . 3o (S i0 2 ) 1 8 . 2 (P0 2 ) 6 . 7 ] · 18.6 H 2 0 - 0 . 2 

Na 4 . 7 [ (A10 2 )7 .9 (S i0 2 ) 4 . 3 (P0 2 ) 3 . 8 ] · 10.4 H 2 0 - 0 . 6 

Nau.s [ (A10 a )u . i (BiOi ) . .7 (PO a ) , . e ] O H 2 . 8 · 24.8 H 2 0 0 

b The charge deficiency values listed represent the additional charge required to 
balance the unit cell charge. Although the presence of O H ~ and H3O2"" groups are 
postulated in some cases in the substitution mechanism, their assignment to balance 
charge seems arbitrary except in the case of P-A zeolite (see discussion). Also, the 
values of charge deficiency in most cases are well within the errors in analysis. 

c Cell determined from single-crystal electron diffraction studies on P - L . 
d Unit cell from single-crystal x-ray precession studies; tetrahedra/U.C. chosen on 

the basis of the tetrahedra density in the related harmotome-phillipsite structures. 
The density was not determined. 

e Tetragonal cell that of Taylor and Roy (15) for related Pt zeolite. 

Table VI . Density of Hydrated N a and C a e x Forms of P - A Zeolites 
Compared with Hydrated N a A and C a e x A Zeolites 

Measured Density" 
25°C, Grams/Cms 

N a form of P - A zeolite (8.7 wt % P 2 0 5 ) 2.112 ± 0.005 
N a A zeolite 2.047 ± 0.005 
C a e x f orm of P - A zeolite (8.6 wt % P 2 0 5 ) 2.129 ± 0.005 
C a e x A zeolite 2.078 ± 0.005 

0 Measured by water displacement. 

samples is g iven i n T a b l e V I I I . T h e good agreement between single-
crystal analysis (mic roprobe ) a n d b u l k chemica l analysis supports the 
proposed f ramework subst i tut ion of phosphorus. 

T h e phosphate zeolites can be ion-exchanged b y use of the usua l 
methods employed for a luminosi l i cate zeolites. T h e cat ion composi t ion 
of some cat ion-exchanged phosphorus-subst i tuted zeolites is g iven i n 
T a b l e I X . Essent ia l ly complete exchange ( > 9 0 % ) of the cat ion content 
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Table VII. Typical Chemical Compositions 

Chemical Analysis, Wt % 

Zeolite Na20 K20 AWz Si02 P 2 0 5 H20 

P - C 12.7 — 32.3 21.2 22.0 11.8 
P - W - 13.7 27.7 28.3 14.3 14.6 
P - G - 13.9 27.9 25.3 14.1 18.8 
P - R 13.2 - 25.8 29.1 12.5 18.8 
P - A 16.3 - 26.7 26.8 9.1 20.4 
P - L 17.8 27.8 25.9 14.8 12.4 
P - B 11.1 - 31.2 18.1 22.6 17.2 

Table VIII. Single-Crystal Electron Microprobe Analysis of 
Phosphorus-Substituted Zeolites 

Wet Chemical Analysis Electron Probe Analysis 
(Composite Sample), (Single-Crystal), 

Zeolite Wt % P2Ob Wt % P20{ 

P - C 22.0 19.5 
P - W 19.8 21.7 
P - G 14.1 15.7 
P - B 15.6 16.1 

was demonstrated for zeolites P - W , P - G , P - R , P - A , P - L , and P - B , w i t h at 
least one of the exchanging cations studied . 

T h e characterist ic adsorpt ion capacities of phosphorus-subst i tuted 
zeolites a n d their ion-exchanged analogues are g iven i n T a b l e X . T h e 
adsorpt ion properties of the phosphate zeolites i n most cases do not differ 
s ignif icantly f r om those of phosphorus-free zeolites. Zeol ite P - C exhibits 
small -pore ( < 3 A ) a n d l ow-capac i ty ( 1 - 4 wt % H 2 0 ) adsorption char
acteristics, as do phosphorus-free analc ime structures. Zeol ite P - W and 
its Na + - exchanged f o rm have an apparent adsorpt ion pore size of about 
3.8 A , w h i c h is s l ight ly larger than that of phosphorus-free zeolite W 
(.—3 A ) , a n d are thermal ly stable to act ivat ion at 350°C i n vacuum. 
Ca l c i u m -ex ch an ged P - W zeolite lost about 7 5 % of its x-ray crysta l l in i ty 
after act ivat ion at 350°C i n v a c u u m . 

Zeolite P - R a n d its C a 2 + - a n d N H 4
+ - e x c h a n g e d forms have a n appar 

ent adsorpt ion pore size of about 3.8 A . T h e K + - e x c h a n g e d f o rm of P - R 
zeol ite does not adsorb oxygen a n d has an apparent pore size of <3 .5 A . 
Cons iderab le loss of crysta l l in i ty was observed for zeolite P - R a n d its 
ion-exchanged forms w h e n act ivated above 200 ° C i n v a c u u m , w i t h the 
most severe degradat ion occur ing w i t h the N H 4

+ - e x c h a n g e d mater ia l . 
Zeol i te P - G a n d its N a + - a n d C a 2 + - e x c h a n g e d forms are thermal ly stable 
to act ivat ion at 350°C i n v a c u u m ; the N H 4

+ - e x c h a n g e d f o rm is not stable 
above 200°C. Zeol i te P - G a n d Na + - exchanged P - G have an apparent pore 
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6. F L A N i G E N A N D G R O S E Phosphorus Substitution 89 

of Phosphorus-Substituted Zeolites 

Oxide Composition, Mole 

Na20 K20 AW* Si02 P 2 0 5 H20 

0.65 — 1.00 1.11 0.49 2.07 
- 0.54 1.00 1.73 0.37 2.98 
- 0.54 1.00 1.54 0.36 3.80 

0.84 - 1.00 1.92 0.35 4.13 
1.00 - 1.00 1.71 0.24 4.32 
- 0.69 1.00 1.59 0.38 2.53 

0.58 - 1.00 0.99 0.52 3.12 

Table IX. 

Zeolite 

Cation Composition of some Cation Exchanged 
Phosphorus-Substituted Zeolites" 

Initial Cation, 
Wt% 

P - W 
N a + - e x c h a n g e d 
C a 2 + - e x c h a n g e d 

P - G 
N a + - e x c h a n g e d 
C a 2 + - e x c h a n g e d 

P - R 
K+-exehanged 
N H + 4 - e x c h a n g e d 
C a 2 + - e x c h a n g e d 

P - A 
K + - e x c h a n g e d 
C a 2 + - e x c h a n g e d 

P - L 
Na+-exchanged 
N H 4

+ - e x c h a n g e d 
Ca 2 +-exchanged 
L a 3 + - e x c h a n g e d 

P - B 
K + - e x c h a n g e d 

K20 

13.7 
1.3 
2.2 

13.9 
0.5 
0.7 

17.8 
10.9 

3.2 
10.5 
14.5 

. Exchange Cation, 
Na20 Wt % % Exchange* 

13.2 
0.8 
0.4 
0.8 

15.1 
0.8 
1.7 

12.1 
0.1 

8.0 N a 2 0 
7.6 C a O 

7.6 N a 2 0 
8.1 C a O 

18.2 K 2 0 
9.6 ( N H 4 ) 2 0 

11.5 C a O 

20.2 K 2 0 
12.8 C a O 

4.7 N a 2 0 
8.9 ( N H 4 ) 2 0 
4.5 C a O 
2.9 L a 2 0 3 

18.4 K 2 0 

88 
93 

83 
99 

91 
87 
96 

88 
93 

40 
90 
42 

5 

100 
a Phosphate zeolites were treated with concentrated chloride solutions of the ex

change ion at 25°-90°C for 4-24 hours. 
6 % Exchange = equivalents of exchange cation/equivalents of initial cation X 100. 

size of about 3.8 A . Na + - exchanged P - G zeolite exhibits a l ower capacity 
for C 0 2 , 0 2 , a n d N 2 than w o u l d be expected for a smal l cat ion f o rm 
(0.95 A ion ic radius for N a + vs. 1.33 A for K + ) . T h i s m a y be caused b y 
a shift i n cation posi t ion near the pores. C a 2 + - e x c h a n g e d P - G exhibits 
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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 1 

Table X . Characteristic Adsorption Capacities 

Adsorbate = H20 
Kinetic Diameter, A = 2.7 
Pressure, Torr = 20 

Zeolite Temperature, °C = 25 

C 1.3 
P - C 4.4 

w 14.0 
P - W 19.1 
Na+-exchanged 23.1 
C a 2 + - e x c h a n g e d 10.6 

R 22.4 
P - R 19.0 
C a 2 + - e x c h a n g e d 11.1 
NH 4 +-exchanged 0.8 
K+-exchanged 18.0 

G 21.1 
P - G 23.3 
Na+-exchanged 26.1 
C a 2 + - e x c h a n g e d 26.2 
NH 4 +-exchanged 5.7 

A 28.5 
P - A 26.7 
K+-exchanged 20.7 
Ca 2 +-exhanged 27.8 

L 20.5 
P - L 14.4 
N a + - e x c h a n g e d 15.9 
NH 4 +-exchanged 14.8 
Ca 2 +-exchanged 16.4 
L a 3 + - e x c h a n g e d 15.6 

Β 22.0 
P - B (P) -
K+-exchanged 4.1 

° Activation conditions: 350°C, ~ 10~5 torr, ~ 16 hours. 

the expected increase i n adsorpt ion capac i ty o w i n g to decrease i n cat ion 
density, a n d an increased pore size to ^ 4 . 3 A reflecting the smaller cat ion 
radius (0.9 A vs. 1.33 A ) . 

T h e phosphate analogues of T y p e A zeolite exhibi t adsorpt ion p r o p 
erties comparable w i t h the phosphorus-free T y p e A zeolite. T h e P - A ( N a ) 
zeolite has an apparent pore size of about 4 A , K + - e x c h a n g e d P - A zeolite 
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6. F L A N I G E N A N D G R O S E Phosphorus Substitution 91 

of Phosphorus-Substituted Zeolites0 

Grams/Gram Activated Zeolite X 100 

co2 o 2 N2 

3.3 346 3.64 4-3 
750 750 750 750 
25 -183 -196 25 

0 - - -

0.3 _ 

- 10.1 8.3 1.7 
- 9.9 9.6 1.3 
- 9.0 8.2 1.5 

19.7 22.7 _ 6.6 
11.6 6.6 - 0.8 

9.0 9.6 - 0.8 
- 0.2 - -

11.2 0 - 0 

16.1 0 0 0 
11.0 11.2 9.1 1.6 

9.6 9.8 8.8 1.8 
- 28.4 24.6 3.5 
- 4.0 - -

18.7 24.5 0.1 _ 

- 23.8 - — 
13.2 3.0 - — 
21.4 26.7 22.6 11.5 

— 21.4 _ — 

- 8.9 - -
- 5.3 - -
- 12.1 - — 
- 14.0 - -
- 11.6 - -
1.7 - - -
2.4 

iso-C4#io neopentane (CsH7)sN 
5.0 6.2 8.1 
750 750 2 
25 25 50 

1.8 - -
7.7 9.0 11.9 
3.3 2.0 2.2 
2.2 1.2 1.4 
1.7 0.6 0.6 
3.1 1.1 0.8 
1.7 0.4 1.2 

- - -

about a 3.4-A pore, a n d C a 2 + - e x c h a n g e d P - A zeol ite about a 5-A pore. 
These materials are stable to t h e r m a l act ivat ion at 350 ° C i n v a c u u m . 

T h e subst i tut ion of phosphorus i n the f ramework structure of T y p e L 
zeolite results i n reduced adsorpt ion capacity ( ^ 5 0 % ) a n d a reduct ion 
i n apparent pore size f rom about 10 to 6 -7 A . Na + - exchange of P - L zeo
l i te results i n a further reduct ion i n adsorption capac i ty except for water . 
Ca 2 + - exchange of P - L results i n an increased adsorpt ion capac i ty for H 2 0 
a n d 0 2 to about 9 0 % of that of phosphorus-free L zeolite, b u t reduces 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

00
6

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



92 M O L E C U L A R S I E V E Z E O L I T E S 1 

1400 1200 1000 800 600 400 200 
FREQUENCY (cm-l) 

Figure 8. Infrared spec
tra for the sodium forms of 
P-A zeolite (lower curve) 
and type A zeolite (upper 

curve) 

1400 1200 1000 800 600 
FREQUENCY (cm-l) 

Figure 9. Infrared spectra for 
the calcium-exchanged forms of 
P-A zeolite (lower curve) and 

type A zeolite (upper curve) 

Figure 10. Infrared spec
tra of P-L zeolite (upper 
curve) and type L zeolite 

(lower curve) 

Figure 11. Infrared spectra 
for P-B zeolite (upper curve) 
and type Β zeolite (lower 

curve) 

the capac i ty for large molecules such as neopentane. Zeol ite P - L a n d its 
N a - a n d Ca-exchanged forms are stable to thermal act ivat ion at 350°C. 
T h e N H 4

+ - e x c h a n g e d P - L is not stable to act ivat ion at 400 °C . 
Phosphorus-subst i tuted T y p e Β zeolite is not stable to thermal ac t iva 

t ion . Potass ium-exchanged P - B was act ivated at 350 ° C a n d exhib i ted 
smal l -pore ( < 3 A ) a n d low-capac i ty adsorpt ion properties. T h e ^ - e x 
changed mater ia l is crystal l ine after thermal act ivat ion but p o w d e r x-ray 
diffractograms indicate a shift of the lattice spacings. 

In frared spectra of the phosphate zeolites i n the m i d - i n f r a r e d region 
( 1300-200 c m " 1 ) also were used to characterize the f ramework composi -
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6. F L A N I G E N A N D G R O S E Phosphorus Substitution 93 

1400 1200 1000 800 600 400 200 
FREQUENCY (cm-1) 

Figure 12. Infrared spectra 
for P-R zeolite (upper curve) 
and type R zeolite (lower 

curve) 

1400 1200 1000 800 600 400 20C 
FREQUENCY (cm-l) 

Figure 13. Infrared spec
tra for P-G zeolite (upper 
curve) and type G zeolite 

(lower curve) 

1400 1200 1000 800 600 400 200 
FREQUENCY (cm-l) 

Figure 14. Infrared spec
tra for P-W zeolite (upper 
curve) and type W zeolite 

(lower curve) 

1400 1200 1000 800 600 400 200 
FREQUENCY (cm-1) 

Figure 15. Infrared spec
tra for P-C zeolite (upper 
curve) and type C zeolite 

(lower curve) 

t ion a n d establish proof of phosphorus subst itut ion. I n another paper i n 
this conference ( 5 ) , the use of in f rared spectroscopy to characterize zeo
l ite f rameworks is discussed. 

As po inted out there a n d elsewhere, some in frared vibrat ions are 
sensitive to the S i , A l f ramework composit ion. I n the case of stretch fre
quencies, subst i tut ion of A l for S i i n the f ramework causes a shift to 
l ower frequency o w i n g to the longer A l — Ο b o n d distance a n d decreased 
b o n d order compared w i t h S i — O . Subst i tut ion of phosphorus i n the zeo
l ite f ramework should show s imi lar changes, but because of the shorter 
tetrahedral Ρ — Ο b o n d distance (see above) the shift i n the m a i n asym
metr i c stretch b a n d near 1000 c m " 1 shou ld move t o w a r d h igher frequencies. 
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Table XI . Framework Compositions for Phosphorus 
Substitution Mechanisms 

Anhydrous Unit Cell Composition* 

M [(A102) (Si02) (PO2)) 0H-

P - C N a 
Zeolite C 16 16 32 - -

H y p o t h e t i c a l , A l " s a t u r a t e d " 24 24 24 - -
Zeolite P - C 14.3 23.3 15.9 8.8 -

H y p o t h e t i c a l , subst i tut ion 
rat io A 1 : P = 1:1, A l 
" s a t u r a t i o n " via 
M e c h a n i s m 1 16 24 16 8 -

Zeolite P - C 16.0 22.0 12.8 13.2 5.2 
H y p o t h e t i c a l , subst i tut ion 

rat io A 1 : P = 2:3, A l 
" s a t u r a t i o n " via 
M e c h a n i s m 1, excess 
Ρ via M e c h a n i s m 3 16 24 12 12 4 

P - W Κ 
Zeolite W 24 24 40 - -

H y p o t h e t i c a l , A l " s a t u r a t e d " 32 32 32 - -
Zeolite P - W 16.8 30.4 18.8 14.8 -

H y p o t h e t i c a l , A l " s a t u r a t i o n " 
via M e c h a n i s m 1, excess 
Ρ via M e c h a n i s m 2 20 32 20 12 -

Zeolite P - W 15.2 28.4 24.8 10.8 -
H y p o t h e t i c a l , M e c h a n i s m 1 

but not to A l " s a t u r a t i o n " , 
excess Ρ via M e c h a n i s m 2 16 28 24 12 — 

P - R N a 
Zeolite R 4.5 4.5 7.5 - -

H y p o t h e t i c a l , A l " s a t u r a t e d " 6 6 6 - -
Zeolite P - R 4.5 5.5 4.6 1.9 -

H y p o t h e t i c a l , A l " s a t u r a t i o n " 
via M e c h a n i s m 1 4 6 4 2 -

Zeolite P - R 4.1 5.5 4.2 2.3 -
H y p o t h e t i c a l , M e c h a n i s m 1, 

and M e c h a n i s m 3 4.5 5.5 4.5 2.0 1.0 

P - G Κ 
Zeolite G 3.5 3.5 8.5 - -

H y p o t h e t i c a l , A l " s a t u r a t e d " 6 6 6 - -
Zeolite P - G 3.0 5.6 4.3 2.1 -

H y p o t h e t i c a l , A l " s a t u r a t i o n " 
via M e c h a n i s m 1 4 6 4 2 -
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6. F L A N i G E N A N D G R O S E Phosphorus Substitution 95 

Table XI . Continued 

Anhydrous Unit Cell Composition0, 

M [{Am (SiOi) ( P 0 2 ) ] 0H-

P - A N a 
Zeolite A 12 12 12 - -
Zeolite P - A 10.9 11.1 10.8 2.1 2.1 
Zeolite P - A 11.5 11.5 9.7 2.8 2.8 

H y p o t h e t i c a l , M e c h a n i s m 3 12 12 10 2 2 
12 12 9 3 3 

P - L Κ 
Zeolite L 18 18 54 - -

H y p o t h e t i c a l , A l " s a t u r a t e d " 36 36 36 - -
Zeolite P - L 22.9 33.1 26.3 12.6 -

H y p o t h e t i c a l , M e c h a n i s m 1 18 30 30 12 -
P - B N a 
Zeolite Β 6 6 10 - -

H y p o t h e t i c a l , A l " s a t u r a t e d " 8 8 8 - -
Zeolite P - B 4.7 7.9 4.3 3.8 -

H y p o t h e t i c a l , A l " s a t u r a t i o n " 
via M e c h a n i s m 1, excess 
Ρ via M e c h a n i s m 2 4.5 8.0 4.5 3.5 -

° Unit cell compositions for the phosphate zeolites were calculated from wet chemical 
analysis; the unit cells for the aluminosilicate zeolites are typical. Unit cells used are 
those shown in Table V ; M represents exchangeable cation. The hypothetical cells 
were calculated on the basis of the substitution mechanisms proposed (see discussion 
section). 

T h e in f rared spectra of the phosphate zeolites are shown i n F igures 
8 to 15, a long w i t h the ir phosphorus-free synthetic zeol ite analogues. 
C o m p a r i s o n of the spectra of the phosphate zeolites w i t h those of the 
phosphorus-free analogues shows increased absorpt ion i n the h igher fre
quency por t ion of the asymmetr ic stretch b a n d because of the presence 
of phosphate groups i n the f ramework. S i m i l a r l y , where the substitution 
of phosphorus is accompanied b y enr ichment of the f ramework w i t h 
a l u m i n u m (see T a b l e V I I a n d discussion sect ion) , an increase i n absorp
t ion i n the lower frequency por t ion of the asymmetr ic stretch is observed. 
Differences caused b y phosphorus subst i tut ion also are observed i n other 
bands i n the spectra. 

Discussion 

T h e proposed mechanisms of phosphorus subst i tut ion i n zeolites are: 

(1 ) ( A 1 0 2 ) - + ( P 0 2 ) + = 2 ( S i 0 2 ) 
(2 ) ( P 0 2 ) + = ( K + ) N a + + ( S i 0 2 ) 
(3 ) ( P 0 2 ) + + ( O H ) - = ( S i 0 2 ) 
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96 M O L E C U L A R S I E V E Z E O L I T E S 1 

(4 ) ( P 0 2 ) + + ( H 3 0 2 ) " = 2 ( S i 0 2 ) 
(5 ) ( P 0 2 ) + + ( O H ) - = ( K + ) N a + + ( A 1 0 2 ) -

I n most experiments, the synthesis of phosphate zeolites has taken 
p lace i n a l u m i n a - r i c h gels so that some subst itut ion of a l u m i n a for s i l i ca 
[ ( A 1 0 2 ) " + N a + - » ( S i 0 2 ) ] is probable . M e c h a n i s m 1 is proposed to 
occur i n most of the phosphate zeolites through the format ion of a n 
a luminophosphate complex i n the reactant gel w h i c h requires the pres
ence of a reactive phosphate species such as phosphor ic ac id . T h i s re 
qu irement w o u l d expla in the fa i lure to synthesize phosphate zeolites 
f r om gels conta in ing a phosphate salt as the source of phosphorus. T h e 
c o m b i n e d effects of a l u m i n a subst i tut ion for s i l i ca a n d the increase i n 
a l u m i n a content o w i n g to the " A 1 P 0 4 " subst i tut ion results i n a l u m i n a -
rich zeolites w h i c h m a y have the inherent t h e r m a l instabi l i ty observed 
i n m a n y l o w S i 0 2 / A l 2 0 3 rat io zeolites. T h i s m a y expla in , at least i n part , 
the poor t h e r m a l s tabi l i ty of phosphorus-subst i tuted P - R a n d the N H 4

+ -
exchanged forms of P - G a n d P - L zeolite. 

T y p i c a l un i t ce l l compositions for the phosphate zeolites are g iven 
i n T a b l e V . Compos i t ions for hypothet i ca l phosphate zeolite f rameworks 
ca lcu lated on the basis of the subst itut ion reactions above are compared 
i n T a b l e X I w i t h the un i t c e l l compositions for the phosphate zeolites 
( ca l cu la ted f r om chemica l analys is ) . T h e subst i tut ion mechanism as
s igned to each phosphate zeolite species b e l o w can be understood best 
b y re ferr ing to T a b l e X I . 

M o r e than one mechanism m a y introduce phosphorus into the f rame
w o r k of most of the phosphate zeolites. Analys i s of P - C zeolite indicates 
that ( P 0 2 ) + a n d ( A 1 0 2 ) " s imultaneously substitute for ( S i 0 2 ) ( M e c h a 
n i s m 1) a n d neutral ize each other u n t i l the analc ime type f ramework is 
saturated w i t h respect to ( A 1 0 2 ) " i n observance of the accepted struc
ture ru le that 2 a l u m i n a tetrahedra cannot be adjacent i n a zeolite f rame
work. I n some cases, however , the ( P 0 2 ) + substitution exceeds this 
( A 1 0 2 ) : ( P 0 2 ) rat io , a n d the ( P 0 2 ) + must be ba lanced b y ( O H ) " 
( M e c h a n i s m 3 ) . T h e presence of ( O H ) " groups postulated i n M e c h a 
n i s m 3 is based o n charge ba lanc ing considerations a n d has not been 
veri f ied experimental ly . T h e role of the ( O H ) " i o n w o u l d be analogous 
to the extra- framework cations ba lanc ing the charge of f ramework (A10 2 )~ 
groups i n a luminos i l i cate zeolites. E v i d e n c e of s tructural h y d r o x y l groups 
i n zeolites is w e l l established. 

Tet rahedra of ( P 0 2 ) + a n d ( A 1 0 2 ) " substitute for ( S i 0 2 ) ( M e c h a 
n i s m 1) i n zeol ite P - W w i t h the degree of ( P 0 2 ) + subst itut ion greater 
than that of the ( A 1 0 2 ) " subst itut ion, resul t ing i n neutra l izat ion of n o r m a l 
( A 1 0 2 ) ' i n the f ramework b y ( P 0 2 ) + rather than K + ( M e c h a n i s m 2 ). T h e 
decreased cat ion density is evident i n the i m p r o v e d adsorpt ion capacities. 
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zeolite W indicates a 3 6 % increase i n H 2 0 capaci ty for the phosphate 
analogue a n d an increase i n pore size sufficient to show significant a d 
sorpt ion of oxygen. 

Simultaneous subst i tut ion of ( P 0 2 ) + a n d ( A 1 0 2 ) ~ ( M e c h a n i s m 1) 
occurs i n P - R zeol ite u n t i l the f ramework is almost saturated w i t h ( A 1 0 2 ) ~ . 
T h e add i t i ona l ( P 0 2 ) + subst ituted for ( S i 0 2 ) is neutra l i zed then b y 
( O H ) ~ ( M e c h a n i s m 3 ) . Phosphorus subst i tut ion i n P - G zeolite also oc
curs b y M e c h a n i s m 1. T h e analyses of some P - G zeolite samples indicate 
a s l ight excess of ( P 0 2 ) + over that ba lanced b y ( A 1 0 2 ) " a n d a deficiency 
of K + ; this suggests the poss ib i l i ty of ( P 0 2 ) + r ep lac ing K + + ( S i 0 2 ) , as i n 
M e c h a n i s m 2. 

T h e uni t ce l l of T y p e A zeolite is saturated w i t h respect to ( A 1 0 2 ) " 
since it has a S i / A l near 1. T h e coup led ( A 1 0 2 ) - ( P 0 2 ) subst itut ion 
( M e c h a n i s m 1 ) therefore s h o u l d not occur i n P - A zeolite. T h e subst i tu
t ion is expla ined b y M e c h a n i s m 3, where the ( P 0 2 ) + is neutra l i zed b y 
( O H ) ~ . T h e analyses of P - A zeolites tend to show sl ight deficiency i n 
( A 1 0 2 ) ~ a n d N a + i on , i n d i c a t i n g some ( P 0 2 ) + or ( S i 0 2 ) subst itut ion for 
( A 1 0 2 ) ~ + N a + [ ( P 0 2 ) + b y M e c h a n i s m 5 ] . T h e lack of significant change 

i n a l u m i n a content a n d cat ion density provides the P - A zeol ite w i t h 
s imi lar adsorpt ion a n d stabi l i ty characteristics, as observed i n the phos
phorus-free T y p e A zeolite. 

T h e coupled subst i tut ion of ( P 0 2 ) + a n d ( A 1 0 2 ) " for 2 ( S i 0 2 ) ( M e c h 
an ism 1) appears to be the predominant subst i tut ion mechanism i n P - L 
a n d P - B zeolites. I n both cases, add i t i ona l phosphorus subst itut ion ap 
pears to occur b y M e c h a n i s m 2. 

M e c h a n i s m 4, ( P 0 2 ) + - f ( H 3 0 2 ) " -> 2 ( S i 0 2 ) , has not been identi f ied 
w i t h any specific zeol ite because of the dif f iculty i n p r o v i n g the existence 
of a tetrahedral configuration such as ( H 3 0 2 ) ~ . T h i s tetrahedral un i t has 
been proposed as o c cupy ing tetrahedral sites i n the structure of viseite 
a n d kehoeite, the m i n e r a l phosphate analogues of analc ime (10, 11). 
M e c h a n i s m 5 is a possible means of subst itut ion u t i l i z i n g the replacement 
of a l u m i n a rather than s i l i ca , bu t is not probable because of the excess 
a l u m i n a (or s i l i ca def ic iency) contained i n the reactant compositions 
descr ibed here. 

T h e shifts a n d changes i n in f rared spectra for the phosphate zeolites 
compared w i t h their re lated phosphorus-free analogues are i n agreement 
w i t h the above proposed substitution mechanisms. 

I n conclusion, w e propose that the properties a n d characteristics of 
the phosphate zeolites presented, i n c l u d i n g s ingle-crystal microprobe 
analysis, in f rared spectra, zeolite f ramework stoichiometry, a n d un i t ce l l 
data, establishes b e y o n d doubt the substitution of phosphorus i n zeolite 
f rameworks . 
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D i s c u s s i o n 

W . M. Meier ( Eidgenossische Technische Hochschule, Zurich ) : Work 
done by Liebau and coworkers on silicon phosphates (Z. Anorg. Allgem. 
Chem. 1968, 359, 113) should perhaps be mentioned here. At least five 
different crystalline phases of composition S iP 2 0 7 have been synthesized 
by these investigators using reaction mixtures containing silica gel and 
phosphoric acid at temperatures ranging from 250°C upwards and auto
genous pressures. The crystalline products thus obtained are quite re
markable since the silicon was shown to be octahedrally coordinated 
(Acta Cryst. 1970, 26, 233). 

H . Villiger (Martinswerk GmbH, West Germany): 1) The cell con
stant of P -A is given in Table V as a = 12.24 Â (pseudo cell). Are 
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6. F L A N I G E N A N D G R O S E Phosphorus Substitution 99 

there any extra l ines v is ib le w h i c h w o u l d indicate the presence of a 
larger cell? T a b l e I I I does not contain such lines. I w o u l d l ike to k n o w i n 
part i cu lar whether the l ine 531 (d « 4.05 Â, a » 24.5 Â ) is c lear ly 
absent, a state of affairs w h i c h might po int to a d isordered d i s t r ibut ion 
of S i a n d A l caused b y phosphorus substitution. 

2) T h e un i t c e l l d imens ion of P - L (α-direction) is compat ib le 
w i t h the h i g h a l u m i n a content observed. H o w e v e r , there is a drast ic drop 
i n adsorpt ion capacity w h i c h I bel ieve is o w i n g to occ lusion of phosphate. 
D o y o u th ink that the larger number of cations explains the l ower sorption 
capacity? 

Ε. M . Flanigen: 1) W e d i d not observe any extra lines i n P—A zeolite 
compared w i t h N a A zeolite. T h e major difference i n x-ray is the decrease 
i n un i t ce l l d imens ion w i t h increas ing phosphorus content i n P - A . T h e 
[531] superstructure reflection is observed as a weak shoulder i n P - A 
zeolites a n d i n N a A zeol ite (d « 4.13 Â, not l isted i n T a b l e I I I ) . 

2 ) O n e of the m a i n problems here is the simultaneous subst i tut ion 
of A l w i t h P . I t is difficult to separate the changes i n properties expected 
w i t h increased A l content f r om those o w i n g to phosphorus subst itut ion. 
T h e establishment of proof of f ramework subst i tut ion is very diff icult a n d 
cannot be based on one single property such as adsorption. W e have 
t r ied to consider careful ly a l l of the interrelated complex effects a n d 
properties a n d characterize the phosphate zeolites b y as m a n y techniques 
as possible before propos ing phosphorus f ramework substitution. W e 
are conv inced that the on ly explanat ion for a l l of the observed properties 
a n d characteristics is f ramework incorporat ion of phosphorus. T h e re 
d u c e d adsorpt ion capac i ty a n d pore size of the P - L zeolite m a y be re lated 
to cat ion content since w e report that cat ion exchange alters the adsorp
t i on properties. 

W i t h respect to the structure of P - L , J . M . Bennett has done some 
i n i t i a l electron di f fraction w o r k f rom w h i c h the uni t ce l l data g iven i n 
the paper were taken. 

J . M . Bennett ( 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) : 
There are differences between the space group of L a n d P - L . I n P - L , 
the c d imens ion is d o u b l e d b y electron di f fract ion, a n d systematic ab
sences show the presence of two c g l ide planes. 

G . H . Kiihl ( M o b i l Research a n d Deve l opment C o r p . , Paulsboro , 
N . J . 08066) : Y o u postulate O H " along w i t h N a + . I n w h a t w a y is this 
different f r om oc c luded N a O H ? 

Ε. M . Flanigen: I f b y o c c luded N a O H , y o u mean N a O H molecules 
w h i c h are extraneous to the zeol ite structure, w e propose that the N a i o n 
is not d i rec t ly associated w i t h the h y d r o x y l i on , b u t that each serves as a 
f ramework charge-compensating moiety , the N a + charge compensat ing 
for A 1 0 2 " tetrahedra, a n d the O H " for P 0 2

+ tetrahedra. 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

00
6

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



100 M O L E C U L A R S I E V E Z E O L I T E S 1 

R. M . Barrer ( I m p e r i a l Co l lege , L o n d o n S W 7 , E n g l a n d ) : 1) Barrer 
a n d M a r s h a l l (/. Chem. Soc. 1965, 6616) , w o r k i n g under apparent ly 
s imi lar condit ions of temperature , obta ined aluminophosphates a n d a l u -
minosi l icates f r o m the system B a s e - A l 2 0 3 - P 2 0 5 - S i 0 2 - H 2 0 , often as 
co-precipitates of crystals. C a n y o u c lar i fy the differences i n the c rys ta l l i 
zations a n d / o r the exper imental condit ions w h i c h c o u l d y i e l d these 
different results? 

2 ) O n the quest ion h o w m u c h of the phosphate was i n the frame
w o r k a n d h o w m u c h was mere ly intercalated, it is to be observed that 
i n the t ight analc ite f ramework, there is no room for intercalat ion . H o w 
ever, analcite is a lready k n o w n to have a modi f i cat ion w i t h (presumably ) 
f ramework phosphorus, w h i c h is viseite. Therefore , have y o u made any 
other t ight network zeolite (poss ib ly natro l i te ) w h i c h contains phos
phorus? T h i s c o u l d shed considerable l ight on the site of the phosphorus. 

Ε. M . Flanigen: 1) W e can only attr ibute differences i n the results 
of B a r r e r a n d M a r s h a l l a n d those reported here to var ia t i on i n the method 
of p repar ing the ge l network, a n d i n some cases perhaps to different 
crysta l l i zat ion temperatures. W e bel ieve the c r i t i c a l po int i n ach iev ing 
f ramework subst itut ion is incorporat ion of a l l of the phosphate i n the 
inso luble gel network, rather than i n a soluble phosphate form. T h i s is 
contro l led b y the exact method of coprec ip i tat ion a n d gelation. 

2 ) N o , w e have not. 
D . E . W . Vaughan ( W . R . G r a c e a n d C o . , C l a r k s v i l l e , M d . 21029) : 

A l t h o u g h the data conv inc ing ly demonstrate Ρ subst i tut ion i n the zeolite 
f rameworks , substant ial occ lus ion of phosphate is also evident on the 
basis of the stoichiometry presented i n the tables (i.e., A 1 2 0 3 - P 2 0 5 

N a 2 0 ) . T h e sorpt ion data for A w o u l d seem to indicate such occ lusion 
reflected i n reduced sorpt ion capaci ty , c ompared w i t h zeol ite W where 
the expected enhanced capac i ty is observed, ref lecting lower cat ion con
tent of the zeolite. 

Ε. M . Flanigen: Since different mechanisms have been proposed for 
phosphorus subst i tut ion, the sto ichiometry of subst i tut ion cannot be gen
era l i zed but w o u l d have to be discussed for each phosphate zeolite 
species. H o w e v e r , i t is not correct to assume that f ramework subst i tut ion 
imposes a stoichiometric requirement of A 1 2 0 3 - P 2 0 5 = N a 2 0 . I n a d d i 
t ion , the proposed phosphorus subst i tut ion is based not only on sto ichi 
ometry but on a combinat i on of at least several other characteristics. I n 
the case of phosphate zeolites conta in ing 15 to 23 w t % P 2 0 5 , cons ider ing 
your suggestion that a substantial por t i on of that is occ luded , the changes 
expected i n the properties i n m a n y cases w o u l d be greater t h a n any 
changes observed or reported. 

I n the case of P—A zeolite, a l though some reduct ion i n adsorpt ion 
capac i ty is observed i n the case of some cat ion forms of P - A a n d w i t h 
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6. F L A N I G E N A N D G R O S E Phosphorus Substitution 101 

some adsorbates, i n the case of Ca -exchanged P - A , no reduct i on was 
observed. It does not seem l i k e l y that Ca-exchange shou ld remove oc
c l u d e d mater ia l , a n d indeed , chemica l analysis showed no change i n 
f ramework composi t ion before a n d after exchange. 

L. Moscou ( K e t j e n N . V . , A m s t e r d a m , N e t h e r l a n d s ) : I w o n d e r 
whether the accuracy of the microprobe analysis y o u ment ioned is good 
enough to be able to study homogeneity i n composi t ion over separate 
crystals. 

Ε. M . Flanigen: Since the electron microprobe analyses were carr ied 
out b y J. V . S m i t h a n d C . R. K n o w l e s , I wonder i f Professor S m i t h w o u l d 
comment. 

J . V . Smith ( U n i v e r s i t y of C h i c a g o , Ch i cago , 111. 60637) : T h e repro 
d u c i b i l i t y of the instrument is 1 or 2 % , but because it is a zeolite, y o u 
have to use something l ike a 10- to 20-μ beam, w i t h crystals of the order 
of 50 to 100 μ; therefore, y o u cannot take m a n y points across a crystal . 
A l t h o u g h the ana ly t i ca l r e p r o d u c i b i l i t y c i t ed applies to any crysta l a n d 
between crystals, y o u cannot prove to a l-μ l eve l that there is not a 
var iat ion i n phosphorus content. 
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Process of Zeolite Formation in 
the System Na 2 O-Al 2 O 3 -SiO 2 -H 2 O 

F R I E D R I C H Ε. SCHWOCHOW and G E R H A R D W. HEINZE 

Farbenfabriken Bayer A G , Leverkusen, West Germany 

This paper is aimed at clarification of the change of concen
tration with time in the liquid phase before crystallization 
starts. To find optimum conditions for the commercial pro
duction of pure zeolites of the types A and faujasite, the 
reaction of fine-particle amorphous silica with sodium alu-
minate solution was studied at 20°, 40°, and 75°C. The 
liquid phase separated by filtration nucleates the zeolite 
types A, sodalite, phillipsite, and faujasite, depending on 
stirring time before liquid-solid separation. Quite similar 
conditions are observed in precipitated sodium alumino-
silicate gels and mother liquor. 

Tnterest in understanding the reaction mechanism of the formation of 
synthetic zeolites grows with their technical importance. The experi

ence gathered for the hydrothermal synthesis of defined zeolites remains 
restricted to a specific case, until an understanding of the mechanism 
can be presented. The type of the crystallizing zeolite is predetermined 
not only by the concentrations of the reaction partners, but also by addi
tional factors—Si0 2 source, precipitation step, digestion of the gels. Ac 
cording to Zhdanov (5), it first is necessary, in order to understand the 
synthesis, to replace the customary over-all ratios of the reactants by 
separate concentration data for the 2 phases in the heterogeneous system. 
Experiments in the system precipitated sodium aluminosilicate gels-
mother liquor make it probable that the lattice type of the crystallizing 
zeolite is predetermined mainly by the composition of the l iquid phase. 
The importance of the l iquid phase is emphasized also by Kerr ( 2 ) using 
zeolite A crystallization as an example. Our investigations refer to the 
time-dependent concentration change in the 2 phases before crystalliza-

102 
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7. S C H W O C H O W A N D H E I N Z E Process of Formation 103 

t i on starts a n d to zeolite format ion i n the mother l iquors separated f r om 
the respective so l id phases. 

Experimental 

F o r our experiments, w e selected the 2 f o l l o w i n g S i 0 2 sources: amor
phous prec ip i tated s i l i ca (specific surface area : 200 m 2 / g r a m accord ing 
to B E T ) a n d technica l water glass so lut ion, of density 1.33 g r a m s / m l , 
conta in ing 1.7 moles of N a 2 0 / 1 a n d 5.78 moles of S i 0 2 / 1 . S o d i u m a l u -
minate , 1.36 g r a m s / m l , was used as a solut ion containing 3.4 moles of 
N a 2 0 / 1 a n d 2.0 moles of A l 2 0 3 / 1 . T h e separation of s o l i d - l i q u i d phases 
was effected via filter paper (Schle icher & S c h u l l N o . 589) . 

W i t h i n the separated l i q u i d phases, S i 0 2 a n d A 1 2 0 3 were ana lyzed 
accord ing to conventional c h e m i c a l methods. N a 2 0 was determined b y 
flame photometry. C r y s t a l l i n e react ion products were identi f ied b y 
Debye-Scherrer d iagrams; the composi t ion of the mixtures was deter
m i n e d b y comparison w i t h diagrams of test samples. 

Table I. System Amorphous Silica—Sodium Aluminate 

Conditions Prior to 
Separation of 

Liquid Phases 

Temp., Stirring 
°C Time, Hours Na20 

Composition* 
of Separated 

Liquid Phases, _ 
Mole Ratios, 

Al20: Si02 

Zeolite Crystallizing 
from Separated 
Liquid Phases 

Main 
Produce Impurities 

20 24 3.67: 1 : 0.04 Zeolite A N o 
a0 = 12.297A 

20 48 4.08: 1 : 0.06 Zeolite A N o 
aQ = 12.29iA 

20 72 6.01: 1 : 0.09 Zeolite A N o 
a0 = 12.30χΑ 

40 2 3.67: 1 : 0.06 Zeolite A 2% Sodal ite 
a0 = 12.30iA 

40 4 8.92: 1 : 0.22 Zeolite A 10% Sodal i te 
aa = 12.296A 

40 8 67.82: 1 :55.58 Fau jas i te 10% P h i l l i p -
site 

a0 = 25.02iA 3% Zeolite A 
40 16 50.00: 1 :74.17 -
75 2 57.59: 1 :79.13 Fau jas i te 

aQ = 24.779A 8% P h i l l i p -
site 

a The composition of the liquid phase depends on temperature and stirring time, 
as well as the corresponding zeolite type crystallizing from the separated liquid phases. 

6 aQ = unit cell constant. 
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104 MOLECULAR SIEVE ZEOLITES 1 

Concentration Change in the Liquid Phase 

F o r our investigations on sod ium-a lumin ium-s i l i ca te—water mixtures , 
w e have selected concentrat ion ratios i n w h i c h crysta l l i zat ion of faujasite 
is bas ica l ly possible. F i r s t , the react ion of amorphous prec ip i tated s i l i ca 
w i t h sod ium aluminate so lut ion was invest igated, the mo le ratios b e i n g 
S i 0 2 / A l 2 0 3 = 5, N a 2 0 / S i 0 2 = 0.6, a n d H 2 0 / N a 2 0 = 40 (based on the 
tota l b a t c h ) . I n this system, faujasite is obta ined i n h i g h p u r i t y after a 
f ew hours at 100°C. I f the react ion b a t c h is st irred at 20° , 40 ° , a n d 7 5 ° C 
a n d subsequently the so l id phase is separated f rom the l i q u i d phase by 
filtration, one ob ta ins—depend ing on temperature a n d st irr ing t ime be
fore the separation of phases—either sod ium a luminate solutions or so
d i u m sil icate solutions as the l i q u i d phase ( T a b l e I , F i g u r e 1 ) . These 
concentrat ion points are passed i n the l i q u i d phase d u r i n g the continuous 
course of the synthesis—for example, d u r i n g predigest ion a n d heating. 
W h i l e the S i 0 2 / A l 2 0 3 rat io i n the so l id phase decreases, the l i q u i d phase 
becomes poor i n A 1 2 0 3 content u n t i l there is pract i ca l ly no th ing left but 
sod ium hydrox ide solution. T h e solut ion then changes over f r o m the 
aluminate side to the sil icate side, w h i c h means that increasing quantit ies 
of S i 0 2 are be ing dissolved i n the sod ium hydrox ide solution. 

Zeolite Crystallization from the Separated Mother Liquors 

F r o m the l i q u i d phases present i n the amorphous S i 0 2 - s o d i u m a l u 
minate system, i t is possible to obta in crystal l ine zeolites w i thout the 

Nafi 

C s composition of 
the total batch 
(mole ratios) 
Si02/Al203 r 5 
Na20/Si02 =0.6 
H20/Nap =40 

Si02 

Figure 1. Concentration change in the liquid and solid phases 
dunng the course of zeolite synthesis 
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Na20 

Si02 

Al2°3 

Figure 2. Change of concentration with time and temperature 
in the 2 phases, using different Si02 sources 

simultaneous presence of the appropriate so l id phases. I f the respective 
l i q u i d phases separated f rom the ba t ch are heated to 8 5 ° C (24 h o u r s ) , 
the different zeolite types A , sodalite, faujasite, a n d ph i l l ips i te w i l l crys
ta l l ize , depending on temperature a n d st i rr ing t ime pr ior to the s o l i d -
l i q u i d separation. These experiments show conclusively that zeolite A 
a n d sodalite, w h i c h are poorer i n s i l i ca , are obta ined f rom the l i q u i d 
phase i f the solutions r emain on the a luminate side of the concentration 
d iagram. It is on ly after the changeover of the l i q u i d phase f rom the 
a luminate side to the sil icate side that faujasite or ph i l l ips i te , bo th r i cher 
i n s i l i ca , are obtained. T h e S i 0 2 content of the faujasite rises w i t h the 
S i 0 2 / N a 2 0 ratio i n the l i q u i d phase. 

Concentrations in the Liquid Phase for Different Si02 Sources 

O u r findings per ta in ing to the change of composit ion i n the l i q u i d 
phase w i t h t ime, as discussed i n the first section, are conf irmed i n essence 
w i t h i n react ion mixtures w h i c h cause the format ion of faujasites poor i n 
s i l i ca—smal ler S i 0 2 / A l 2 0 3 a n d larger N a 2 0 / S i 0 2 mole ratios i n the total 
batch . 

F i g u r e 2 shows the change of concentrat ion w i t h t ime a n d temper
ature i n the l i q u i d phase for a ba t ch w i t h the mole ratios S i 0 2 / A l 2 0 3 = 
3.5, N a 2 0 / S i 0 2 = 1.35, a n d H 2 0 / N a 2 0 = 40. Pr i o r to crysta l l izat ion , 
the react ion mixtures conta in ing amorphous s i l i ca or water glass approach 
the same final concentrations of S i 0 2 i n the l i q u i d phase. B o t h , however , 
m a y differ w i t h respect to the po lymer izat ion state of the d isso lved s i l i -
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106 MOLECULAR SIEVE ZEOLITES 1 

cate. T h e figures i n T a b l e I I show that on ly a part of the avai lable water 
glass is prec ip i ta ted i n ge l prec ip i tat ion . A s such, the l i q u i d phase contains 
at least a part of the p o l y m e r i c silicates f rom the water glass unchanged . 
O n the other hand , the formation of dissolved sil icate f rom amorphous 
s i l i ca a n d sod ium hydrox ide results i n essentially monomeric species. 

Crystallization of Faujasite or Phillipsite from Mother Liquors 
of the Same Analytical Composition 

W i t h i n the phase d i a g r a m ( F i g u r e 2 ) , our findings show a region 
w i t h i n w h i c h faujasite as w e l l as ph i l l ips i t e m a y crystal l ize . W h i c h of 
the 2 actual ly predominates i n the crysta l l izat ion mixture is inf luenced 
b y the choice of the S i 0 2 source. F o r example, amorphous S i 0 2 d is 
solved i n sod ium hydrox ide solut ion ( 1 0 % N a O H ) a n d commerc ia l ly 
avai lab le water glass so lut ion are prec ip i tated w i t h sod ium aluminate 
solut ion at 2 5 ° C under equa l condit ions (mole ratios S i 0 2 / A l 2 0 3 = 5, 
N a 2 0 / S i 0 2 = 2, a n d H 2 0 / N a 2 0 = 40 i n the to ta l b a t c h ) . A f ter heat ing 
to 100°C ( w i t h i n 30 m i n u t e s ) , the 2 l i q u i d phases contain the same con
centrations of N a 2 0 , A 1 2 0 3 , S i 0 2 , a n d H 2 0 ( T a b l e I I I ) . A f t e r separation 

Table II. Change of Silica Concentration with Time in the 
Liquid Phases Using Different S i 0 2 Sources 

Si02 Concentration (g/l) 
n i . . ^ . in Separated Liquid Phases 
stirring Time Prior 

to Liquid-Solid System: Amorphous System: Water Glass-
Separation, Temp., 40° C Si02-Sodium Aluminate Sodium Aluminate 

< 5 M i n u t e s 0 8.14 
15 M i n u t e s 1.78 15.28 

2 H o u r s 1.42 16.80 
8 H o u r s 4.82 17.12 

24 H o u r s 19.00 

Table III. Differences in Crystallization Behavior of 
Liquid Phases of Equal Chemical Composition 

Composition of Liquid Zeolite Type Crystallizing 
Phases at 100°C From Separated Liquid Phases 

Si02 Sources Used Na20, Al203, Si02, Main 
for Gel Precipitation g/l g/l g/l Product Impurities 

Si l i ca dissolved i n 
sodium hydrox ide 
solut ion, 1 0 % 
N a O H 79.20 1.86 20.04 Faujas i te 1 5 % P h i l l i p s i t e 
Techn i ca l water 
glass so lut ion 76.50 1.70 20.50 P h i l l i p s i t e 2 5 % Faujas i te 
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7. S C H W O C H O W A N D H E I N Z E Process of Formation 107 

of the respective solid phases, the 2 mother liquors are further heated 
to 100°C (48 hours). Faujasite crystallizes predominantly from one solu
tion and phillipsite from the other. By applying the method of Thilo and 
Wieker (4), we found differences in the paper chromatograms which we 
attribute to different states of polymerization. Based on the Rf ratios, it 
seems likely that solutions containing higher polymeric anions result in 
phillipsite. 

Discussion of the Results 

The above findings and conclusions point rather obviously toward 
2 prerequisites for a technical faujasite synthesis: 

(1) At the time of nucleation, the composition of the liquid phase 
—not that of the total batch—must correspond to a very high S i0 2 /A1 2 0 3 

ratio (>20). 
(2) In addition, the dissolved silica must be present in a monomeric 

state predominantly, because otherwise phillipsite crystallizes as the main 
product. 

The favorable influence of a predigestion step on the faujasite syn
thesis is known. If dissolvable silica is used, the effect of predigestion 
is clearly recognizable from the experiments reported in Table II, build
ing up a sufficiently high S i0 2 concentration in the liquid phase. In the 
case of rapid precipitation of gels from water glass solutions, the effect of 
the predigestion step cannot be the one just described. Predigestion 
causes the silicate micels to equilibrate within the gel in such a manner 
that afterward monomeric silica is split off during dissolving. Hence, it 
is possible to avoid the time-consuming step either by using reactive 
silicates for gel precipitation, such as Na 2 Si0 3 · 5 H 2 0 ( 1 ), or by con
verting a priori unsuitable silicate solutions, such as technical water glass, 
via depolymerization to solutions with reactive silica (3), carrying out 
the gel precipitation thereafter. 
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Discussion 

Hans Villiger ( M a r t i n s w e r k G m b H , B e r g h e i m , G e r m a n y ) : Y o u m e n 
t ion ph i l l ips i t e as a f requent ly -occurr ing i m p u r i t y . Is this rea l ly so, or do 
y o u use a different nomenclature? T o m y knowledge , B a r r e r - P l or 
L i n d e Β is observed d u r i n g the synthesis of L i n d e X . Ph i l l ips i t e tends to 
g r o w i n potass ium-bear ing systems rather than the pure sod ium system. 

Friedrich Schwochow: O u r designation " p h i l l i p s i t e " means a crys
ta l l ine zeol ite w i t h the structure of the m i n e r a l ph i l l ips i te , w h i c h i n our 
react ion system necessarily occurs i n the sod ium form. 
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Synthesis and Structural Features of Zeolite 
ZSM-3 

G. T. KOKOTAILO and J. CIRIC 

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

A new large-pore zeolite has been crystallized from lithium 
and sodium aluminosilicate gels at 60° to 100°C. Its compo
sition is (0.05-0.8)Li2O · (0.2-0.95)Na2O · Al 2O 3 · (2-6)SiO2 

· (0-9)H2O. This material adsorbs 17-18% cyclohexane (at 
20 mm Hg) and 29-30% H2O (at 12 mm Hg). The zeolite 
grows as hexagonal platelets which exhibit characteristic 
twinning. Electron diffraction patterns show hexagonal 
symmetry. The x-ray powder diffraction patterns were in
dexed in the hexagonal system. The c parameter is deter
mined from the growth steps and is a function of the stacking 
sequence. This zeolite is a member of a family of structures 
based on the hexagonal form of faujasite with varying stack
ing sequences and c parameters. 

"Harry work in the synthesis of zeolites was summarized in a review by 
- L / Morey and Ingerson (30). Research into the hydrothermal synthesis 
of zeolites was put on a systematic basis by Barrer and resulted in a num
ber of synthetic zeolites (1,2,3, 4, 5, 6, 8, 9,10,11). Linde A and X (16), 
ZK-5 (25), and Linde L (15) were other prominent zeolites synthesized. 

Hypothetical framework structures possible of synthesis were postu
lated (12, 24, 27, 29, 37). These are of interest as they provide insight 
into the many possible arrangements of linked (Si,Al) tetrahedra and 
tetrahedral units. All these are of interest not only because of their struc
tural features but because of their industrial applications as sorbents and 
molecular sieves. 

Using a controlled crystallization in the Li20-Na20-Al203-Si02-
H 2 0 system, a new zeolite, ZSM-3, was synthesized. The basic building 
block, the truncated octahedron, is common to sodalite, Linde A, faujasite, 

109 
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110 MOLECULAR SIEVE ZEOLITES 1 

Figure 1. Ion-exchange isotherm for ZSM-3, 
Li+-Na+ 

Total normality = 0.1 
Temperature = 25° C 
Sample No. CSZ-330, SiOJAWs = 3.25 
Contact time = 48 hours 
XzLi+ = equivalents of lithium in zeolite/gram 

atom Al 
XsLi+ = equivalents of lithium in solution/total 

equivalents in solution 

a n d Z S M - 3 . T h e mode of l i n k i n g to f o r m the f ramework structure of 
Z S M - 3 consistent w i t h its properties a n d x-ray data is proposed. 

T h i s paper describes the synthesis, phys i ca l properties, crysta l habit , 
a n d s tructura l features of Z S M - 3 . 

Synthesis 

T h e zeolite Z S M - 3 was prepared f rom aluminosi l i cate hydrogels con
ta in ing sod ium a n d l i t h i u m cations. T h e crysta l l izat ion technique con
sists of first p repar ing a "precursor" solution of concentrated s o d i u m 
aluminos i l i cate a n d then m i x i n g i t w i t h aqueous sod ium sil icate a n d 
a l u m i n u m chlor ide solutions to f orm the starting hydroge l s lurry. T h i s 
s lurry is filtered to remove excess soluble sod ium sil icate. L i t h i u m is 
a d d e d to this filter cake as l i t h i u m hydrox ide solution. T h i s mixture 
is h e l d at temperatures of 60° to 100°C u n t i l Z S M - 3 crystals f orm. A t 
60 °C , crysta l l izat ion requires 5 days w h i l e at 100 ° C , crystals are f o rmed 
i n 16 hours. I n order to obta in the desired S i 0 2 / A l 2 0 3 ratio i n the 
crystal l ine product , the a l u m i n u m chlor ide content is var ied . 
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ο. K O K O T A i L O A N D c i m e Zeolite ZSM-3 111 

D i r e c t m i x i n g w i thout precursor d i rec t ion results i n the crys ta l l i za 
t ion of Barrer s Ρ zeolite a n d sodalite, resul t ing i n a lower y i e l d of Z S M - 3 . 

T h e chemica l composit ion of Z S M - 3 i n terms of the constituent oxides 
is ( 0.05-0.8 ) L i 2 0 · ( 0.2-0.95 ) N a 2 0 · A 1 2 0 3 · ( 2 - 6 ) S i 0 2 · ( 0 - 9 ) H 2 O 
(18). T h e zeolite is synthesized f rom systems conta in ing b o t h sod ium 
a n d l i t h i u m , the major cat ion component b e i n g sod ium. 

Physical Properties 

I on exchange isotherms for the i on pairs L i + - N a + a n d C a 2 + - N a + are 
g iven i n F igures 1 a n d 2. T h e exper imental technique was essentially the 
same as that descr ibed b y Sherry ( 35 ) . A k n o w n weight of zeol ite was 
t u m b l e d i n polyethylene bottles containing 0.1 n o r m a l solutions. T h e 
contact t ime was 48 hours; water b a t h temperature, 25 °C . T h e slurries 
were filtered a n d solutions analyzed for sod ium, l i t h i u m , a n d c a l c i u m b y 
flame photometry. T h e points on the graph were ca lculated f r om the 
mater ia l balance of salts i n the solution before a n d after exchange. These 
i o n exchange isotherms are l ike those for zeolites X a n d Y . 

1.0 
Ο 

/ Ο 

'Ό 

/ 

ο 1 1 1 
> 

0.0 1.0 
Ca 

Figure 2. Ion-exchange isotherm for ZSM-3, 
Ca2^-Na+ 

Total normality = 0.1 
Temperature = 25° C 
Sample No. CSZ-330, Si02/Al2Os = 3.25 
Contact time = 48 hours 
Xz

Ca2+ =i equivalents of calcium in zeolite/gram 
atoms Al 

Xs
Ca "+ = equivalents of calcium in solution/total 

equivalents in solution 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

00
8

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



112 MOLECULAR SIEVE ZEOLITES 1 

Pressure, mm Hg 

Figure 3. Sorption of water and cyclohexane by ZSM-3 

Batch CSZ-330, SiO,/Al,Oa = 3.25 
Να,Ο/ΑΙ,Ο, = 0.66 
LûO/AWs = 0.26 

Table I. Comparison of Sorptive Properties of ZSM-3 

% % 
ZSM-3 Composition Cyclohexane Water 

C S Z - 3 5 3 A 0 . 1 3 L i 2 O - 0 . 8 5 N a 2 O - A l 2 O 3 - 3 . 0 5 S i O 2 17.6 30.2 
C S Z - 3 5 3 B 0 . 1 4 L i 2 O - 0 . 8 6 N a 2 O - A l 2 O 3 - 2 . 9 9 S i O 2 18.0 29.5 
C S Z - 3 1 5 C 0 . 1 1 L i o O - 0 . 8 8 N a 2 O - A l 2 O 3 - 3 . 6 S i O 2 18.9 29.1 

Sorpt ion isotherms for water a n d cyclohexane are shown i n F i g u r e 3 
a n d for n i trogen i n F i g u r e 4. T h e y have a characteristic shape t y p i c a l 
of zeolites. Cyc lohexane a n d water sorpt ion measurements (at 20 a n d 
12 m m H g a n d 2 5 ° C ) are shown i n T a b l e I. 

A n electron m i c r o g r a p h of a carbon rep l i ca of Z S M - 3 ( C S Z - 1 6 8 ) , 
F i g u r e 5, shows a hexagonal platelet morpho logy a n d evidence of g r o w t h 
steps. There is also evidence of ver t i ca l growths para l l e l to the 100 d i 
rect ion i n the Z S M - 3 crystals. T h i s crystal shape is a d is t inguish ing p r o p 
erty of this zeolite. T h e hexagonal platelets are of the order of 1 μ i n 
d iameter a n d about 0.1 μ thick. A comparison of the L i n d e X morpho logy 
is shown i n F i g u r e 6; the octahedral morpho logy is qui te evident. 
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Figure 4. Nitrogen sorption isotherms for ZSM-3 

Temperature = 25° C 
Ο Sample CSZ-256C, SiOt/Al,Os = 3.4 
0 Sample CSZ-263C, SiOJAWs = 3.5 

Figure 5. Electron micrograph of a single particle of ZSM-3 
(CSZ168), magnification 41,760 X 

C e r t a i n crystals grow i n a n o r m a l manner for part of their g rowth , 
a n d then at a certain plane the orientation of the lattice changes d is -
cont inuously so that on opposite sides of this p lane the crysta l axes are 
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114 MOLECULAR SIEVE ZEOLITES 1 

Figure 6. Optical micrograph of large crystals of zeolite X, 
magnification 230 X 

Figure 7. Electron micrograph of carbon rep
lica of zeolite X crystals, magnification 3480 X 

not para l l e l . T h i s extensive t w i n n i n g of Z S M - 3 crystals poses a p r o b l e m 
as to the ab i l i t y to grow large single crystals. T h e t w i n n i n g occurs across 
a p lane such that the t w i n g rowth d irect ion is perpendicu lar to the or ig 
i n a l g r o w t h direct ion. T h i s type of t w i n n i n g across the 111 plane i n the 
cub i c f o r m has been observed. A n electron m i c r o g r a p h of a carbon rep 
l i c a of a t w i n n e d L i n d e X crystal , such that the t w i n g rowth is perpen -
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8. KOKOTAILO AND CIRIC Zeolite ZSM-3 115 

Figure 8. Electron diffraction pattern of 
a single crystal of ZSM-3 (CSZ 168) 

Table II. X - R a y Data for ZSM-3 (CSZ-168) 

d, A J d J 

15.26 62 4.49 5 
14.16 124 4.38 51 
13.19 26 4.19 14 
11.86 4 4.16 6 

9.21 2 4.11 13 
8.76 44 3.99 1 
8.00 3 3.96 2 
7.61 9 3.93 7 
7.41 32 3.85 14 
7.22 7 3.78 19 
7.03 15 3.72 23 
6.89 2 3.52 1 
5.94 4 3.47 10 
5.72 37 3.40 10 
5.62 25 3.31 42 
5.48 6 3.22 16 
5.15 4 3.18 17 
5.02 7 3.02 60 
4.90 3 2.98 11 
4.82 2 2.92 31 
4.78 2 2.87 10 
4.75 18 2.85 8 
4.70 1 2.80 9 
4.62 3 2.73 11 
4.58 1 2.70 11 

d i cu lar to the d i rec t ion of g r o w t h of the o r i g ina l crystal , is shown i n 
F i g u r e 7. 

A n electron di f fract ion pattern of one of the Z S M - 3 platelets, ob
ta ined w i t h the electron beam p a r a l l e l to the c-axis, shows hexagonal 
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116 MOLECULAR SIEVE ZEOLITES 1 

symmetry ( F i g u r e 8 ) . T h e a parameter , as determined f r o m this pattern, 
is 17.5 A . X - r a y data for Z S M - 3 ( C S Z - 1 6 8 ) are g iven i n T a b l e I I a n d 
m a y be indexed i n the hexagonal system w i t h a = 17.5 A . T h e pattern 
cannot be indexed w i t h c = 28.6. A m u l t i p l e of c/2 is r equ i red . These 
latt ice parameters w i l l v a r y somewhat w i t h different L i / N a a n d S i / A l 
ratios. 

A n electron m i c r o g r a p h of a r ep l i ca of Z S M - 3 platelets was ob
ta ined , focusing the b e a m at the top of the t w i n growth , i n order to study 
this edge i n more deta i l ( F i g u r e 9 ) . A u n i f o r m step growth of 125 A is 
evident. I t has been shown (26, 39) that the g r o w t h steps of hexagonal 
crystals are e q u a l to the height of the un i t ce l l a long the c parameter , as 
de termined b y electron microscopy a n d m u l t i p l e b e a m interference. 
T h e n , f r o m x-ray di f fract ion, electron microscopy, a n d electron di f fract ion, 
i t was determined that the crystal class of Z S M - 3 is hexagonal w i t h lattice 
parameters a = 17.5 a n d a m a x i m u m value of c = 129 A . T h e distance 
between adjacent layers is 14.3 A . 

Figure 9. Electron micrograph of a carbon replica of Z S M - 3 (CSZ 168), 
magnification 83,520 X 
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8. KOKOTAiLO A N D c ime Zeolite ZSM-3 117 

Figure 10. Displacement of atoms owing to a stack
ing fault 

(») (b) 

Figure 11. 001 Projections. Each line represents a sodalite 
cage 

(a) AB layer, with dotted layer rotated through 60° 
(b) Hexagonal array of linked sodalite cages 

F r o m a topo log ica l v iewpo int , the truncated octahedra of faujasite 
m a y be represented b y the positions occup ied b y spheres i n the cub i c 
close p a c k i n g arrangement. A n infinite n u m b e r of structures can be p r o 
d u c e d f r o m hexagonal layers of close p a c k e d spheres convent ional ly 
represented b y A, B, a n d C (34, 36, 40). T h e arrangement of spheres i n 
the layer stacked over the A layer ( F i g u r e 10 ) m a y occupy either pos i 
t ion Β or C . T h e c parameter a n d the n u m b e r of s tacking sequences is 
dependent on the n u m b e r of layers i n the ident i ty per i od . A l l these 
arrangements of layers m a y be descr ibed i n terms of the i d e a l cub i c 
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118 MOLECULAR SIEVE ZEOLITES 1 

a n d p r i m i t i v e hexagonal structures. I f a layer has layers w h i c h are the 
same above a n d b e l o w (ABAB), w e designate i t as hexagonal (h); i f the 
layers above a n d be low are different (ABC), i t is cub i c ( c ) . N o w any 
sequence of layers m a y be designated as series of h a n d c. T h e layers i n 
the AB hexagonal structure are stacked a long 001 w h i l e i n the ABC cub i c 
structure they are stacked a long 111 of the un i t ce l l . 

T h e a luminosi l i cate f ramework of faujasite (14, 17, 31) consists of 
t runcated octahedra l i n k e d through double s ix -membered rings to f o rm 
a d i a m o n d structure. T h e structure m a y be considered a cc s tacking of 
layers of truncated octahedra along 111 of the un i t ce l l . T h e 111 projec
t ion of the cub i c f ramework structure of faujasite a n d the hexagonal 
array of l i n k e d truncated octahedra ( sodalite cages ) i n a layer are shown 
i n F i g u r e 11. T h e stacking sequence m a y be altered to give an hh stack
i n g sequence w i t h parameter 

B y alter ing the h a n d c s tacking sequence, a large number of struc
tures are possible w i t h the cH parameter determined b y the n u m b e r of 

a n d cH = 
2ac 

a 
A 

A 

Β 

b 

A 

A 

C 

Β 

c 

Figure 12. Stacking of layers in structures related to 
faujasite. Sodalite cages are represented by the line 
junctions. View perpendicular to c-axis, 110 projection 

(a) Hexagonal AB 
(b) Faujasite A B C 
(c) A B A B C 
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8. KOKOTAILO AND CIRIC Zeolite ZSM-3 119 

layers i n the ident i ty per iod . T h e 110 project ion of a series of stacked 
layer sequences is shown i n F i g u r e 12. T h e faujasite f ramework forms 
a channel a n d pore system consisting of 4 twe lve -membered r i n g openings 
to each large cage. 

T h e f ramework of the hexagonal structure (hh) has a channel a n d 
pore system s imi lar to that of faujasite, w i t h 5 twe lve -membered r i n g 
openings to the large cavities, one channe l d i rec t ion be ing p a r a l l e l to c*. 
T h e l i n k i n g of t runcated octahedra through double s ix -membered r ings 
remains the same as for the cc s tacking i n the cub i c faujasite structure. 

T h e f ramework of chabazite (7,19, 32) is re lated to that of gmel in i te 
b y rotat ing every second layer of double s ix -membered rings a n d a l ter ing 
the AB s tacking sequence of gmel in i te to the ABC of chabazite (7). T h e 
a parameter remains the same, w i t h the c parameter increasing b y a factor 
of 1.5. A series of hypothet i ca l structures were pred i c ted b y further alter
i n g the stacking sequence (13). A s imi lar re lat ionship exists between the 
frameworks of erionite (7,19, 23, 32, 38) a n d offretite (13). 

A stacking faul t d iv ides the crystal , a n d the parts on each side of 
the stacking fault are d isp laced relat ive to each other b y an amount 
e q u a l to the par t ia l d is locat ion. T h i s d isplacement causes a phase differ
ence between electrons scattered on either side of the fault a n d results 
i n a corresponding change i n the intensity of the dif fracted beam. T h u s , 
s tacking faults i n crystals are character ized i n electron micrographs b y 
contrast lines r u n n i n g para l l e l to the intersections of the fault w i t h the 
surfaces. Such contrast l ines, ind i cat ive of r a n d o m stacking faults, were 
observed i n crystals of erionite (28). 

T h e x-ray di f fraction data , adsorpt ion isotherms, a n d i o n exchange 
properties l e d us to bel ieve that there was a re lat ionship between the 
structures of Z S M - 3 a n d faujasite. 

Crysta ls of cub i c S i C are oc tahed ia l , w i t h the 111 a n d 111 faces 
h a v i n g the least energy (21, 22). These faces w i l l preserve their s tabi l i ty 
i f displacements o w i n g to edge dis locat ion occur. T h u s , at h i g h satura
tions, g r o w t h stops on the 111 a n d 111 faces a n d continues on the others. 
T h i s makes the crystals g r o w as platelets. F r a n k (20) also speculated 
that the cub ic S i C is the t h e r m o d y n a m i c a l l y stable structure. S imi lar 
g r o w t h habits a n d stabi l i ty data are not i ced i n L i n d e X a n d Z S M - 3 
crystals. 

I f the f ramework structure proposed for Z S M - 3 is a nine- layer stack
i n g sequence of truncated octahedra, there are 256 possible structures. 
M a n y of these are ident i ca l , a n d i n some cases l imitat ions are imposed 
b y space group symmetry but the n u m b e r of possible f ramework struc
tures is s t i l l large. 
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120 MOLECULAR SIEVE ZEOLITES 1 

Patterson (33) showed that when stacking faults are introduced in 
a cubic ( cc layer sequence ) crystal, the reflections with H-K = 3N and 
L = 3N\ where Ν and N' are any integer, remain sharp, but the other 
reflections broaden and their maxima shift in opposite directions. 

Many of the line profiles in the x-ray diffraction pattern of ZSM-3 
are asymmetric. There is also some line broadening, some of it caused 
by crystallite size, and a shifting of some lines. This makes the structure 
determination of these polytype materials extremely difficult, especially 
from powder data. The large number of possible stacking arrangements 
and the existence of random stacking faults make it difficult to arrive 
at the correct structure by trial and error methods. 
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9 

Crystallization of Zeolitic Aluminosilicates 
in the System Li 2 O-Na 2 O-Al 2 O 3 -SiO 2 -H 2 O 
at 100° C 

H. BORER and W. M. MEIER 
Institut für Kristallographie und Petrographie, Eidgenössische Technische 
Hochschule, Sonneggstrasse 5, Zürich, Switzerland 

Crystallization sequences have been determined for over 400 
compositional points in the Li,Na-aluminosilicate system at 
100°C and reaction times of up to 14 days. A total of 9 
zeolitic species has been observed thereby. Crystallization 
times and the nature of the first appearing solid phase de
pend largely on the lithium and sodium concentrations. The 
same crystallization sequences occur within certain fields, 
and these sequences are nowhere reversed. A simple scheme 
illustrating the relative stabilities of the solid phases in the 
system is presented. 

he most open zeolites crystallize at relatively low temperatures from 
A highly reactive alkali aluminosilicate gels. These zeolitic phases are 

metastable, and usually several phases are formed in succession from a 
particular reaction mixture. This paper describes crystallization sequences 
observed in mixed Li,Na-alummosilicate gels at 100°C. The details of 
our investigation of this system at 100°C are reported elsewhere (8,9). 

Crystallization fields of zeolites growing from homocationic Na gels 
at around 100 °C have been studied extensively at a number of labora
tories (cf. 3,11, 21). Sand and coworkers recorded the coexisting phases 
for different reaction times (19). The kinetics of zeolite crystallization in 
the Na system also has received attention (12, 14, 15). Studies of low-
temperature crystallizations from L i gels, on the other hand, have been 
much more limited (13). 

122 
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9. B O R E R A N D M E I E R Zeolitic AluminosiUcates 123 

Experimental 

Wel l -de f ined start ing materials were chosen w h i c h were c o m b i n e d 
accord ing to a s tandard procedure i n order to ascertain m a x i m u m repro 
d u c i b i l i t y . H i g h l y reactive gels were prepared thus f r om reagent grade 
l i t h i u m a n d sod ium hydrox ide , tetramethoxysilane, a n d ana lyzed s o d i u m 
aluminate conta in ing excess caustic. M e a s u r e d amounts of 2 M N a O H , 
2 M freshly prepared N a - a l u m i n a t e solut ion, de ion ized water , ( C H 3 0 ) 4 S i , 
a n d 2 M L i O H were c o m b i n e d i n this order at r oom temperature a n d 
v igorously st irred to produce homogeneous gels. A n u m b e r of test exper i 
ments showed there was no need to remove the smal l amounts of methano l 
w h i c h f ormed i n the react ion mixtures. 

T h e d r y we ight of the constituents was about 65 m g / m l i n a l l exper i 
ments. T h e molar ratios of the components were based o n 

n ( L i 2 0 ) + rc(Na20) + n ( A l 2 0 3 ) + n ( S i 0 2 ) = 1 

T h e concentrations of a l l components except water were v a r i e d systemati
ca l l y i n steps of Δη = 0.05 w i t h i n the f o l l o w i n g l imits : 

n ( S i 0 2 ) / n ( A l 2 0 3 ) > 0.5 

n ( N a 2 0 ) / n ( A l 2 0 3 ) > 1.25 and n ( A l 2 0 3 ) > 0.05. 

A total of 448 composi t ional points of the system h a d to be examined as a 
consequence. 

A l l crystal l izations were carr i ed out i n sealed po lypropy lene tubes of 
3 0 - 4 0 - m l capacity . Glass was avo ided purpose ly i n a l l our experiments 
since i t is attacked read i ly b y the reactants used a n d the crystals nucleate 
most ly on the glass wal l s . I n part i cu lar , w e have noted that r e p r o d u c i 
b i l i t y of L i , N a - z e o l i t e crystal l izations is exceedingly poor w h e n carr ied 
out i n borosi l icate glass even at re lat ive ly l o w temperatures. T h e p o l y 
propylene tubes conta in ing the reactants were rotated s lowly (about 8 
revolutions per m i n u t e ) at 100°C i n thermostat ical ly contro l led ovens. 

Samples of the react ion mixtures were taken after 3 hrs , 18 hrs , 112 
hrs, a n d 14 days. T h e so l id products were filtered off a n d washed thor 
oughly w i t h d i s t i l l ed water . T h e d r i e d solids were a l l examined under the 
microscope a n d ident i f ied b y means of x-ray p o w d e r patterns us ing a 
G u i n i e r camera. Selected samples were character ized further b y means 
of chemica l analyses, density a n d sorpt ion measurements, e lectron micros 
copy, a n d thermal analyses ( D T A a n d T G A ) . 

Description of the Solid Phases 

A total of 9 zeolites a n d 3 nonzeol i t i c solids c o u l d be observed. These 
species, w h i c h are summar ized i n T a b l e I , can be d i v i d e d into the f o l l ow
i n g groups: species appear ing i n the N a system ( A , P , S , T , X , Z ) , i n the 
L i system ( Η , Ι , Ν ) , a n d those r e q u i r i n g b o t h L i a n d N a ( C , E , 0 ) . Species 
X a n d Ζ were obta ined on ly i n re lat ive ly f e w experiments i n the h i g h 
N a 2 0 / L i 2 0 region. 

Ρ a n d Τ p i c k u p on ly m i n o r amounts of h t h i u m . Ρ is a lways spheru-
l i t i c , whereas Τ normal ly forms very smal l pr isms showing we l l -deve loped 
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124 MOLECULAR SIEVE ZEOLITES 1 

Table I. Crystalline Species and Notation 

Symbol Type Other Designations and References 

Xa 

p a 
f a 
s* 
Ca 

Za 

H a 

I 
Ν 
E a 

Ο 

L i n d e A A(10,16,19), Q(3) 
Fau jas i t e X ( J 7 ) , F(19), R(3) 
N a - P l cubic P ( S ) , P I ( 4 ) , P e ( J 0 ) , B ( J « ) 
N a - P 2 tetrag . P ( S ) , P2(4 ) , P t ( i f l ) 
Sodal i te hydra te 8(19), 1(3), Z\i(20) 
C a n c r i n i t e hydrate C(7,19) 
Chabaz i t e - l ike 8(3), Ε (00) 
L i - A (Barrer) A(6) 
Li -metas i l i ca te (13) 
L i - a l u m i n a t e (13) 
K - F (Barrer) Έ(2) 
new 

a Zeolite. 

faces. D T A - c u r v e s of Ρ a n d Τ (of s imi lar composi t ion) are also remark
a b l y different. Structura l ly , Ρ is a n isotype of g ismondite a n d not t r u l y 
c u b i c ( J ) . 

T h e fibrous crystals of C take u p l i t h i u m preferably . P u r e samples of 
C can be obta ined read i ly i n good y i e l d f r om L i , N a gels. E , a n important 
phase i n the L i , N a system, appears as needle- l ike crystals or aggregates 
w i t h a constant S i / A l rat io of 1. T h e potassium-exchanged f o r m is i d e n t i 
c a l w i t h K - F , w h i c h was thought to be a t y p i c a l produc t i n the potassium 
field ( 5 ) . Unexchanged crystals of Ε conta in apprec iable amounts of 
b o t h L i a n d N a . 

H i g h L i concentrations are r e q u i r e d for the f ormat ion of Η a n d O . 
Species O , w h i c h crystall izes very s l owly as t iny needles, has not been 
reported before. A representative sample sorbed 4 .8% H 2 0 revers ib ly 
a n d contained a large excess of a l k a l i (most ly L i ) w h i c h c o u l d not be 
removed. F o r this reason, Ο does not appear to be a t y p i c a l zeolite. 

Crystallization Sequences 

T y p i c a l examples of crysta l l i zat ion sequences are g iven i n T a b l e I I . 
H i g h a lka l in i ty br ings about faster crysta l l i zat ion rates a n d the fast-
f o rming A a n d / o r Ε are f requent ly the first appear ing phases. T h e nature 
of the phase f o rming i n i t i a l l y depends most ly on the H t h i u m a n d sod ium 
concentrations, as ind i ca ted i n T a b l e I I . A s a ru le , Ε appears first above 
n ( L i 2 0 ) = 0 . 3 5 . 

T h e observed crysta l l i zat ion sequences are shown i n F i g u r e 1. T h e y 
are a l l based on recorded changes i n the p o w d e r patterns. T h e frequency 
of a par t i cu lar sequence is ind i ca ted b y the w i d t h of the respective arrow. 
Species w h i c h m a y appear first are enclosed i n circles. I n some areas, 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

00
9

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



9. BORER AND MEIER Zeolitic Aluminosilicates 125 

Table II. Some Typical Crystallizations 

Composition of Reaction Mixture Products of Crystallization11 

n(Li20) n(Na20) n(Al2Os) n(Si02) 3 hrs 18 hrs 112 hrs 14 days 

0.05 0.80 0.05 0.10 A A st Τ 
0.10 0.70 0.10 0.10 A A A as 
0.30 0.50 0.10 0.10 ae ce C C 
0.35 0.45 0.10 0.10 ae ce C ch 
0.45 0.35 0.10 0.10 Ε Ε H H 
0.40 0.40 0.05 0.15 Ε Ε ho ho 
0.20 0.55 0.10 0.15 ae ae E E 
0.60 0.15 0.05 0.20 — — 0 O 
0.35 0.35 0.10 0.20 ce ce c h H 
0.25 0.45 0.10 0.20 A aec ce C 
0.05 0.60 0.10 0.25 — at Τ Τ 
0.05 0.50 0.25 0.20 A A A A 
0.05 0.45 0.10 0.40 — Ρ Ρ P i 
0.10 0.35 0.20 0.35 — A ac ac 
0.05 0.35 0.10 0.50 — — p t Τ 
0.15 0.25 0.15 0.45 — Ρ Ρ h p 
α Small letters denote components of mixture. 

Figure 1. Crystallization sequences 

phases I a n d Ν start f o rming (notab ly i n l ong runs ) w i t h o u t d i m i n i s h i n g 
the m a i n product . These less significant changes are represented b y 
dotted l ines i n F i g u r e 1. 

Wel l - es tab l i shed sequences i n v o l v i n g over 2 zeol i t ic species are 
A - E - C , A - S - T , a n d E - C - H . E a c h of the recorded sequences can be 
observed w i t h i n a certa in compos i t ion field. These fields are better de
fined than the " crysta l l i zat ion fields" w h i c h depend o n factors contro l l ing 
the re lat ive rates of g r o w t h (15 ) . 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

00
9

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



126 MOLECULAR SIEVE ZEOLITES 1 

Al l reactions proceed in one direction; i.e., the sequences are never 
reversed and reactions such as A - C and A - T do not occur at the same 
time. Figure 1, therefore, represents a scheme of the relative stabilities 
of the species in the system. 
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Synthesis of Lithium and Lithium, 
Sodium Mordenites 

MICHAEL L. SAND, WILLIAM S. COBLENZ, and L. B. SAND 
Department of Chemical Engineering, Worcester Polytechnic Institute, 
Worcester, Mass. 01609 

First syntheses are reported for lithium mordenite, lithium 
analcime, and lithium phillipsite. Lithium mordenite was 
synthesized in the temperature range 150°-200°C under 
autogenous pressure. Coexisting phases found with the 
mordenite were lithium analcime, lithium phillipsite, quartz, 
opaline silica, and lithium silicate. The best yields of Li-
mordenite were obtained using aqueous colloidal silica sol, 
aluminum hydroxide, and lithium carbonate as the reactants. 
Li,Na-mordenite was synthesized in the system (0.5Li2O · 
0.5Na2O) · Al 2O 3 · SiO2 · H2O in the temperature range 
150°-190°C with analcime, phillipsites, quartz, opaline 
silica, and alkali silicates found as coexisting phases. The 
Li,Na-mordenites contain the same Li/Νa ratio as in the 
batch composition. Best yields were obtained using silicic 
acid, aluminum hydroxide, lithium hydroxide, and sodium 
hydroxide as reactants. Comparative data are given for the 
reactant conditions producing the Li-, Li,Na-, and Na-
mordenites. 

'"phis paper reports the first syntheses of lithium mordenite, lithium 
A analcime, and lithium phillipsite. A systematic study of the system 

lithia—alumina-silica—water has been in progress for several years and 
has proven so far to be a unusually challenging system in which to 
determine phase relationships of the zeolite phases. In this preliminary 
note, the authors will present only the reactant conditions to synthesize 
lithium mordenites and lithium, sodium mordenites, and compare these 
syntheses with that of sodium mordenites previously reported in the 
literature. 
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N o l i th ium-conta in ing mordenites have been f o u n d i n natura l occur
rences; these are c a l c i u m , sod ium mordenites w i t h v a r y i n g but s m a l l con
tents of potassium. T h e first probable synthesis of mordenite i n 1927 b y 
L e o n a r d (JO) was the autoc laved product of react ing sod ium carbonate 
so lut ion w i t h spodumene. A l t h o u g h the product , identi f ied tentatively as 
" m o r d e n i t e ( ? ) " was not ana lyzed , the results of our studies suggest that 
he synthesized a N a , L i - m o r d e n i t e . 

Since the or ig ina l w o r k of Barrer (3) i n 1948 o n the syntheses of 
s o d i u m mordenites, a re lat ive ly large n u m b e r of investigators (2 , 5, 7, 8, 
13), i n c l u d i n g later contributions b y Barrer , have reported on the synthe
sis of mordenites f rom a var iety of start ing materials i n other systems as 
w e l l as those conta in ing sod ium. Consp i cuous ly absent f rom the l ist of 
synthetic mordenites ( cons ider ing i o n exchanged varieties as derivatives 
of synthetic mordenites ) has been synthetic l i t h i u m mordenite a n d syn
thetic potassium mordenite . Separate f r om these re lat ive ly h igh- tempera
ture syntheses or mordenites was the discovery of condit ions to synthesize 
large-port sod ium mordenites (12). T h e authors use the designat ion 
" large-port" to d is t inguish between those mordenites w h i c h sorb large 
molecules into its 12-membered r i n g channels f r o m those designated 
" smal l -por t " or w i t h no designations, w h i c h sorb only the smaller mole 
cules such as methane (12). 

T h e synthesis of 2 n e w zeol ite- l ike phases reported b y Barrer a n d 
W h i t e (6) i n 1951 a n d the synthesis of a c l inopt i lo l i te - l ike phase b y 
A m e s ( I ) i n 1963 represent the reported h y d r o t h e r m a l zeolite syntheses 
i n the l i t h i a system. I n 1960, Hoss a n d R o y (9 ) reported the h y d r o t h e r m a l 
conversion of l i th ium-exchanged gmel inite to b ik i ta i te at 250°C a n d 1000 
arm. Barrer used l i t h i u m hydrox ide , amorphous a l u m i n u m hydrox ide , 
a n d s i l i c i c a c i d as reactants i n w h i c h the bat ch compositions were 2 
grams of ge l ( L i 2 0 · A 1 2 0 3 · n S i 0 2 • n H 2 0 , i n w h i c h η var i ed between 1 
a n d 10) d r i e d at 120 ° C a n d lOcc of water or — Ν l i t h i a solution. I n the 
temperature range 1 3 0 ° - 4 5 0 ° C us ing these reactants, no mordenite , a n a l 
c ime, or ph i l l ips i te was reported as synthesized. I n 1953, Barrer , B a y n 
h a m , a n d M c C a l l u m (4) reported on N a - , K - , R b - , T1-, a n d Cs-analc imes 
synthesized f r om gels but that " L i - a n a l c i m e " was made only ind i rec t ly b y 
ion-exchange procedures w i t h Ag-exchanged Na - a na l c ime as a n inter 
mediate . A m e s synthesized the c l inopt i lo l i te - l ike phase at 295°C i n the 
l i t h i a system us ing s i l i ca gel , a l u m i n u m hydrox ide , a n d l i t h i u m hydrox ide 
as reactants a n d ba t ch compositions rang ing f rom 0 . 6 L i 2 O · A 1 2 0 3 · 8 S i 0 2 

• 5 H 2 0 to L i 2 0 · A 1 2 0 3 · 1 0 S i O 2 • 8 . 5 H 2 0 . H e synthesized mordeni te at 
295°C i n the l i t h i a - s o d a system us ing the same reactants w i t h the add i t i on 
of s od ium hydrox ide a n d a ba t ch composi t ion of L i 2 0 · N a 2 0 · A 1 2 0 3 · 
1 0 S i O 2 • 8 . 5 H 2 0 . 
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Experimental 

Reactants used were reagent grade l i t h i u m carbonate, l i t h i u m h y 
droxide , a n d sod ium hydrox ide , a l u m i n u m hydrox ide (Grades C-31 , 
C-730, H y d r a l 705, a n d 710 A L C O A ) , prec ip i ta ted s i l i c i c a c i d ( F i s h e r 
Sc ient i f i c ) , a n d ammonium-s tab i l i zed aqueous co l l o ida l s i l i ca sol ( L u d o x 
" A S , " D u P o n t ) . O t h e r reactants, w h i c h were used a n d f o u n d unsatis
factory to produce mordenite as a phase under the exper imental c ond i 
tions investigated, were f u m e d s i l i ca , s i l i ca gel , s i l i c a - a l u m i n a gels, 
d iatomite , a n d sod ium aluminate . 

M o d i f i e d M o r e y - t y p e reactor vessels, 12-ml capacity , s i lver - l ined a n d 
si lver-sealed, were used i n a l l runs. N e w , separate sets of vessels were 
used for reactions i n the l i t h i a a n d l i t h i a - s o d a systems to avo id contami 
nat ion. Reactants were m i x e d i n a mortar a n d pestle a n d loaded into the 
autoclaves to 6 m m f rom the top. W h e n the mixtures were of a " d r y " 
consistency, they were t a m p e d firmly into the vessel. T h e charged vessels 
were w e i g h e d before a n d after runs to detect smal l leaks. T h e vessels 
were p laced i n control led-air ovens at temperature a n d u p o n complet ion 
of the r u n were quenched under co ld tap water . T h e contents were 
extracted, dispersed gently i n a mortar a n d pestle, a n d washed to near 
neutra l o n a B u c h n e r funne l before oven-dry ing at 80 °C . T h e phases 
were identi f ied a n d data taken f r om x-ray diffractograms obta ined on a 
G . E . X R D - 5 uni t a n d f r om films taken w i t h a Nore l co 114.6-mm diameter 
p o w d e r camera us ing a l u m i n u m powder as an interna l s tandard a n d 
copper, nickel - f i l tered radiat ion . T o obta in m e a n indices of re fract ion of 
the 3 synthetic mordenites, the samples first were water-saturated a n d 
equ i l ibra ted at room temperature i n a contro l led atmosphere (P/Ps = 
0.75). C r y s t a l l i z a t i o n curves were obta ined b y p l a c i n g a number of 
ident i ca l ly charged autoclaves i n the pre-set oven, r emov ing each at suc
cessive t ime intervals , a n d determining the per cent crysta l l i zat ion b y the 
summat ion of peak intensities on the x-ray diffractograms us ing a refer
ence mordenite standard. C r y s t a l l i z a t i o n was checked b y microscopic 
examinat ion as the zeolites crysta l l i zed as euhedra l crystals i n the 5-25/xm 
range a n d c o u l d be dif ferentiated f r om the unreacted mater ia l . 

Table I. Typical Runs in the Lithia System 

Batch Composition 
Li20/Al2Os/Si02/H20 

6 / 1 / 4 0 / 3 1 4 

T , °C 

180 

Time, Hrs. 

65 Ph i l l i ps i t e (major) 
M o r d e n i t e (moderate) 
A n a l c i m e (weak) 

Products 

3 / 1 / 4 0 / 3 1 4 180 65 M o r d e n i t e (major) 
Ph i l l i ps i t e (moderate) 
A n a l c i m e (weak) 

0 . 2 / 1 / 2 0 / 1 5 8 

1 / 1 / 4 / 3 4 

12 .0 /1 /34 .33 /270 150 

152 

174 

370 

67 

21 

A n a l c i m e 

Ph i l l ips i t e (major) 
M o r d e n i t e (weak) 

A n a l c i m e 
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Results 

T h e first syntheses of l i t h i u m mordenites , phi l l ips i tes , a n d analcimes 
are the result of a systematic invest igat ion started on this system several 
years previous to determine phase relationships. T h e first phase of the 
program was a n evaluat ion of reactant materials . T h i s parameter was 
m u c h more c r i t i ca l than i n other systems p r o d u c i n g zeolites a n d p r o b a b l y 
is the reason these c o m m o n zeolites h a d not been synthesized i n earl ier 
studies i n the l i t h i a system. T h e most successful combinat ion of reactants 
to produce these zeolites was l i t h i u m carbonate, a l u m i n u m hydrox ide 
( H y d r a l 710) , a n d ammonium-s tab i l i zed aqueous c o l l o ida l s i l i ca sol 
( L u d o x A S ) ; 1 0 0 % yields of L i - a n a l c i m e were obta ined , but to date 
L i - m o r d e n i t e a n d L i - p h i l l i p s i t e have been obta ined u p to 7 5 % y i e l d , 
each w i t h the other present as a co-existing phase. T y p i c a l runs are g iven 
i n T a b l e I. T h e L i - m o r d e n i t e crystals occur w i t h the same morpho logy 
as synthetic Na-morden i te crystals w i t h 010, 100, a n d 001 p inaco ids pre 
d o m i n a t i n g a n d some crystals w i t h p r i s m terminat ion , a l l i n the size range 
5 -25 /mi . T h e m e a n index of re fract ion is 1.470. T h e L i - p h i l l i p s i t e crystals 

Table II. Typical Runs in the Lithia—Soda System 

Batch Composition 
i20/Na20/Al20^/Si02/H20 Reactant 

1 .25 /1 .25 /1 /10 /25 A 

0 . 5 / 0 . 5 / 1 / 5 / 5 0 

0 . 5 / 0 . 5 / 1 / 1 0 / 5 0 

0 . 5 / 0 . 5 / 1 / 1 0 / 5 0 

4 .9 /4 .9 /1 /39 .2 /490 

0 . 5 / 0 . 5 / 1 / 1 0 / 1 0 0 

Β 

C 

D 

Ε 

Τ , °c 
Time, 
Hrs. Products 

185 84 M o r d e n i t e 
(major) 

A n a l c i m e 
(mod.) 

187 48 A n a l c i m e 
(major) 

M o r d e n i t e 
(minor) 

200 24 M o r d e n i t e 

190 48 M o r d e n i t e 
(major) 

Quar tz 
(mod.) 

150 336 M o r d e n i t e 
(mod.) 

P h i l l i p s i t e 
(mod.) 

190 16 A n a l c i m e 
a A = Grade C-730 aluminum hydroxide. 

Β = Grade Hydral 710 aluminum hydroxide. 
C = Grade C-31 aluminum hydroxide. 
D = Grade Hydral 705 aluminum hydroxide. 
Ε = Grade Hydral 705 aluminum hydroxide and Ludox AS. 
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M ==• MORD EN I Τ Ε PH = PHILLI Ρ S I ΤE 
AC = A N A L C I M E Q = Q U A R T Z 
O P = OPAL INE S I L ICA A = A L O , 
L * L i 2 0 , N = N Q O 

Figure 1. Schematic of compositional areas (mole basis) producing lithium and 
lithium, sodium zeolites 

are ac i cu lar to 15μχη length, m e a n index of re fract ion 1.504. T h e L i -
analc ime crystals occurred as equant crystals i n the 20 -80 /mi size range 
or as crysta l composites. A s has been reported b y Saha (11) for N a -
analc ime synthesized f r om glasses, a subst i tut ional series of A l for S i 
obtains also i n the synthetic L i -ana l c imes . A range was f o u n d of a0 = 
13.64A, η = 1.483 for L i - a n a l c i m e synthesized f r om siliceous ba t ch c om
positions to a0 = 13.69A, η = 1.488 for L i - a n a l c i m e synthesized f r om 
low-s i l i ca ba t ch compositions. 

W h e n the l i t h i u m phases were discovered, investigations were started 
i n the l i t h i a - s o d a system to determine i f zeolites of intermediate composi 
t i on c o u l d be synthesized. A 1:1 ratio of l i t h i a to soda was used i n a l l 
ba t ch compositions. S i l i c i c a c id , l i t h i u m hydrox ide , s od ium hydrox ide , 
a n d a l u m i n u m hydrox ide ( H y d r a l 710) were the best combinat ions of 
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reactants to produce the L i , N a zeolites, mordenite , ph i l l ips i te , a n d ana l 
c ime. T y p i c a l runs are g iven i n T a b l e I I . A compos i t ional d i a g r a m is 
g iven i n F i g u r e 1 to show the general areas of synthesis of mordeni te a n d 
co-exist ing phases i n the l i t h i a a n d l i t h i a - s o d a systems. T h e L i , N a -
mordenite , as is the case w i t h small -port Na-mordeni te , is synthesized o n 
composi t ion , whereas the L i - m o r d e n i t e c o u l d not be synthesized o n com
posit ion. A 9 0 % y i e l d ( 1 0 % opal ine s i l i ca ) of L i , N a - m o r d e n i t e was 
obta ined , a n d a crysta l l i zat ion curve o n this synthesis is shown i n F i g u r e 
2. Its chemica l analysis is as fo l lows : 70 .12SiO 2 , 11 .69A1 2 0 3 , 2 . 5 5 N a 2 0 , 
1 . 1 8 L i 2 0 , 13 .60L.O.I . ( W . H . Gerdes , ana lys t ) , w h i c h calculates to a 
f o r m u l a of 0 . 3 4 5 L i 2 O - 0 . 3 6 0 N a 2 O - A l 2 O 3 - 1 0 . 2 S i O 2 - 6 . 6 H 2 O . T h e defi 
c iency i n exchangeable a l k a l i p robab ly is o w i n g to hydrogen exchange. 
Its m e a n index of re fract ion is 1.471. 

X - r a y di f fract ion data for N a - , large-port N a - , L i - , a n d L i , N a - m o r -
denites are g iven i n T a b l e I I I . 

T h e smal l -port characteristics of the mordenites were de termined b y 
benzene sorpt ion capacities, w h i c h were negl ig ib le , at l o w p a r t i a l pres
sures of benzene (0.01-0.06) at r oom temperature us ing a quar tz spr ing 
balance. 

Discussion 

Phase studies i n the siliceous por t i on of the l i t h i a system a n d the 
l i t h i a - s o d a system resulted i n the synthesis of mordenites w i t h the same 
coexist ing phases—analc imes, phi l l ips i tes , quartz , opal ine s i l i ca , a n d 
crystal l ine a l k a l i s i l icates—as h a d been f o u n d i n the soda system. Whereas 
the start ing materials used as reactants are not c r i t i c a l parameters i n 
the synthesis of these zeolites i n the soda system, the choice of reactants 
is a predominant factor i n l i th ia - conta in ing systems to produce these 
phases. T h e mechanism is not understood yet b u t the sensit iv ity of these 

100 r 

TIME, HOURS 

Figure 2. Crystallization curve for small-port lithium, 
sodium mordenite at 200°C 
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Table III. X - R a y Diffraction Data for Synthetic Mordenites 

Synthetic Synthetic Large- Synthetic Na, Li- Synthetic 
Na-mordenite (8) Port Na-Mordenite Mordenite Li-Mordenite 

d, A / d, A I d, A J d , A / 

13.53 40 13.4 40 13.5 40 13.5 30 
10.24 10.2 10 10.2 10 10.3 10 

9.06 50 9.02 70 9.02 80 9.02 75 
6.57 55 6.50 50 6.51 50 6.50 40 
6.39 6.32 30 6.32 25 6.32 15 
6.08 6.02 10 6.01 10 5.98 10 
5.80 15 5.75 20 5.75 25 5.75 25 
5.05 5.03 2 5.03 2 5.05 2 
4.83 4.84 2 4.82 5 4.80 2 
4.52 25 4.50 35 4.50 40 4.49 45 
4.15 4.12 5 4.11 5 α 
4.00 60 3.97 70 3.96 70 3.97 60 
3.84 3.81 15 3.80 10 3.80 20 
3.76 3.73 10 3.72 10 3.73 10 
3.53 3.52 10 3.52 5 α 
3.47 100 3.45 100 3.44 100 3.45 60 
3.39 3.37 60 3.37 65 3.37 50 
3.29 3.28 10 3.28 10 α 
3.22 3.21 55 3.20 65 3.20 100 
3.16 3.13 10 3.13 10 3.13 10 

° Masked by phillipsite. 

systems to start ing materials provides a n excellent opportuni ty to correlate 
the react iv i ty of interact ing chemicals i n s tudy ing the kinetics of zeolite 
crysta l l izat ion . V a r y i n g the grade of crystal l ine a l u m i n u m hydrox ide 
alone made a very large difference i n the react ion products of b o t h the 
l i t h i a a n d l i t h i a - s o d a systems. I n the l i t h i a system, i n w h i c h aqueous 
co l l o ida l s i l i ca sol was effective, the use of st irred autoclaves p robab ly 
w o u l d e l iminate part of the dif f iculty i n determining the phase re lat ion
ships. A l t h o u g h these studies were carr ied out p r i m a r i l y i n the siliceous 
composi t ional region, the extension of the invest igation into several l ower 
s i l i ca compositions to evaluate the so l id so lut ion effects i n the analcimes 
showed excellent crysta l l i zat ion of phases i n this region. Research o n this 
composi t ional area is i n progress, par t i cu lar ly on the A l / S i a n d L i / N a 
substitutions i n the crystal l ine phases. A l so to be conf irmed is whether 
a complete series exists between L i - a n d Na-mordenites . 
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D i s c u s s i o n 

Charanjit Rai (Cities Service Research, Cranbury, N. J. 08512): 
How do the properties of various lithium and hthium,sodium mordenites 
reported in your paper change as a function of the temperature at which 
the synthesis has been carried out? 

M. L. Sand: We have not yet determined the properties of these 
mordenites. Mr. Coblenz has undertaken this work as his M.S. thesis. 

D. £. Vaughan ( W. R. Grace & Co., Clarksville, Md. 21029) : In view 
of the report of widespread occurrence of mordenite lake bed deposits 
(Sheppard, page 279), the low-temperature synthesis of mordenite 
is of some interest and importance. Would you care to comment on and 
correlate the experimental and field evidence? 

L. B. Sand: As mentioned in the text, these lithium-containing syn
thetic zeolites do not occur in nature, so experimental data do not apply 
to the problem of genesis. The synthesis of Na-mordenite at low tem
perature (75°C) could be of some significance, but a great deal of ex
perimental data are required to apply to the interpretation the conditions 
for formation in a natural deposit. 

J. Ciric (Mobil R & D Corp., Paulsboro, N. J. 08066): Are the Li-Ph 
crystals with the acicular habit biréfringent? 

L. B. Sand: Slightly, with a mean index of refraction similar to 
natural phillipsite. 
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Synthesis of a Beryllosilicate with the 
Structure of Analcime 

S. UEDA and M. KOIZUMI 

The Institute of Scientific and Industrial Research, Osaka University, 
Suita, Osaka 565, Japan 

A crystalline phase of beryllosilicate with analcime structure 
was obtained under hydrothermal conditions from starting 
material of composition Na3Βe1.5Si5O13 · NaCl. An analcime-
like phase was obtained as a nearly pure phase at 200°C. 
A small amount of sodium chloride coexisted with the above 
phase. The lattice constant was a = 13.35 ± 0.01A. The 
refractive index was 1.519 ± 0.002, higher than that of nor
mal analcime. The broad endothermic peak, indicating the 
dehydration of zeolitic water, was observed in the tempera
ture range from 150° to 500°C on a DTA curve. The speci
men showed little change of structure on heating to 500°C. 
These results indicate that a beryllosilicate with the anal
cime structure was prepared by direct synthesis. 

Tn naturally occurring zeolites, the extensive isomorphous replacement 
A of aluminum, which is situated in the tetrahedral sites of the frame
work, by cations other than silicon is quite rare. 

Two examples of substitution by phosphorus have been reported by 
McConnell (4) for viseite [CaioNa2(Al2oSi6Pio(H3)i2)096(H20)i6] and 
kehoeite [Zn 5.5Ca2.5(Ali 6Pi 6(H 3)i 6)096(H 20)32], which are isostructural 
with analcime (NaAlSi 2 0 6 · H 2 0 ) . On the basis of the occurrence of 
these phosphate zeolites in nature, Barrer et al. (2) attempted to synthe
size zeolites consisting of alumino- and silicophosphates hydrothermally, 
but no crystalline phase with zeolitic structure was obtained in their 
experiments. On the other hand, they (J) earlier had succeeded in ob
taining various species of gallogermanates with zeolitic structure in place 
of aluminosilicate. Their results demonstrated the isomorphous replace
ments of Ga ^± A l and Ge ^ Si between gallogermanate and alumino-

135 
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sil icate. I n spite of this fact, the n a t u r a l occurrence of gallogermanate 
zeolites has never been observed. 

A n example of A l ^ ± B e subst i tut ion i n the a luminosi l i cate w i t h 
zeo l i t i c structure is g iven for he lv ine . T h e structure of he lv ine 
( M n 4 B e 3 S i 3 O i 2 S ) , s imi lar to sodalite ( N a 4 A l 3 S i 3 O i 2 C l ) , is composed of 
the three-d imensional f ramework w i t h b o n d i n g of ( B e 0 4 ) a n d ( S i 0 4 ) 
tetrahedra ( 5 ) . I n order to keep the electrostatic charge balance, A l 3 + is 
rep laced b y B e 2 + , N a + b y M n 2 + , a n d C I " b y S 2 " , a l though each subst i tut ion 
p a i r involves changes of both size a n d charge. I n the case of so-cal led 
tugtupi te [ N a 8 A l 2 B e 2 S i 8 0 2 4 ( C l , S ) 2 ] , f o rmer ly n a m e d beryl losodal i te b y 
Semenov a n d B y k o v ( 8 ) , the structure consists of l i n k e d M 0 4 tetrahedra 
w i t h M = B e , A l , a n d S i as the meta l l i c cations ( 3 ) . T h e result proves 
that the type of isomorphous replacement descr ibed be l ow takes p lace 
between sodalite a n d so-cal led tugtupite . 

2A1 3+ <=> Be 2 +Si 4 + 

F r o m these facts, i t is reasonable, then, that some beryl losi l icates 
m a y be disposed to f o rm a f ramework w i t h large zeol i te- l ike cavities. 

T h e purpose of this s tudy has been to synthesize n e w crystal l ine 
phases of beryl los i l i cate w i t h zeo l i t i c structure. T h e first attempt was 
made to ob ta in a phase w i t h the analc ime- l ike structure, because i t is 
k n o w n that analc ime is the most easi ly crysta l l i zed zeo l i t i c phase under 
h y d r o t h e r m a l conditions i n the system N a 2 0 - A l 2 0 3 - S i 0 2 - H 2 0 . 

Experimental 

S t a r t i n g M a t e r i a l . T h e composi t ion of beryl los i l i cate equivalent to 
i d e a l analc ime m a y be w r i t t e n N a B e i . 5 S i 2 0 6 · a q , i f A l i n analc ime 
( N a A l S i 2 0 6 · aq ) is rep laced b y B e to keep the electrostatic balance as 
shown b y the f o rmula of 2 A 1 3 + ^± 3 B e 2 + . 

Saha ( 7 ) , w h o systematical ly s tud ied the phase stabi l i ty of analc ime, 
conc luded that they f o r m as a stable phase over the w i d e range f rom 
nephel ine composi t ion ( N a A l S i 0 4 ) to albite ( N a A l S i 3 0 8 ) . Since the 
sodalite composi t ion corresponds to that of 3 nephel ine ( N a 3 A l 3 S i 3 O i 2 ) + 
s o d i u m chlor ide ( N a C l ) , i t is possible for the analc ime w i t h nephel ine 
composi t ion to f o rm i n association w i t h sod ium ch lor ide f rom the starting 
mater ia l w i t h sodalite composit ion. I f the replacement 2 A 1 3 + ^± B e 2 + S i 4 + 

takes place i n sodalite, as seen i n the case of so-cal led tugtupite , the 
f o r m u l a of the a luminum-free end member of sodalite w i l l be g iven as 
N a J B e i . s S L ^ O i a C l . 

Consequent ly , start ing materials w i t h the composi t ion of N a B e i . 5 S i 2 0 6 

a n d N a 3 B e i . 5 S i 4 . 5 O i 2 · N a C l were prepared as descr ibed be low. C a l c u 
la ted amounts of Snowtex -O s i l i ca sol ( N i s s a n C h e m i c a l Industry Co . , 
L t d . ) , IN solutions of N a O H a n d N a C l , a n d p o w d e r e d B e O were m i x e d . 
T h e mixture was st irred v igorous ly a n d evaporated to dryness. T h e p r o d 
uct obta ined was ground to fine p o w d e r to m a k e i t homogeneous. N o 
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11. U E D A A N D K O I Z U M I Beryllosilicate with Structure of Analcime 137 

di f fract ion peaks were observed i n the x-ray p o w d e r pattern of the m i x 
ture except those for bery l l i a . 

Techniques of Hydrothermal Synthesis. I n every r u n , the materials 
were contained i n smal l sealed si lver tubes to prevent selective leaching . 
A smal l amount of d i s t i l l ed water was a d d e d before the tube was sealed. 
T h e type of pressure vessel used was the test tube ( 6 ) . 

M o s t of the runs were made i n the pressure—temperature range of 
1000 bars ( H 2 0 ) a n d 1 5 0 ° - 4 0 0 ° C for 1-3 weeks. T h e charge was 
quenched after the r u n . 

T h e products were identi f ied b y x-ray di f fract ion techniques, pétro
graphie methods, a n d di f ferential thermal analysis. 

Results and Discussion 

F r o m the start ing mater ia l w i t h the composi t ion of N a B e i . 5 S i 2 0 6 , 
fine-grained crystals w i t h analc ime- l ike structure were obta ined only i n 
the temperature range f rom 175° to 225°C, associated w i t h b e r y l l i a a n d 
u n k n o w n phases. E x c l u d i n g the x-ray reflections for the latter 2 phases, 
the x-ray p o w d e r data for the product are tabulated i n T a b l e I. 

T h e latt ice constant: a = 13.35 ± 0.01A; refract ive index : 1.519 ± 
0.002. T h e spec imen was obta ined f r o m the start ing mater ia l of 
N a B e i . 5 S i 2 0 6 , at 200°C a n d 1000 bars ( H 2 0 ) for a week. 

T h e di f fract ion pattern was almost ident i ca l w i t h that of n o r m a l 
a luminos i l i cate analc ime. T h e lattice constant was ca lcu lated to be a = 
13.35 ± 0.01A b y i n d e x i n g the x-ray reflections, assuming that the phase 
has cub i c symmetry. T h e va lue is s l ight ly smaller t h a n the average one, 
13.6A, for n o r m a l analc ime ( 7 ) . T h e crystals were op t i ca l l y isotropic 
a n d the refract ive index was 1.519 ± 0.002, h igher t h a n that of n o r m a l 
analc ime, 1.48. These differences i n the va lue of latt ice constant a n d 
refractive index m a y result f r o m the existence of b e r y l l i u m oc cupy ing a 

Table I. X - R a y Data for the Beryllosilicate with Analcime Structure 

hkl d(A) I hkl d ( A ) I 

211 5.43 31 633 1.817 23 
200 4.71 5 642 1.787 8 
321 3.56 6 732 1.696 46 
400 3.33 100 800 1.670 17 
332 2.845 70 741 1.646 18 
422 2.724 17 820 1.621 11 
431 2.618 27 822 1.573 9 
521 2.436 24 831 1.551 24 
440 2.361 14 842 1.458 7 
611 2.167 32 761 1.440 20 
620 2.114 5 664 1.424 12 
631 1.968 7 754 1.408 16 
543 1.888 6 932 1.378 29 
640 1.853 28 941 1.347 11 
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part of the tetrahedral sites rep lac ing s i l i con a n d a l u m i n u m i n the frame
w o r k of analc ime. 

F r o m the start ing materials w i t h the composi t ion of Na3Be1.5Si4.5O12 · 

N a C l , the phase w i t h analc ime- l ike structure was obta ined also i n the 
temperature range f r om 175° to 225°C. T h e data of x-ray di f fract ion a n d 
refractive index correspond w i t h those for the b e r y l l i u m - b e a r i n g analc ime 
ind i ca ted i n T a b l e I. F r o m this start ing mater ia l , however , the 2 phases, 
s od ium chlor ide a n d chkalovi te ( N a 2 B e S i 2 0 6 ) were observed i n add i t i on 
to the bery l l ium-bear ing analc ime. 

I n order to make the chkalov i te phase disappear, runs were made o n 
the start ing materials w i t h composi t ional ranges f r o m Na3Be1.5Si3.0O10 · 

N a C l to Na3Be1.5Si7.5Oi8 · N a C l . A t 200°C, bery lhum-bear ing analc ime 
associated w i t h a smal l amount of s od ium chlor ide was obta ined f r om 
the starting mater ia l , Na3Be1.5Si5.0O13 · N a C l , after 1-2 weeks. A s the 
s i l i ca content of starting mater ia l was reduced , chkalovi te appeared w i t h 
the analc ime. Q u a r t z was observed instead of chkalovi te for h igher s i l i ca 
contents. 

Since the zeo l i t i c water i n n o r m a l a luminos i l i cate analc ime is re 
m o v e d gradua l ly f r om the crystal latt ice b y heat ing , a b r o a d endothermic 
peak is observed on the D T A pattern of the m i n e r a l , as ind i ca ted i n 
F i g u r e 1 ( A ) . 

T h e D T A curve for the synthetic product obta ined f rom the composi 
t i o n Na3Be1.5Si5.0O13 · N a C l , i n c l u d i n g bery l l ium-bear ing analc ime a n d a 
m i n o r amount of sod ium chlorides, is i l lustrated i n F i g u r e 1 ( B ) . T h e 
b r o a d endothermic peak i n the temperature range between 150° a n d 
500 ° C indicates dehydrat i on of zeol i t ic water contained i n the b e r y l l i u m -
bear ing analc ime. T h e endothermic peak at 800°C resulted f r o m the 
me l t ing of sod ium chlor ide . S i m i l a r t h e r m a l data were obta ined for the 
products consisting of be ry l l ium-bear ing analc ime a n d either chkalov i te 
or quartz . 

Figure 1. DTA curves for: (A) analcime from Maze, Niigata, 
Japan and (B) beryllosilicate obtained from the starting ma
terial with the composition Na3Bet 5Si5 0O13 · NaCl at 200°C, 

1000 bars (H20) for 2 weeks 
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Sodium chloride and chkalovite were thermally stable up to their 
melting points, which were determined to be about 800°C for sodium 
chloride and 1050°C for chkalovite by the DTA method. Since a broad 
peak indicating the dehydration of zeolitic water was not altered by other 
endothermic peaks resulting from melting of sodium chloride and chkalo
vite, the existence of zeolitic water could be inferred from the DTA curve. 

As for the berylhum-bearing analcime, there is little difference be
tween the diffraction patterns of the original specimens and those heated 
to 500°C, except for the lattice constant change from 13.35 to 13.02A. 
Therefore, one may assume little change in the crystal structure of the 
analcime during gradual dehydration. 

The accurate structural formula of the berylhum-bearing analcime 
cannot be given, because the data of chemical analysis are not available 
at the present stage of the investigation. Assuming that the substitution 
2A13+ ^± Be 2 + Si 4 + takes place in normal analcime as seen in the case of 
so-called tugtupite, however, the supposed formula of the beryllium-
bearing analcime is set down as NaieBesSi^OgoiHkO)^. 

It is uncertain whether chlorine is situated in the cavity of berylhum-
bearing analcime lattice. However, since there is no difference in lattice 
constant and refractive index between the berylhum-bearing analcime 
synthesized from the Cl-free material of NaBei. 5Si 206 and that from 
Na3Be1.5Si4.5O12 · NaCl and from Na3Be1.5Si5.0O13 · NaCl, it is unlikely 
for chlorine to occupy the cavity. The chlorine may, however, play a role 
as mineralizer in the crystallization process of berylhum-bearing analcime. 

Conclusion 

A beryllosilicate with the analcime structure can be prepared by 
direct synthesis. The lattice constant, refractive index, and DTA data are 
presented for the compound. These results indicate that beryllium may 
occupy the tetrahedral sites, replacing aluminum in the zeolite structure. 
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Crystal Chemical Relationships 
in the Analcite Family 

I. Synthesis and Cation Exchange Behavior 

WILLIAM D. BALGORD1 and RUSTUM ROY 
Materials Research Laboratory, The Pennsylvania State University, 
University Park, Pa. 

Systematic investigation of analyzed analcites (NaAlSi2O6 · 
H2O, ideal formula) of normal, high, and low Al/Si ratios 
prepared by hydrothermal synthesis and cation exchange 
showed that the anionic framework common to all members 
of the family—analcite, leucite, wairakite, pollucite, viseite, 
and certain other artificially prepared cation derivatives not 
yet found in nature—possesses a distinct robustness with re-
spect to resisting major reconstructive transformations over 
broad ranges of composition, temperature, and pH2O. How
ever, detectable second-order structural changes and devia
tions from cubic symmetry were brought about by variation 
of Al/Si ratio and cation population. 

'Tphe unit cell of stoichiometric analcite contains 16 NaAlSi 2 0 6 • H 2 0 
A formulas. The structure of analcite has been described in some detail, 

first by Taylor (14) and later by Coombs (7). Of direct concern here 
are the cavities within the structure which lie collinear with 3 sets of 
nonintersecting channels. The cavities are of 2 types: a set of 16 sites 
(1/8, 1/8, 1/8) occupied by H 2 0 , as in analcite, or by Κ or Cs, as in 
leucite or pollucite, coordinated by 12 framework oxygens, and a set of 
24 smaller sites (1/8, 0, 1/4) occupied statistically by 16 Na in normal 
analcite. 

Since 1950, Barrer and coworkers (3, 4, 5, 6) have reported on the 
properties of various cation exchanged forms of analcite having the ideal 

1 Present address: Division of Laboratories and Research, New York State Department 
of Health, Albany, Ν. Y. 
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A l / S i rat io—viz , 1/2. H o w e v e r , there have been no i o n exchange invest i 
gations of the systems, N a - K , N a - C a , or K - C a i n analcites of h igher or 
lower t h a n n o r m a l A l / S i ratios. Whereas earl ier attempts to effect cat ion 
exchange of normal analcite b y L i , C s , M g , C a , a n d B a were met w i t h 
only l i m i t e d success, indirect methods of exchange or direct synthesis 
f rom gels p r o v i d e d means w h e r e b y L i , K , C a , C s , a n d P b 2 + forms were 
said to have been obta ined (1, 3, 4, 5 ) . 

I n the present study, synthetic analcites h a v i n g fixed A l / S i ratios of 
2 / 3 , 1/2, a n d 1 /3 were subjected to i on exchange w i t h a series of cations 
of various size, charge, a n d po lar i zab i l i t y to fix l imits of crystal l ine so lu
b i l i t y a n d to determine the effects of composi t ional change o n structure. 
Structure data as a funct ion of temperature a n d p H 2 o (to be presented 
i n a future pub l i ca t i on ) are avai lable i n a doctora l thesis b y B a l g o r d ( 2 ) . 

Experimental 

Parent materials were synthesized hydro thermal ly i n m u l t i g r a m 
quantit ies f rom gels accord ing to methods descr ibed b y - R o y ( 1 0 ) , Saha 
(11), a n d L u t h a n d Ingamells ( 9 ) . D e t a i l e d procedures used i n prepar 
i n g bo th parent analcites a n d cation-exchanged derivatives are obtainable 
also f rom the doctora l thesis b y B a l g o r d ( 2 ) . 

A l l samples were examined b y opt i ca l microscopy, p o w d e r x-ray 
di f fract ion, a n d chemica l analysis to determine phase composi t ion , homo
geneity, morphology , changes of symmetry , A l / S i rat io , cat ion populat i on , 
a n d H 2 0 content. Precise latt ice parameters were obta ined at contro l led 
P H 2 O us ing in terna l standards a n d computer least squares refinement. 
C h e m i c a l analyses were per formed b y flame photometry, x-ray fluores
cence, emission spectrography, d irect - reading emission spectrometry, a n d 
thermogravimetry . 

Results 

Modi f i cat ions i n the methods used b y Saha (11) to prepare m i l l i g r a m 
quantit ies of analcites of several A l / S i ratios l e d to successful preparat ion 
of m u l t i g r a m quantit ies of opt i ca l ly homogeneous materials h a v i n g the 
f o l l o w i n g characterist ics : 

A l / S i = 2 /3 N a 1 9 . 4 V I ( A l i 9 . 6 S i 2 8 . 4 ) I V 0 9 6 · 1 4 . 2 H 2 O X I 1 

aQ = 13.74 8 ± 0.017 A , nD
25 = 1.494 ± 0.002 

A l / S i = 1/2 N a 1 5 . 6 V I ( A l i 5 . 9 S i 3 2 . i ) I V 0 9 6 · 1 6 . 4 H 2 O X I 1 

aQ = 13.72 4 =fc 0.017 A , nD
25 = 1.486 ± 0.002 

A l / S i = 1/3 N a i 2 . 4 V I ( A ] i 2 . 2 S i 3 5 . 8 ) I V 0 9 6 . 1 8 . 4 H 2 O x n 

a0 = 13.65 9 ± 0.017 A , nD™ = 1.470 =Jb 0.002 
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142 MOLECULAR SIEVE ZEOLITES 1 

Symmetry , as determined f r o m x-ray p o w d e r patterns, is consistent w i t h 
the space group Ia3d. B ire fr ingence was absent or at most extremely 
weak. 

Ion exchange runs were carr ied out under various condit ions us ing 
salts of several monovalent a n d d iva lent cations w i t h the d u a l objectives 
of p repar ing materials for dehydrat ion a n d stabi l i ty studies (to be de
scr ibed i n a subsequent paper ) a n d def ining the l imits of true crystal l ine 
so lub i l i ty i n the analcite structure. 

A s m a y be in ferred f rom T a b l e I , on ly certain ions are accommodated 
read i ly b y the analcite structure. F o u n d among this group are L i + , A g + , 
K + , N H 4

+ , a n d R b + . B u t not so r ead i l y apparent f r om T a b l e I is that 
extensive subst itut ion i n v o l v i n g K + , N H 4

+ , R b + , or T l + i nvar iab ly gives 
rise to the exsolution of a tetragonal phase seen bo th b y x-ray di f fraction 
a n d b y microscopy as concentric react ion zones of contrasting relief. I on 
exchange of h i g h a n d l o w A l / S i analcite w i t h K , on the other h a n d , y ie lds 
products conta in ing apprec iable exchanged Κ w i t h i n a single cub i c 
phase: 62 a n d 3 5 % , respectively. 

M u c h more diff icult is the exchange of d ivalent ions for N a + i n 
analcite. O n l y w i t h some effort were the writers able to achieve exchange 

Table I. Results of Cation Exchange of Analcite 
Conditions 

Al/Si 

1/2 

2 /3 

1/3 

Cation 

L i ( 8 1 ) e 

Ag(100) 
K ( 9 3 ) c 

NH 4 +(100 ) 

Rb(100) 

Tl (92) r f 

M g ( 3 2 ) 
Ca(82) 
Sr(55) 
Co(3) 
N i ( l l ) 

K ( 6 2 ) 
Ca(100) 

K ( 3 5 ) 
Ca(81) 

100 
100 

22 
100 

100 

250 

225 
250 
225 
100 
100 

8 
250 

8 
250 

PSI 

4000 
5000 
4000 

b 

b 

b 
5000 

b 
5000 

Cell 
Edges, A 

13.53 
13.68 
13.79 
13.12, 
13.70 
13.2, 
13.6 
13.5, 

14.6 
13.7 
13.64 
13.64 
13.7 
13.7 

13.80 
13.62 

13.62 
13.64 

Refractive 
Indices 

1.501 
1.560 
1.490 
1.524 

1.520 

1.640 

1.491 
1.492 

1.502-1.512 
1.486 
1.486 

1.500 
1.514 

1.472-1.478 
1.474-1.481 

a Numbers in parentheses indicate percentage exchange. 
6 Autogenous pressure. 
c Metastable species, exsolution gives rise to leucite + K-saturated analcite. 
d Taylor {IS). 
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Να 

T3 
fO 
Ο 

Να 

/ / / / V / / / / / / / f / / // 

f t t t f t Metastable 
/ / / / / / / 

L i 

** Κ I4,/a 

la 3d M 9 T n f t r 

/ / / / / / / / / / / / / / / / / / / / / / Ca I a ° r 

/ / / / / / / / / / / / Sr 
Co 
Ni 

X 

0 20 40 60 80 100 
% REPLACEMENT OF Na 

Figure 1. Extent of cation exchange in 1 /2 analcite 

w i t h C a 2 + , M g 2 + , a n d S r 2 + . T w o successive 4-day treatments of analcite 
i n saturated C a C l 2 at 250 ° C a n d 5000 ps i p r o d u c e d 8 2 % exchange w h i l e 
m a i n t a i n i n g cub i c symmetry. B u t repeated treatments w i t h salts of Sr , 
M g , N i , a n d C o p r o d u c e d cub ic analcites conta in ing lesser populat ions of 
altervalent ions decreasing i n the stated order. 

B o t h h i g h a n d l o w A l / S i analcites read i ly undergo exchange w i t h C a 
at 250 ° C , 5000 ps i d u r i n g successive 4-day treatments. 

A n a l c i t e par t ia l l y exchanged w i t h A g + underwent a photosensit ized 
redox react ion be l i eved to involve A g + w i t h H 2 0 w i t h i n the cavities, a n d 
g iv ing rise to A g ° . T h e phenomenon was manifested first b y the appear
ance of a ye l l ow disco lorat ion of the b u l k mater ia l , suggesting the pres
ence of color centers, a n d later b y opaque meta l l i c s i lver d isseminated 
along gra in boundaries w i t h i n analcite crystall ites. 

Discussion 

F o r m e r l y , a l l zeolites were presumed to possess the ab i l i ty to ex
change their "exchangeable" cations read i l y a n d w i t h o u t s tructura l 
change. A study b y T a y l o r a n d R o y (12) on the P- type zeolite demon
strated emphat i ca l ly that this assumption is a gross oversimpli f icat ion. I n 
the present study, despite a greater degree of "openness" of the interstices 
of analcite relat ive to the P-zeolites, the extent of exchange w i t h m a n y 
cations is very m u c h l i m i t e d . I n F i g u r e 1, data are presented on the 
extent to w h i c h a g iven cat ion can substitute for sod ium i n the parent 
"analc i te " structure. I n the case of K + exchange, no more than 2 5 % K + 

( a n d probab ly as l i t t le as 1 0 % ) is tolerated i n the crystal l ine so lut ion of 
the N a phase at e q u i l i b r i u m . Subsequent exchange result ing i n further 
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144 MOLECULAR SIEVE ZEOLITES—I 

replacement of N a b y Κ only succeeds i n b r i n g i n g about a double decom
pos i t ion react ion g iv ing rise to the exsolution of a K - r i c h second phase, 
leucite . 

I n c l u d e d also i n F i g u r e 1 is in format ion regard ing symmetry changes 
i n d u c e d b y cat ion exchange. I n v i e w of these data , der ived f r o m powder 
di f fract ion data , the analcites, i n m a r k e d contradist inct ion to the P-zeol i te 
f a m i l y , show rather strong a n d easily recognizable ( b y p o w d e r x-ray 
pattern) f a m i l i a l affinities despite any cat ion changes. 

T h e dif f iculty of replacement of N a + b y d ivalent ions is demonstrated 
a m p l y i n the observat ion that a l l previous workers fa i l ed to achieve 
subst i tut ion of C a 2 + for N a + to any significant extent b y stra ight forward 
exchange methods. A l t h o u g h C a subst i tut ion was achieved i n this study 
under h y d r o t h e r m a l condit ions, i t is not certain whether the p a r t i a l 
replacement of N a b y M g , N i , or C o is l i m i t e d k inet i ca l ly or represents 
e q u i l i b r i u m . T h e relat ive fac i l i ty w i t h w h i c h C a 2 + replaces 2 N a + i n the 
h i g h - A l analcite m a y prov ide evidence that A l / S i order ing exercises some 
degree of contro l over the extent of exchange. A h i g h propor t i on of the 
N a + sites ac tual ly o c cup ied b y C a 2 + p resumably are coordinated b y at 
least 2 of 4 f ramework oxygens w h i c h themselves are par t of A l - c o n t a i n i n g 
tetrahedra. 

T h e re lat ion of the n u m b e r of water molecules per u n i t c e l l to the 
size of the exchangeable cat ion a n d free vo lume (here defined as un i t ce l l 
v o l u m e less the vo lume occup ied b y the f ramework a n d cat ions ) , is 
presented i n F i g u r e 2. T w o groups of phases emerge, fu l l y hydra ted 

Ο 

z 30 
or 
UJ 
û-20 
CO 
UJ 

ο 10 
UJ 

Ο 
CVJ 

X 

LEUCITE GR 

NH4+ 

Rb,| 

i * 4 

ANALCITE GR 

Li# 

Ag 

> Να 

κ 

Ca 

1200 1400 1600 
FREE VOLUME,A 3 

Figure 2. Relationship between free volume and H20 con
tent of 1 /2 analcite unit cell exchangeable cation population 
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structures h a v i n g a n expanded ce l l , designated "analc i te , " a n d contracted 
structures conta in ing l i t t le or no water , designated " leucite . " T h e s i tua
t ion m a y be rat iona l i zed i n terms of F i g u r e 3, adapted f rom D e e r et al. 
( 8 ) , w h i c h shows schematical ly a v i e w of the sites i n the analcite struc-

WAIRAK IT Ε 
Figure 3. Schematic representation of H20 and 

cation sites in the analcite structure 

8 
ι kmmW 

Ο 
CM 

h -

5 2 
UJ 

Temp, of exchange 

? 8°C 
4 25° 

: " 5 0 ° 
• 100° 

Figure 4. 

20 40 60 80 100 
% EXCHANGE, Na BY Κ 
Dependence of H20 content on Κ in 1 /2 

analcite 
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146 MOLECULAR SIEVE ZEOLITES 1 

ture normally occupied by Na + and H 2 0 , respectively. Depicted in 
Figures 1 and 3 are the relationships on the limits of solubility and the 
location of the cations and the H 2 0 molecules. In principle, the divalent 
cationic species should admit more water. That the extra "space" in the 
channels is not occupied to any appreciable extent by water (at given 
pH 2o and T) implies an exclusion of the H 2 0 molecules from the Na + 

site. In a K+-saturated cubic analcite, the water content is constant 
(Figure 4); here a random (Na +, K + ) distribution over the Na + sites per
tains. In leucite, however, the K + (Figure 3) occupies the H 2 0 sites, thus 
excluding the H 2 0 molecule. H 2 0 in turn cannot occupy the vacated Na + 

sites because part of the occupied channel volume of leucite is taken up 
by a contraction of the unit cell. 

Finally, a decrease of A l / S i ratio from 2/3 to 1/3 occasions a marked 
increase in water content. This fact, however, is consistent with the lower 
cation density in the Na + sites of the low-Al analcite. 
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D i s c u s s i o n 

Brian D. McNicol ( Koninklijke/Shell Laboratorium, Amsterdam, 
Netherlands): With respect to your comment on the formation of Ag° 
within the cavities by a photosensitized redox reaction, if the Ag° atoms 
are monatomically dispersed, then they could be identified by electron 
spin resonance. Ag°, of course, is paramagnetic. 

W. D. Balgord: Yes, if they stay that way (monatomic) long enough 
to measure them. 
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J . A . Rabo ( 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) : T h e existence of A g ° a toms—upon reduct ion of A g + — i n zeolites 
has been extensively invest igated w i t h X a n d Y zeolites us ing E S R w i t h 
out success. T h e smallest r educed species f o u n d so far are A g 2

+ ions, 
w h i c h exist u p to — —80°C i n Y zeolite. 

W . D . Balgord: Several questioners seem to have interpreted our 
comments on p. 143 to mean that w e actua l ly observed monatomic 
A g i n the analcite. N o effort was made to detect A g atoms. I n fact, 
the paragraph does not ment ion them as such. It does seem reason
able, however , that si lver, i f i n i t i a l l y present as i n d i v i d u a l A g + ions i n 
the restr icted analcite cavities, m a y have existed as discrete A g ° atoms, 
i f on ly momentar i ly , at one step i n the mechanism b y w h i c h the meta l l i c 
s i lver aggregated. 

Douglas S. Coombs ( U n i v e r s i t y of Otago , D u n e d i n , N e w Z e a l a n d ) : 
I n connect ion w i t h the discussion on nonl inear i ty of c e l l dimensions 
p lo t ted against A l atoms per f o rmula unit , i t m a y be commented that 
Sana's p lo t was for ce l l edge against A l / S i ratio . I f this latter gives a 
straight- l ine re lat ionship , a plot of c e l l edge against n u m b e r of A l atoms 
must be curv i l inear . 

W h e n H 2 0 exceeds 16 per un i t ce l l , where is this extra water ac
commodated? I f i t is d is t r ibuted through two latt ice sites, is this reflected 
i n dehydrat ion phenomena? 

W . D . Balgord: A replot of c e l l edge a n d I R data us. A l / S i ratio 
does not reveal the l inear re lat ionship i m p l i e d i n the first of D r . C o o m b s ' 
questions. F r o m the un i t c e l l composit ion data presented, i t m a y be ob
served that a decrease of 4 N a + ions, associated w i t h a corresponding 
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decrease of 4 A l 3 + ions f r o m A l / S i rat io of 1 /2 to 1 /3 , is accompanied b y 
an increase of 2 H 2 0 molecules. T h e inverse re lat ionship between 2 N a + 

a n d H 2 0 suggests that the concurrence of vacant ad jo in ing N a + sites 
provides sufficient space to accommodate the add i t i ona l H 2 0 molecule . 
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Synthesis of Thermodynamically Stable 
Zeolites in the Na 2 O-Al 2 O 3 -SiO 2 -H 2 O 
System 

E. E. SENDEROV and Ν. I. KHITAROV 
V. I. Vernadsky Institute of Geochemistry and Analytical Chemistry, USSR 
Academy of Sciences, Moscow, V-334, Vorobiovskoe shosse, 47-A, USSR 

Zeolites natrolite and analcime (composition of the latter is 
close to its ideal formula, NaAlSi2O6 · H2O) have been ob
tained in the Na 2 O-Al 2 O 3 -S iO 2 -H 2 O system under condi
tions hampering the formation and conservation of meta-
stable crystals. Among sodium zeolites, only these 2 phases 
appear truly stable; formation of the others is a result of 
metastable growth from highly reactive starting materials. 

Τ η the Na20-Al203-Si02-H 20 system, a great number of artificial zeo-
A lites may be obtained. Their synthesis is mainly carried out below 
200°-300°C using amorphous starting materials, gel-like mixtures and 
glasses. High supersaturation of a solution arising in a reactor with such 
a charge and slow rates of crystal formation under low-temperature 
zeolite synthesis conditions make development and conservation of meta
stable states a rule rather than an exception (2, 17). 

When starting with highly reactive gel-like mixtures, the probability 
of metastable crystallization, as Fyfe (6) pointed out, is particularly 
high. In that case, a system should have an initial maximum free energy 
excess with respect to the final stable state. This increases the number 
of possible intermediate metastable states (and phases corresponding to 
them) through which the system passes to the end state according to 
Ostwald's law. Following Goldsmith's idea (7), during this transition 
the "simplicity" of crystal structure decreases in successively formed 
solid phases. Nucleation is the slowest for the most complex and ordered 
lattices, which form after the others. 

Prolongation of a run makes preservation of the intermediate phases 
possessing only relative stability more difficult. Mixing a charge in a 
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150 MOLECULAR SIEVE ZEOLITES 1 

reactor should cause a similar effect, as well as the use of catalysts which 
accelerate stable phase nucleation. The appearance of crystals with a 
slow nucleation rate should be favored by introducing its seeds, and that 
of intermediate phases should be averted by using less reactive crystalline 
starting materials instead of amorphous ones. In the latter case, however, 
the time necessary for new phase formation becomes considerably longer. 

Catalyzing influence on reactions in silicate systems may be excited 
by an increase of crystal-forming solution alkalinity. This is evidenced 
by zeolite synthesis experience (17) and by direct experiments of Camp
bell and Fyfe (3) and Kerr (8). However, an increase of p H may affect 
not only growth rate, but displacement of desilication reactions towards 
products poorer in silica (15, 16). These 2 effects must be distinguished 
when analyzing the influence of alkalinity growth. 

In spite of the synthesis in the Na20-Al203 -Si02 -H 2 0 system of a 
great number of zeolites of different structural groups, reliable com
munications on artificial natrolite, Na 2 Al 2 Si 3 Oio · 2 H 2 0 , were lacking un
til recently (18). This might seem strange because of extensive investiga
tion of the system and wide abundance of the zeolite in nature. Difficulties 
with natrolite synthesis were supposed to be conditioned by the com
plexity of its structure (12), particularly by ordered Si and A l distribution 
in it. The ordering also explains the constancy of natrolite composition, 
unlike the majority of artificial sodium zeolites. Natrolite appears to 
differ by the slowness of its nucleation from disordered, possibly less 
stable phases. The factors preventing metastable growth should be 
taken into account in the formation of natrolite. 

Gels of (1—2 )Na 2 0 · A 1 2 0 3 · 3 S i 0 2 + aq composition seeded with 
natrolite were prepared to synthesize it (18). Natrolite had been crys
tallized in the range of about 100° -200 °C under saturated vapor of crys
tal-forming solution pressure (Table I). In this range, the zeolite 
( commonly with analcime ) appeared instead of chabazite and garronite, 
which crystallize from the same mixtures in absence of the seeds (17). 
No difference was noticed between the synthetic and natural natrolite. 
Chabazite and garronite also were formed in runs with the seeds but 
increased alkalinity resulting from concentration of relative N a 2 0 con
tents in the initial mixture caused natrolite substitution for them. The 
desilication reactions did not cause this substitution because chabazite 
and garronite may be as poor in silica as natrolite. 

Another way to obtain natrolite is the use of natural sodium alumino-
silicates—nepheline, ( N a , K ) A l S i 0 4 , and albite, NaAlS i 3 0 8 — separate ly 
and in mixtures, in a starting charge which was treated with neutral 
( H 2 0 and 0.2IV NaCl) and alkaline ( 0 . 2 N N a O H ) solutions. The charge 
was placed in a rocking autoclave in which a stainless steel ball mixed 
the contents. Pressure was approximately 300 arm; duration ranged from 
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Table I. Natrolite Synthesis from Seeded Gels 

Na^O/AWs Duration, 
in a Gel Cone., Wt. % Days Products'1 

120°C 
2 5 103 n t + a n 
1.5 20 103 a m + n t 
2 20 103 a m + n t 
1.5 39 103 a n + n t 
2 39 103 n t + a n 

180°C 
1.5 5 19 a n + n t 
2 5 19 a n + n t 
1.2 20 19 a n + n t 
1.5 20 19 a n + n t 
1 40 19 nt + a n 

» am=amorphous matter, an=analcime, nt =natrolite. 

t ; c a ft s 

4 6 

S i 0 2 / A l 2 0 3 

4 6 

S i 0 2 / A l 2 0 3 

2 5 2 A n a l c i m e N a t r o l i t e 11111 I C a n c r t m t e 

Figure 1. Recrystallization of mineral mixtures treated with neutral (a) 
and alkaline (b) solutions 

several weeks to about 100 days. R e l i a b l y ident i f ied n e w phases were 
obta ined on ly for the l i m i t e d fields s h o w n i n F i g u r e 1. A l k a l i n e m e d i a 
favored natrol i te crysta l l izat ion , w h i c h arose i n approx imate ly the same 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

01
3

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



152 MOLECULAR SIEVE ZEOLITES 1 

temperature range as f r om the seeded gels. Natro l i t e as start ing mater ia l 
decomposes at near ly 300 ° C , g i v i n g rise to hydroxycancr in i te . T h i s per 
mits demarcat ion of the b o u n d a r y of natrolite 's s tabi l i ty field at r ough ly 
250°C. 

T h u s , natrol i te replaces garronite a n d chabazite w i t h increasing a l k a 
l i n i t y w h e n crys ta l l i z ing f r om seeded gels, a n d the latter 2 zeolites are 
not f o rmed f rom minerals . A l l this suggests that natrol i te is more thermo-
d y n a m i c a l l y stable. 

T h e composit ion of analc ime f o rmed at recrysta l l izat ion of the m i n 
era l mixtures can not vary as w i d e l y as i n synthesis f rom amorphous 
gels a n d glasses. T h i s suggests that analcimes of some compositions 
m i g h t g row as metastable phases. T o determine this poss ib i l i ty , spec ia l 
experiments were conducted i n w h i c h ca l c ined gels, N a 2 0 · A 1 2 0 3 · ( 2 . 5 -
1 3 ) S i 0 2 , were treated w i t h water a n d N a O H solutions of different con
centrations (10). M i x i n g of a charge m a y be used d u r i n g the experiments, 
as i n the case of natrol i te . H o w e v e r , this factor c o m b i n e d w i t h chang ing 
the crysta l l i zat ion t ime over a range of several weeks d i d not prove as 
great an influence as var ia t ion of the solut ion a lkal in i ty . 

Ο 
cti 

c ο 

2n 

0,2 π 

S 0,02 Π 

χ—ο cf|-*^c£^-

/ 
/ 

I Μ \ 

i 
6 8 

S i 0 2 / A l 2 0 3 

10 

Figure 2. Si02/AltOs ratio in initial gels (X) and analcimes crystallized at 
250°C (circtes). Open circles = Si02/AlgOe ratio in analcime in experi
ments with mixing, closed ones = without mixing. Each horizontal line 
connects the point of an initial gel with the point of analcimes grown from 
this gel. Points of crystal compositions formed from the same gels in different 
solutions are connected by dashes. A dot-and-dash line shows the SiO^/AlgO^ 

ratio in the ideal formula of analcime. 
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Some results of the determinat ion of analc ime compositions are 
shown i n F i g u r e 2. T h e i n i t i a l S i 0 2 / A l 2 0 3 rat io i n gels a n d i n analcimes 
g r o w n f rom them at 250°C is ind i ca ted on the abscissa. A n a l c i m e c o m 
pos i t ion was measured w i t h an accuracy i n S i 0 2 / A l 2 0 3 va lue of ± 0 . 2 
us ing the Saha (14) a n d Coombs a n d W h e t t e n (5 ) method based on 
x-ray data. C o m p o s i t i o n of a solut ion acted on gels is shown b y the 
ordinate. 

Ana l c imes crysta l l i zed i n more concentrated N a O H solutions are 
closer to the idea l f o rmula , where the S i 0 2 / A l 2 0 3 ratio is 4. I f i n the 
experiments N a O H inf luenced displacement of e q u i l i b r i u m , s i l ica-def i 
cient species, where S i 0 2 / A l 2 0 3 ^ 3, w o u l d arise. L i m i t s for S i 0 2 / A l 2 0 3 

i n analcimes accord ing to our n e w data are 2.8 a n d 8.2 (10). W i t h an 
a lka l in i ty increase, the displacement is l i m i t e d , a n d not on ly h i g h - S i 0 2 

species b u t l o w - S i 0 2 ones disappear. Instead of the latter, fe ldspathoids 
were crysta l l ized . T h e a lka l in i ty change inf luenced the kinetics of the 
process a n d caused the disappearance of less stable analcimes of fr inge 
compositions. 

T h e i d e a l sto ichiometric composi t ion is a l i m i t to w h i c h analcimes 
tend f r om both sides i n experiments u p to 400°C. A t that a n d h igher 
temperatures, pro longat ion of runs gives rise to analcimes w i t h lower 
contents of s i l i ca , even w h e n water reacts w i t h gels enr i ched i n S i 0 2 . 
T h i s is i l lustrated b y data on crysta l l izat ion of N a 2 0 · A 1 2 0 3 · 4.6 S i 0 2 + 
H 2 0 ( T a b l e I I ) . Absence of sod ium hydrox ide i n the solut ion w i t h w h i c h 
the gels are treated al lows neglect of the role of the desi l icat ion reactions. 

T h e most probable reason for the constancy of composit ion is the 
order ing d is t r ibut ion of S i a n d A l i n the lattice of such analc ime (11). 
H e r e the analogy w i t h natrol ite a n d other groups of f ramework silicates, 
feldspars, for w h i c h low-temperature ordered varieties are k n o w n , is 
reasonable. A n a l c i m e of the N a A l S i 2 0 6 · H 2 0 composit ion appears to be 
the low-temperature variety , stable u p to 400°C. D e v i a t i o n f rom a defi
nite composi t ion indicates the beg inn ing of disorder. T h e order must 

Table II. S i 0 2 / A l 2 0 3 Ratio in Analcime Formed from 
N a 2 0 · A 1 2 0 3 • 4.6 S i 0 2 + H 2 0 

Temp., Duration, 
°C Days SiOi/AWi 

250 14 4.7 
300 10 a 4.4 
350 15* 4.5 
400 2 4.6 
400 14° 3.7 
450 3 4.4 
450 14* 3.7 

a Experiments with mixing. 
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remain unchanged at all temperatures lower than 400 °C. It further 
means that, if the definite composition reflects the ordering, it must 
remain stable down to the lowest temperature of analcime formation 
which is likely to reach ambient temperature. 

Thus, the factors making metastable growth difficult force the phases 
easily formed from gels—garronite, chabazite, analcime solid solutions— 
to disappear. Mordenite crystallization also is connected with metastable 
growth and equilibria, not with quartz but with less stable forms of 
silica (4). A l l this suggests that among the zeolites in the N a 2 0 - A l 2 0 3 -
S i 0 2 - H 2 0 system the only thermodynamically stable phases are natrolite 
and the NaAlSi 2 0 6 · H 2 0 analcime (up to 400°C). This is indirectly 
supported by the very wide abundance of the 2 zeolites in nature. 

For the other sodium zeolites, grown metastably, it is possible to 
define sequences of increasing relative stability. Replacement of one 
phase by another may be influenced by the increase of crystallization 
time that was noticed by many investigators (I, 9, 13, 19) and by the 
increase of solution alkalinity and temperature when the latter 2 param
eters accelerate rates of reactions. Here the sequences are: garronite 
(NaP) -» analcime (solid solution), tetragonal P2 (more ordered) being 
more stable than cubic PI; in the poorest in silica field, NaX -> NaA -> 
NaP. 
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Zeolite Frameworks 

W. M. MEIER 

Institut für Kristallographie and Petrographie der ΕΤΗ, Zürich, Switzerland 

D. H. OLSON 
Mobil Research and Development Corp., Princeton, N. J. 08540 

A collection of stereopairs showing the presently known 
framework structures of zeolites is presented. Only well-
established structures have been incorporated in this survey 
which includes crystal data, information on channel geome
try, and possible fault planes. 

"\Tost zeolite structures are fairly complex and cannot be visualized 
readily. For this reason, stereoscopic drawings of 27 well-estab

lished zeolite frameworks have been prepared as a general aid (Figures 
1-27). These skeletal framework drawings are based on the T-atoms 
(Si,Al) only and T - O - T bridges are represented by straight lines. In 
general, the viewing direction has been chosen in such a way that the 
main channels are clearly visible. The idealized cell contents, crystal sys
tem, space group, and unit cell dimensions have been summarized in the 
figure captions. In many cases, the listed space group represents a pseudo-
symmetry which does not account for Si,Al ordering. The unit cell has 
been indicated in all cases where this appeared feasible. 

The present atlas of zeolite frameworks includes only reasonably 
well-established structures which have been at least partially refined. 
Mere proposals have been excluded since past experience has shown that 
all too frequently these have been incorrect. As a rule, the references in 
the captions have been limited to the first correct description of the 
framework structure and to its subsequent refinement. 

Zeolites do not represent an easily definable group of crystalline 
aluminosilicates. There are obvious borderline cases like some sodalite-
type species which have been included in this survey. On the other hand, 
nepheline hydrate, the scapolites, osumilite (12), and buddingtonite, an 
ammonium feldspar with zeolitic water (17), have not been considered 
here. 
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156 MOLECULAR SIEVE ZEOLITES 1 

Figure 1. Analcime (29, 55 ) , Na16Al16Si32Og6 · 16 H20, viewed along [100] 
cubic, Ia3d, a = 13.73 A 

Isotypes: wairakite (14), leucite (62), pollucite (40), viseite (31), kehoite (32) 

Figure 2. Laumontite (6 ) , CauAl8Si16Oh8 · 16 H 2 0 , viewed along [100] 

monoclinic, Am, a = 7.57, b = 14.75, c = 13.10, y = 112.0° 
CH: [100] 10 4.0 X 5.6* 
Isotype: leonhardite ( 13 ) 

G e n e r a l accounts of zeolite structures a n d classif ication schemes can 
be f o u n d i n several recent articles (20, 35, 50) a n d tables (54). 

Structure Types 

Species w h i c h are based o n topolog ica l ly equiva lent f rameworks r e p 
resent the same structure type irrespective of composi t ion , d i s t r ibut i on of 
the f ramework atoms, ce l l dimensions, a n d symmetry. M a r k e d differences 
w i t h respect to these properties f requent ly can be observed for i sotypic 
species. A n u m b e r of zeo l i t i c isotypes have been l i s ted i n the figure cap
tions together w i t h appropr iate references, usual ly to s tructural w o r k . 
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14. MEIER AND OLSON Zeolite Frameworks 

Figure 3. Natrolite (33, 42, 58 ) , Nat6Al16SiuO80 • 16 H2Oy viewed 
along [110] 

orthorhombic, Fdd2, a = 18.30, b = 18.63, c = 6.60 A 
CH: ± [001] H 2.6 X 3.9** 

F?: (110). Isotype: scolecite (57) 

Figure 4. Thomsonite (57) , Na,Ca8Al20Si20O80 · 24 H20, viewed along 
[100] 

orthorhombic, Pnn2, a = 13.07, b = 13.08, c = i3.I8 A 
C H : ± [001] 8 2.6 X 3.9** 

F F : (I00j, (ΟΙΟ; 
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Figure 5. Edingtonite (56) , Ba2Al.Si6O20 ' 8 H2Of viewed along 
[110] 

orthorhombic, P2i2i2, a = 9.54, b = 9.65, c = 6.50 A 
CH: ± [001] 8 3.5 X 3.9** 

FP: (110) 

Figure 6. Sodalite (30, 43), Na6Al6Si6Ou • 2 NaCl, viewed along [100] 

cubic, P43n, a = 8.87 A 
FP:(111) 

Isotypes: sodalite hydrate or Zhdanov G (48, 49), TMA-sodalite (2), 
tugtupite ( 15 ) 

Synthet ic zeolite N a P l (or L i n d e B ) is apparent ly a n isotype of 
g ismondine ( F i g u r e 14) accord ing to a recent s tudy b y Baer locher a n d 
M e i e r (4). T h e cub i c structure w h i c h was proposed earlier has been 
r u l e d out i n this work . T h e symmetry of the N a P l f ramework is noncubic 
(despite the fact that the un i t c e l l is compat ib le w i t h cub i c s y m m e t r y ) , 
a n d the phase appears to consist of mimet i c twins . 
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Figure 7. Cancrinite (24, 42 ) , Na6Al6Si6Ou · CaCOs · 2 H20, viewed 
along [001] 

hexagonal P6 3 , a = 12.75, c = 5.14 A 
CH: [001] 1 2 6.2* 

FP: (001). Isotype: cancrinite hydrate ( 61 ) 

Figure 8. Gmelinite (19) , (Na2,Ca)uAlsSi160}t8 · 24 HsO, viewed along 
[001] 

hexagonal, P63 /mmc, a = Hi.3, c = JO.O A 
CH: [001] 1 2 7.0* <-> -L [001] 8 3.6 X 3.9** 

FP.fOOI) 

Channel Geometry 

T h e figure captions inc lude in format ion o n the channels ( C H ) . A 
shorthand notat ion has been used for the descr ipt ion of the channels i n 
the various frameworks. E a c h system of equivalent channels has been 
character ized b y the channe l d i rec t ion , the n u m b e r of tetrahedra f o r m i n g 
the smallest rings of the channels, a n d the crysta l lographic free diameters 
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Figure 9. Chabazite (16, 51 ) , Ca6Al12Si2i072 • 40 H20, viewed along [001] 
hexagonal, R3m, a = 13.17, c = 15.06 A 

CH: _L [001] 8 3.6 X 3.7*** 
FP:(001) 

Figure 10. EHonite (52) , (Na2,Ca, etc.)k 5Al9Si27072 · 27 H20, viewed 
along [001] 

hexagonal, P6 3 /mmc, a = 13.26, c = 15.12 A 
CH: JL [001] 8 3.6 X 5.2*** 

F P : ( 0 0 i ; 

of the channels. T h e free diameter values are based o n 1.35 A for the 
oxygen radius , a n d b o t h m i n i m u m a n d m a x i m u m values are g iven for 
nonc i rcu lar apertures. T h e n u m b e r of asterisks f o l l ow ing these figures 
indicates whether the channe l system is one-, two- , or three-dimensional . 
O n l y those apertures have been taken into account w h i c h are more open 
t h a n regular s ix -membered r ings. I n most cases, these smaller openings 
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Figure 11. Offretite (8 ) , (Na2,Ca, etc.)2AlhSiu036 · 14 H20, viewed along 
[001] 

hexagonal, P6m2, a = 13.3, c — 7.6 A 
CH: [001] 1 2 6.4* <—> ± [001] 8 3.6 X 5.2** 

FP:(001) 

Figure 12. Linde L (5 ) , K6Na3Al9Si27072 • 21 H20, viewed along [001] 

hexagonal, P6/mmm, a = 18.4, c = 7.5 A 
CH: [001] 1 2 7.1* 

FP.(OOl) 

f o rm s imple w i n d o w s (rather than channels) connect ing larger cavities. 
Interconnect ing channel systems are separated b y a double arrow ( <—> ). 
A ver t i ca l bar ( | ) means that there is no direct access f rom one channel 
system to the other. 

Crys ta l l ographic free diameters depend on the state a n d the compo
sit ion of the zeolite. T h e channe l dimensions of isotoypic species can 
differ apprec iab ly , par t i cu lar ly i n the case of n o n r i g i d frameworks. 
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Figure 13. Phillipsite (53) , (K,Na)10Al10Si22O6i · 20 H20, viewed along 
[100] 

orthorhombic, B2mb, a = 9.96, b = 14.25, c = 14.25 A 
CH: [100] 8 4.2 X 4.4* <—> [010] 8 2.8 X 4.8* <-> [001] 8 3.3* 

FP: (010). Isotype: harmotome (47) 

Figure 14. Gismondine (18) , CaiAl8Si8032 · 16 H20, viewed along [010] 
monoclinic, P2i /a , a = 9.84, b = 10.02, c = 10.62 A, y = 92.4° 

CH: {[100] 8 3.1 X 4.4 +-* [010] 8 2.8 X 4.9}*** 
FP:(101)t (Oil) 

Isotypes: TMA-gismondite ( 3 ), Barrer PI or Linde Β ( 4 ) 

Figure 15. Yugawaralite (27, 28) , C a ^ A / j S ^ O ^ · 8 H 2 0 , viewed along [001] 
monoclinic, Pc, a = 6.73, b = 13.95, c = 10.03 Α, β = 111.5° 

CH: [100] 8 3.1 X 3.5* < -» [001] 8 3.2 X 3.3* 
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Figure 16. Heulandite (37, 38 ) , CallAlsSi28072 · 24 HzO, viewed along 
[001] 

monoclinic, Cm, a = J7.73, b = 17.82, c = 7.43 A,B = 116.3° 
CH: [100] 8 4.0 X 5.5* <—> {[001] 1 0 4.4 X 7.2* and 8 4.1 X 4.7}* 

F P : (010) 

Figure 17. Stilbite (21) , Na2CaiAl10Si26O72 • 28 H 2 0 , viewed along [001] 
monoclinic, C2 /m, a = 13.64, b = 18.24, c = 11.27 Α, β = 128.0° 

C H : [100] 1 0 4.1 X 6.2* <—• [001] 8 2.7 X 5.7* 
F P : (010) 

Fault Planes 

A n u m b e r of zeol ite f rameworks have been descr ibed i n terms of 
s tacking sequences of certain b u i l d i n g blocks such as s ix -membered single 
or double rings (cf. 35, 50). S t ruc tura l relationships among members of 
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Figure 18. BrewsteHte (45) , (Sr,Ba,Ca)2AlhSi120S2 · 10 H20, viewed along 
[001] 

monoclinic, P2i /m, a = 6.77, b = 17.51, c = 7.74 Α, β = 94.3° 
CH: [100] 8 2.3 X 5.0* < -» [001] 8 2.7 X 4.1* 

FP: (010) 

Figure 19. Mordenite (34) , Na8Al8Sii0O96 · 24 H20, viewed along [001] 

orthorhombic, Cmcm, a = 18.13, b = 20.49, c = 7.52 A 
CH: [001] 1 2 6.7 X 7.0* <—> [010] 8 2.9 X 5.7* 

FP: (010) 

Figure 20. Dachiardite (23) , Na5Al5Si19Oi8 · 12 H20, viewed along 
[010] 

monoclinic, C 2 / m , a = 18.73, b = 7.54, c = 10.30 Α, β = 107.9° 
CH: [010] 1 0 3.7 X 6.7* <-> [001] 8 3.6 X 4.8* 

FP: (010) 
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Figure 21. Epistilbite (44) , Ca3AlGSi18Oi8 · 16 H20, viewed 
along [001] 

monoclinic, C 2 / m , a = 8.92, b = 17.73, c = 10.21 Α,β = 124.3° 
CH: [100] 1 0 3.2 X 5.3* [001] 8 3.7 X 4.4* 

Figure 22. Ferrierite (59) , Na2Mg2Al6Si30O72 ' 18 H2Ot viewed along 
[001] 

orthorhombic, Immm, a = 19.16, b = 14.13, c = 7.49 A 
CH: [001] 1 0 4.3 X 5.5* <—> [010] 8 3.4 X 4.8* 

Figure 23. Bikitaite (1 ) , Li2Al2Sih012 · 2 H 2 0 , viewed along [010] 

monoclinic, P2i, a = 8.61, b = 4.96, c = 7.61 Α, β = 114.4° 
CH: [010] 8 3.2 X 4.9* 
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Figure 24. Faujasite (7, 9, 41) , (Na2,Ca,Mg)29Al58Si13iOS8i • 240 H20, 
viewed along [111] 

cubic, Fd3m, a = 24.7 A 
CH: <U1> 1 2 7.4*** 

FP: (111). Isotypes: Linde X ( 11, 39), Linde Y ( 10) 

Figure 25. Linde A (11, 46 ) , Na12Al12Si12Oi8 -27 H20, viewed along 
[100] 

cubic, Pm3m, a = 12.32 A (pseudo-cell) 
CH: <100>S4.1*** 
Isotype: ZK-4 (26) 

the chabazite group thus can be discussed us ing the concepts of po ly -
t y p i s m (60). T h e chabazite a n d gmel inite frameworks, for instance, rep 
resent polytypes. Stack ing faults, w h i c h are to be expected i n the po ly 
t y p i c materials , f requent ly have been observed i n these crystals, the fault 
p lane be ing (001) . 

T h e phenomenon of p o l y t y p i s m is b y no means l i m i t e d to the chaba
zi te group. Stacking faults also are l i k e l y to occur i n most of the other 
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Figure 26. ZK-5 (36) , Na30AlS0Si66O192 · 98 H20, viewed along [100] 
cubic, Im3m, a = 18.7 A 

CH: <100> 8 3.9*** \ <100> 8 3.9*** 

Figure 27. Faulingite (22) , (K2,Ca,Na2)76Al152Si520O13U · <^700 H20, 
viewed along [100] 

cubic, Im3m, a = 35.1 A 
CH: <100> 8 3.9*** | <I00> 8 3.9*** 

zeolite frameworks. Possible faul t planes ( F P ) have been l isted i n the 
figure captions i n order to po int this out. T h e existence of possible fault 
planes means that layer - l ike segments of the f ramework can be stacked 
i n more than one w a y , g i v ing rise to p o l y t y p i s m or "one-dimensional po ly 
m o r p h i s m . " I n a l l these cases, a n u m b e r of s imi lar structures (i.e., po ly -
types ) can be postulated qui te readi ly . 
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Concluding Remarks 

Isotypic species cannot always be recognized readily on the basis of 
powder patterns alone. Extensive structural investigations often are re
quired in order to establish isotypism in cases of varying cell dimensions 
and symmetry. On the other hand, the x-ray patterns of polytypic species 
are frequently extremely similar and have led to the assignment of incor
rect structures. A good example in this respect is provided by erionite 
and offretite (8). Because of this, careful reexamination of a number of 
discredited zeolitic species (such as stellerite, herschelite, etc.) would 
seem advisable. 

Studies on the broader aspects of these framework structures are by 
no means exhausted. Further work is required on clinoptilolite, garronite, 
levynite, etc., to mention only a few natural zeolites. 
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D i s c u s s i o n 

R. M. Barrer (Imperial College, London) : With the placing of Na-Pl 
as an isotype of gismondite, there appears to be only one structure having 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

01
4

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



170 MOLECULAR SIEVE ZEOLITES 1 

cub i c secondary b u i l d i n g units (8 l i n k e d te trahedra) , L i n d e A . Is this 
the case? 

I n the 1940s (J. Chem. Soc. 1948, 127) , I synthesized two phases, 
then termed Ρ a n d Q, f rom analcite a n d B a C l 2 or B a B r 2 . W e have re
cently re -examined these a n d find that they have the Z K - 5 f ramework. It 
thus appears that this f ramework was about the first of the pure ly syn
thetic zeolites to have been made. 

D . H . O l s o n : Yes, zeol ite A is the only k n o w n zeolite conta in ing 
double four-member ed rings as secondary b u i l d i n g units . 
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Faujasite-Type Structures: Aluminosilicate 
Framework: Positions of Cations and 
Molecules: Nomenclature 

J. V. SMITH 
Department of the Geophysical Sciences, University of Chicago, 
Chicago, Ill. 60637 

The framework distorts in response to cations and mole
cules. Type X zeolite has strong Al,Si long-range order, but 
the order—disorder in faujasite and Type Y zeolite is equivo
cal. Positions of framework hydroxyls in heated NH4-ex-
changed faujasite were inferred from interatomic distances 
and infrared data. Exchangeable cations in strictly dehy
drated specimens occupy sites offering minimum electro
static energy; the center of the hexagonal prism is preferred. 
For incomplete dehydration (typical for most commercial 
catalytic processes), cations bond to residual molecules in 
the sodalite units. The location of exchangeable cations and 
water molecules in hydrated specimens is uncertain. Hydra
tion complexes of cations occur in the supercage. In the 
Al-rich varieties, cations certainly enter the sodalite unit. 
In the Al-poor varieties, x-ray diffraction evidence on cation 
positions is equivocal. 

/ T 1 his paper reviews data available by January 1970 on the crystal 
A structures of materials containing an aluminosilicate framework with 

the topology of the mineral faujasite. The nomenclature will be discussed 
in more detail at the end. Briefly, names will be assigned which specify 
the treatment applied to the 3 basic starting materials—viz., faujasite, 
Linde Y, and Linde X zeolites. The latter 2 are synthetic materials pre
pared in hydrous sodium systems, the former being richer and the latter 
poorer in Si. The Si,Al content of Y overlaps that of faujasite. 

Although x-ray diffraction techniques can yield data on atomic posi
tions and occupation frequency which appear highly precise, these data 

171 
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are subject to personal interpretat ion. X - r a y di f fract ion methods actual ly 
y i e l d maps of electron density. Ass ignment of e lectron density to p a r t i c u 
lar atoms involves chemica l assumptions. N o one w i l l d ispute assignment 
of atoms to electron density peaks i n quartz , b u t i n complex zeolites 
assignment of peaks can be most uncerta in , especial ly w h e n more than 1 
k i n d of cat ion is present a n d w h e n s m a l l molecules might o c cupy the 
same part of space as cations. 

A n o t h e r characterist ic feature of x-ray di f fract ion is that each d i f 
f racted w a v e automat ica l ly sums the vector a m p l i t u d e f r o m a l l u n i t cells 
of each coherent crystal unit . H e n c e , r a n d o m occupancy of 1 site b y 
A l a n d S i atoms results i n just 1 electron density concentration. T h e r m a l 
v i b r a t i o n a n d r a n d o m pos i t ional displacements of atoms f r om 1 un i t c e l l 
to another y i e l d a s imi lar b lurr ing -out of the electron density ; further
more , i t is diff icult exper imental ly to d i s t inguish between reduc t i on of 
he ight of an electron density peak result ing f r o m the above 2 factors a n d 
that f rom a l ower occupancy factor. 

X - r a y p o w d e r data y i e l d m u c h more uncerta in results on atomic 
positions than data f r o m single crystals. L a r g e synthetic crystals have 
not been avai lable u n t i l recently , a n d s ingle-crystal data have been taken 
most ly on treated faujasite. 

A l t h o u g h a zeolite is a single chemica l system w i t h m u t u a l re lat ion
ships between a l l parts, it is convenient to organize this paper i n the 
sequence a luminosi l i cate f ramework, cations, a n d molecules. 

Aluminosilicate Framework 

T h e oxygen atoms l ie at the corners of near-regular tetrahedra whose 
centers are occup ied b y either A l or S i atoms. E a c h corner is shared b y 
2 tetrahedra, a n d the l inkage of the result ing f ramework is specif ied b y 
p l a c i n g tetrahedral centers at the corners of t runcated octahedra whose 
centers l ie at the positions of carbon atoms i n the d i a m o n d structure. 
T h e t runcated octahedra l ie i n such positions that they are jo ined b y 
hexagonal prisms. M o d e l s b u i l t f rom cardboard po lyhedra or f r om w i r e 
tetrahedra l i n k e d b y spaghett i t u b i n g are par t i cu lar ly easy to assemble. 
T h e construct ion key is to b u i l d a t runcated octahedron first, assemble 
4 hexagonal pr isms onto any 4 hexagonal faces w h i c h are nonadjacent, 
a n d attach to the opposite face of each hexagonal p r i s m a t runcated octa
hedron such that its hexagonal faces are staggered w i t h respect to those 
of the first t runcated octahedron. Repeated app l i ca t i on of this s imple ru le 
automat i ca l ly generates the inf inite f ramework. 

S u c h abstract models of w i r e or cardboard are rather mis l ead ing 
w h e n atomic interactions are considered, a n d a m o d e l assembled f r o m 
balls—e.g., cork or po lystyrene—is very va luable , t h o u g h not easy to 
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make. B r e c k (17) figured several models , a n d O l s o n a n d coworkers gave 
va luab le stereoscopic drawings i n their papers. W . M . M e i e r a n d D . H . 
O l s o n (44) show stereoscopic drawings of the entire zeolite group. 

T h e space inside a t runcated octahedron is c ommonly ca l l ed the 
sodalite cage. E a c h large interstice ( c o m m o n l y ca l l ed a supercage) is 
l i n k e d to 4 other supercages t h r o u g h near -c i rcular 12-membered rings 
a n d to 4 sodalite units through 6-rings. E a c h supercage shares 4-rings 
w i t h 6 other sodalite units . 

Figure 1. Idealized projection of sodalite unit with atom nomen
clature 

The intersections of the polyhedral edges show the positions of Τ atoms. 
Oxygen atoms are shown at the mid-points of the edges, but should be dis
placed to correspond to a tetrahedral environment for each Τ atom. Some 
of the positions for the 4 types of oxygens are shown. The center of the 
truncated octahedron is marked by U. Four axes of inverse 3-fold sym
metry pass through this point: 3 are visible, and 1 is hidden because it lies 
perpendicular to the plane of the diagram. Four hexagonal prisms share a 
hexagonal face with the truncated octahedron; 1 is hidden at the back side. 
The cation sites are: I at the center of an hexagonal prism, Γ displaced from 
a shared hexagonal face into the sodalite cage, ΙΓ displaced from an un
shared hexagonal face into the sodalite cage, II slightly displaced into the 
supercage, and II* displaced considerably into the supercage. For abcdefghij, 

see Figure 2 
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I ' 

Figure 2. Section through abcdefghij in 
Figure 1 showing the relative positions of 
cation sites and framework oxygens. The 
broken lines show the principal cation-
oxygen bonds in a dehydrated faujasite con

taining divalent cations. 

Figures 1 a n d 2 show the generally accepted nomenclature for the 
atom sites. Readers should note that earl ier papers use a var iety of 
nomenclatures w h i c h must be checked very careful ly . F i g u r e 1 is a 
project ion of a sodalite un i t d o w n a t r i a d axis v i e w e d f r o m inf inity . 
T h e s i l i con a n d a l u m i n u m atoms ( co l lect ively ca l l ed Τ atoms ) l i e at the 
4-fold intersections of the framework. F i g u r e 2 is a section through 
F i g u r e 1, as explained i n the figure legend. 

O x y g e n atoms l ie near the mid-po ints of the edges, but are d isp laced 
to attain the tetrahedral configuration around the Τ atoms. I n add i t i on , 
the atom positions i n actual structures differ i n deta i l f rom this i dea l i zed 
topologic pattern. T h e oxygen atoms f o rm an interesting p o l y h e d r a l 
arrangement i n w h i c h tetrahedra are combined w i t h t runcated hexagonal 
prisms a n d po lyhedra f ormed b y t runcat ing the truncated octahedra of 
Τ atoms. T h e interest ing mathemat i ca l relations between the networks 
f o rmed f rom Τ atoms a n d those f o rmed f r o m Ο atoms should be explored. 

E a c h truncated octahedron def ining the Τ atoms is composed of 4 
hexagonal r ings, each shared w i t h a hexagonal p r i s m (us ing 0 2 a n d 0 3 
oxygen atoms) , 4 free hexagonal rings shared w i t h a supercage (us ing 
0 2 a n d 0 4 ) a n d 6 b r i d g i n g 4-rings (us ing 0 3 a n d 0 4 ) . E a c h hexagonal 
p r i s m contains 2 6-rings composed of 0 2 a n d 0 3 a n d 6 4-rings composed 
of Ο Ι , 0 2 , a n d 0 3 . 

Site U is at the center of the truncated octahedron a n d lies at the 
intersection of 4 axes of inverse 3-fold rotat ion symmetry . Site I , at the 
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center of each hexagonal p r i s m , is a potent ia l site for exchangeable 
cations. Site I I projects s l ight ly outwards f r om the free 6-r ing into the 
supercage. Sites I ' a n d I F , respectively, project into the sodalite u n i t f r o m 
the shared a n d free 6-rings. F i g u r e 2 shows the distances between the 
positions more c lear ly t h a n F i g u r e 1. Site I I * projects further into the 
supercage away f r o m the free 6-ring than w o u l d be expected for a cat ion 
b o n d e d to oxygen atoms of the 6-ring. Site V is near the center of the 
12-membered r i n g between the supercages, a n d is not shown i n the 
figures. 

T h e early structure determinations of the f ramework topology (2 , 
14, 15, 16, 19) of faujasite have been conf irmed b y about 30 further 
determinations. Interest has shi fted to 4 p r i n c i p a l features of the a l u m i n o 
sil icate f ramework : shape, S i , A l o rder -d i sorder , attachment of protons 
to y i e l d h y d r o x y l , a n d remova l of h y d r o x y l , a l u m i n u m , or b o t h f r om the 
framework. 

Shape. T h e changes of shape of the tetrahedra are significant ( T a b l e 
I ) . T h e greatest d istort ion occurs i n dehydrated forms, a n d the distor
tions can be expla ined qui te satisfactorily b y s imple b o n d i n g theory. 
Thus , the more strongly an oxygen is b o n d e d to the exchangeable cations, 
the more distant i t tends to l ie f r om the Τ atoms. O l s o n a n d D e m p s e y 
(48) l i sted quant i tat ive data. H y d r a t e d specimens have more u n i f o r m 
T - O distances a n d O - T - O angles than dehydrated ones, aga in read i ly 

Type 

Faujas i te 
Ca- faujas i te 
La- fau jas i te 
Ce- faujasite 
N a - X 

Table I. Τ—Ο Distances 

Reference T-01a T-02a Ύ-03α Ύ-ϋ4α 

(7) 
(10) 
(12) 
(49) 
(47) 

H y d r a t e d F o r m s 
1.643(3) 
1.642(2) 
1.643(3) 
1.64 (1) 
1.627(7) 
1.738(7) 

1.645(3) 
1.640(2) 
1.632(4) 
1.64 (1) 
1.622(7) 
1.719(7) 

Ca- faujas i te (8) 
Ni- fau jas i t e (46) 
La- fau jas i te , 420°C (11) 
La- fau jas i te (9) 
Ce-faujasite (49) 
Ba- fau jas i t e 6 (52) 
K-faujas i te* (52) 
H-faujas i te (48) 
C a - X (48) 
S r - X (48) 

D e h y d r a t e d F o r m s 
1.633(5) 
1.633(1) 
1.630(4) 
1.632(3) 
1.63 (1) 
1.626(3) 
1.630(3) 
1.653(2) 
1.653(7) 
1.655(6) 

1.651(5) 
1.641(1) 
1.624(3) 
1.625(2) 
1.64 (1) 
1.638(3) 
1.649(2) 
1.634(1) 
1.673(6) 
1.682(4) 

1.657(3) 
1.655(3) 
1.647(4) 
1.65 (1) 
1.616(7) 
1.737(8) 

1.671(5) 
1.695(1) 
1.683(4) 
1.689(3) 
1.66 (1) 
1.654(3) 
1.653(3) 
1.662(2) 
1.678(8) 
1.680(5) 

1.642(3) 
1.644(3) 
1.648(4) 
1.65 (1) 
1.612(7) 
1.723(7) 

1.620(5) 
1.613(1) 
1.599(3) 
1.602(2) 
1.61 (1) 
1.637(4) 
1.647(3) 
1.623(2) 
1.650(6) 
1.654(4) 

° Standard errors in brackets to same significance level. 
6 Minor changes may occur during further refinement. 
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176 MOLECULAR SIEVE ZEOLITES 1 

explainable b y the more even d i s t r ibut ion of the b o n d i n g i n the f o r m e r — 
see, for example , quant i tat ive data b y Bennett a n d S m i t h (10, 12). 

T h e T - O - T angles f a l l m a i n l y i n the range 1 3 0 ° - 1 5 5 ° C w i t h the 
hydra ted forms y i e l d i n g on average a smaller spread. T h i s range is t y p i 
ca l of si l icate frameworks (40). 

D e t a i l e d explanat ion of the T-O-T angles w h i c h l i n k the tetrahedra 
is not so easy, though there is no reason to doubt that s imple i on ic b o n d 
i n g can y i e l d a p laus ib le mode l . M e g a w , Kempster , a n d Rados l ov i ch 
(42) interpreted the geometry of anorthite i n terms of an engineering 
m o d e l w i t h struts a n d springs representing r i g i d S i - O bonds a n d c a t i o n -
cat ion repulsions. H o w e v e r , a more sophist icated treatment should con
sider covalent b o n d i n g [see C r u i c k s h a n k for possible effect of ττ-bonding 
(21)1 

Unfor tunate ly , there is no reference structure free of cations, though 
perhaps a faujasite-type f ramework conta in ing only S i 0 2 u l t imate ly w i l l 
be synthesized. T h e dehydrated H-faujasite p r o d u c e d b y heat ing 
ammonium-exchanged faujasite (48) is the closest to a cation-free fauja
site, but even i t has protons condensed w i t h f ramework oxygens to f o r m 
hydroxy Is. 

I n faujasite, cations of types Γ, I F , a n d I I are permi t ted b y the 
symmetry to adjust their distances f r om framework oxygens b y s l id ing 
a long the 3-fold axis. T h e T y p e I cations are fixed b y symmetry , a n d 
the 6 0 3 oxygens must adjust posit ion i n order to achieve a suitable b o n d 
length. Consequent ly , the p r i m a r y factor i n d istort ion of the f ramework 
should be the T y p e I cations. 

T a b l e I I lists the 4 intertetrahedral angles for selected specimens. 
T a b l e I I I shows the distances f rom site I to the 0 3 a n d 0 2 oxygens a n d 
the diameters of the 2 4 -membered rings a n d the 2 6-membered rings. 
T h e r e is no obvious pattern to the angles l i s ted i n T a b l e I I . Faujas i te 
a n d other h y d r a t e d forms (not shown) have angles w h i c h range over 
only a f ew degrees, but this smal l range also occurs i n dehydrated 
Ce-faujasite . H y d r a t e d N a - X has a w i d e range of angles, even w h e n 
values averaged to symmetry Fd3m are used. 

T a b l e I I I shows significant trends. I n dehydrated H-faujasite , the 
4-rings are approx imate ly square. I n dehydrated Ni - faujas i te , occupat ion 
of I b y the smal l N i i o n causes the I - 0 3 distance to f a l l f r om 2.68 i n 
dehydrated H-faujasi te to 2.29A. T h e I - 0 2 distance does not change 
signif icantly, but the b r i d g i n g 4-r ing ( F i g u r e 1) distorts tremendously 
w i t h 0 3 - 0 3 r i s i n g f r om 3.58 to 4.27, a n d 0 4 - 0 4 f a l l i n g f r o m 3.52 to 
3.03A. Rec iproca l ly , occupat ion of I b y the large cations Κ or B a causes 
the I - 0 3 a n d 0 4 - 0 4 distances to increase, a n d the 0 3 - 0 3 distance to 
f a l l . I n fact, there is an excellent corre lat ion between the 3 distances for 
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15. S M I T H Faujasite-Type Structures 177 

Table II. Intertetrahedral Angles in Selected Specimens 

Type Reference Ί-Ό1-Ύα Ύ-Ό2-Ύα Ύ-03-Τα Ύ-Ό4-

Faujas i te (7) 141 145 141 140 
D e h y d r a t e d 

(7) 

H-faujas i te (48) 139 147 140 145 
D e h y d r a t e d 

Ni - fau jas i t e (46) 130 138 125 158 
D e h y d r a t e d 

(46) 

Ba- faujas i te (52) 137 156 147 145 
D e h y d r a t e d 

K- fau jas i t e (52) 139 152 146 142 
D e h y d r a t e d 

Ce- faujasite (49) 142 148 143 144 
Ce- faujasite (49) 138 147 141 139 
N a - X (47) 132 141 136 147 

α Angles rounded off to nearest degree. Standard deviations vary from 0.2° to 1.0°. 

a l l structures. Qua l i ta t ive ly , the key effect is that cations induce distor
tions i n the hexagonal prisms w h i c h twist the b r i d g i n g 4-rings. 

T h e distort ion of the 4-rings of the hexagonal prisms is not so pro 
nounced , a n d cannot be correlated s imply to the I cations. T h e diameters 
of the 6-rings also vary only a smal l amount. O c c u p a n c y of I b y smal l 
d i - a n d tr i -valent cations seems to increase the diameter of the free 6-r ing 
at the expense of the diameter of the p r i s m 6-ring. T h i s is reasonable 
since the I cations p u l l the 0 3 oxygens towards the t r i a d axis, whereas 
the 0 2 oxygens do not move an equa l amount a w a y f rom the t r iad . 

C a r e f u l study of the above correlations m a y permit est imation of 
atomic positions to an accuracy of 0.1 A or better. 

Si,Al Order-Disorder. Extens ive data on aluminosi l i cate f ramework 
structures w i t h S i / A l ^ 1 have shown that not more than 1 A l atom is 
b o n d e d to an oxygen atom, except i n rare cases. Anor th i te p r o b a b l y has 
2 A l atoms attached to some oxygen atoms w h e n crysta l l i zed d r y at h i g h 
temperature (38). Gehleni te has 2 A l atoms attached to oxygen atoms, 
but it is a sheet structure stable on ly at h i g h temperature (37). Nephe l ine , 
w i t h a f ramework structure, appears to have 2 A l atoms sharing an oxygen 
but the crystal structure should be re -examined (30 ) . Since zeolites 
f o rm at l o w temperature, the avoidance rule is probab ly appl i cab le to 
them, except perhaps for very f ew atoms. 

I n faujasite-type structures, on ly the extreme T y p e X w i t h S i / A l == 1 
w o u l d be constrained mathemat ica l ly b y this avoidance ru le to have 
complete S i , A l order. A l l faujasite-type materials w i t h S i / A l > 1 mathe
mat i ca l l y m a y have either long-range or short-range disorder. H o w e v e r , 
f rom the v i e w p o i n t of thermodynamics , there should be a d r i v i n g force 
at l o w temperature towards an ordered pattern w i t h l ower in terna l 
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178 MOLECULAR SIEVE ZEOLITES 1 

Table III. Dimensions of the 

Reference 

Dehydrated H-faujasite 
Dehydrated K-faujasite 
Dehydrated Ni-faujasite 
Dehydrated Ca-faujasite 
Dehydrated La-faujasite 
Dehydrated Ea-faujasite 
N a - X e 

La-faujasite 
Ca-faujasite (10) 

(12) 
(48) 
(52) 
(46) 

(8) 
(9) 

(52) 
(47) 

a Diagonals of bridging 4-ring. 
b Diagonals of prism 4-ring. 
c Diagonal of free 6-ring. 

energy. A t h i g h temperature, the conf igurational entropy t e rm m a y be 
more significant than the in terna l energy factor, thereby favor ing dis 
order. Since synthetic zeolites are g r o w n under condit ions of h i g h super-
saturation, disorder is favored. These considerations have been treated 
exhaustively i n papers on natura l minerals , especial ly feldspars [see, for 
example, Ref. 6 ] . 

O l s o n (47) demonstrated f rom 3D s ingle-crystal x-ray analysis that 
hydra ted N a - X has symmetry Fd3 instead of Fd3m for the i d e a l faujasite 
framework. T h e mean T - O distances of the 2 independent tetrahedra 
are 1.619(4) a n d 1.729(4)A. T h e latest compi la t i on of T - O distances 
suggests reference values of 1.605 a n d 1.757A for S i - O a n d A l - O , respec
t ive ly (55 ) . H e n c e , the O l s o n data suggest occupancies of 0.91Si, 0.09A1 
a n d 0.18Si, 0.82A1 i n the tetrahedra. T h e ce l l content of 88 A l a n d 104 S i 
atoms prohibi ts complete order for Fd3 but the O l s o n data ind icate very 
strong long-range order. P r o b a b l y there is some res idual disorder, since 
the first tetrahedron contains 0.09A1. O l s o n f ound that other cat ion forms 
of X also have symmetry Fd3, conf irming the data f r o m the N a form. 

T h e data for the more s i l i ca - r i ch members are controversial . S m i t h 
(61) argued that electron density distr ibutions reveal the long-range 
order, whereas ce l l dimensions depend on the short-range order. A l l 
x-ray determinations of electron density for faujasite a n d Y automatica l ly 
indicate complete S i , A l disorder since there is on ly 1 Τ site w h e n Fd3m 
is used. 

Several authors have discussed various aspects of o rder -d i sorder i n 
these zeolites. T h e most complete discussion is b y D e m p s e y (23) a n d 
Dempsey , K i i h l , a n d O l s o n (25), w h o w o r k e d out mathemat i ca l ly the 
various ways of p lac ing S i a n d A l atoms w h e n S i / A l ^ 1. Unless there 
are restrictions on the ce l l edge a n d the symmetry , a n infinite n u m b e r 
of ordered structures is possible. D e m p s e y et al. restr icted the ir treat-
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Aluminosilicate Framework 

SI-02 SI-OS 04-04° 03-03' 

3.52 2.76 3.73 3.41 
3.51 2.78 3.79 3.42 
3.52 2.68 3.52 3.58 
3.45 2.86 3.97 3.36 
3.51 2.29 3.03 4.27 
3.46 2.49 3.27 4.10 
3.34 2.54 3.41 4.02 
3.36 2.84 3.98 3.42 
3.62 2.62 3.54 3.66 

d Diagonal of prism 6-ring. 
e Averaged to pseudosymmetry FdSm. 

01-01b 02-03h 02-04° 02-03d 

3.70 3.75 5.15 5.14 
3.69 3.72 5.15 5.12 
3.61 3.64 5.20 5.10 
3.73 3.63 5.14 5.20 
3.54 3.43 5.30 4.88 
3.83 3.37 5.19 5.01 
3.86 3.25 5.27 4.96 
3.79 3.50 5.19 5.14 
3.68 3.71 5.25 5.15 

ment b y consider ing ident i ca l units h a v i n g zero net charge a n d d ipo le 
moment. F o r faujasite, the smallest un i t is a double sodalite u n i t w i t h 
24 pairs of Τ atoms obey ing the center of symmetry at site I of the shared 
hexagonal pr i sm. T h e 4-fold m u l t i p l i c i t y of the F- lat t i ce permits order ing 
at the f o l l ow ing contents of A l atoms per un i t c e l l : 96, 88, 80, 72, 64, 56, 
48, etc. F o r 12 A l atoms per sodalite uni t , there is strict a l ternat ion of 
51 a n d A l atoms. T h e symmetry is Fd3 a n d a l l 6-rings have 3 A l alter
nat ing i n the 1:3:5 positions. F o r 11 A l atoms, any 1 S i can be exchanged. 
F u r t h e r exchange might produce 2 rings w i t h A l at 1:3 positions. 
D e m p s e y et ai. state that a l ower electrostatic energy is obta ined for 10 
or fewer A l atoms i f the S i a n d A l atoms redistr ibute , p r o d u c i n g some 
rings w i t h 2 A l atoms at 1:4 positions. F u r t h e r discussion is too deta i led 
to abstract here. 

S i m i l a r considerations on S i , A l order ing were made b y N i g g l i (44) 
for plagioclase feldspars. W h a t e v e r the details of order ing , i t seems 
l ike ly that as the S i , A l ratio changes i n an ordered f ramework si l icate, 
there w i l l be readjustments of the topo log ica l distr ibutions. 

Dempsey , K i i h l , a n d O l s o n (25) suggested that the ce l l dimensions 
supported the concept of S i , A l order i n the faujasite-type zeolites. F i g u r e 
3 shows their data for c e l l dimensions of 21 specimens g r o w n f rom h y d 
rous sod ium systems p lot ted against A l content der ived f r om the b u l k 
chemica l compositions. D e m p s e y et al. inserted 4 straight lines w i t h d is 
continuit ies close to 80 a n d 64 A l atoms per ce l l , a n d another one near 
52 atoms per ce l l . T h e former 2 discontinuit ies were interpreted i n terms 
of rearrangement of Τ atoms i n accord w i t h the theoret ical analysis just 
descr ibed, w h i l e the latter was ascr ibed to possible f ormat ion of amor
phous s i l i ca i n the more siliceous b u l k compositions. 

A l s o i n F i g u r e 3 are the f o l l o w i n g data : 
(a ) D o t t e d l ine representing a least-squares l inear fit to 37 data 

points w i t h a n exper imental error of =b 0.005A i n a a n d ± 0 . 5 w t % i n 
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24.5 24.6 24.7 24.8 24.9 25.0 25.1 
Cell repeat (&) 

Figure 3. Cell dimensions of faujasite, Y , and X zeolites plotted 
against the number of Al atoms per unit cell. See text for explana
tion of symbols. The dotted line was obtained by Breck and 

Flanigen for zeolites grown from hydrous sodium systems. 

S i 0 2 a n d A 1 2 0 3 . These data points obta ined b y B r e c k a n d F l a n i g e n (18) 
were obta ined for samples c rysta l l i zed f r om hydrous sod ium systems, as 
were those of D e m p s e y et ai. 

( b ) F i v e data points obta ined b y W r i g h t , Ruper t , a n d G r a n q u i s t 
(69), also for specimens obta ined f r o m hydrous sod ium systems. 

( c ) D a s h e d l ine representing a subjective interpretat ion of 20 data 
points for dehydrated Ca-exchanged specimens (18). These m i g h t be 
interpreted i n terms of discontinuit ies near 77 a n d 62 A l atoms per ce l l . 

( d ) A d a t u m b y W r i g h t et al. (69) a n d one b y Bennett a n d S m i t h 
( u n p u b l i s h e d ) for Na-exchanged faujasite f rom Sasbach. B o t h values 
are l ower than the data for synthetic mater ia l of s imi lar A l content. T h e 
B e n n e t t - S m i t h spec imen was checked b y electron microprobe analysis 
for absence of a l l cations other than sod ium. 

T h e reviewer c ou ld not find definitive cr i ter ia to resolve these con
flicting data. T h e l ike l ihood of a systematic exper imental bias between 
the techniques for ce l l -d imension measurement c o u l d only be tested b y 
exchange of samples between the various workers . It is possible that 
there is an i m p u r i t y i n the zeolite causing the b u l k chemica l analysis to 
give a false estimate of the Al - content of the zeolite. W r i g h t et al. sug
gested that amorphous s i l i ca occurred i n their mater ia l , thereby i n d i 
ca t ing a falsely l o w Al - content of the zeolite. H o w e v e r , this should l ead 
to a dev iat ion opposite to that g iven i n F i g u r e 2 w i t h respect to the data 
of D e m p s e y et al. Nevertheless, their i m p l i e d suggestion of some i m p u r i t y 
caus ing a difference between the b u l k composi t ion a n d that of the zeolite 
is a possible w a y out of the observed deviations. N o n e of the authors 
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give statist ical cr i ter ia u p o n w h i c h the v a l i d i t y of the straight lines can 
be judged. 

T h e ce l l dimensions of zeolites are determined b y the tota l system, 
w h i c h inc ludes cations a n d water molecules. E v e n i f reso lut ion of the 
differences i n exper imental data confirms the existence of discontinuit ies , 
the poss ib i l i ty of effects result ing f rom res i t ing of cations a n d molecules 
must be considered as w e l l as A l , S i o rder -d i sorder . C e r t a i n l y the X -
zeolites s tudied b y O l s o n (47) have long-range Τ order, but for faujasite 
a n d Y-zeol ites the evidence f r om cel l dimensions is equivoca l . O r d e r e d 
crystals a n d most n a t u r a l minerals have undergone more annea l ing than 
synthetic specimens. T h e present data are consistent w i t h the poss ib i l i ty 
that natura l faujasite is more ordered than synthetic Y zeol ite , but the 
evidence is inconclusive . 

O b v i o u s l y , a more direct m e t h o d is needed to test the order ing of 
the s i l i ca - r i ch specimens. I n feldspars, Laves a n d H a f n e r (39) success
f u l l y evaluated the S i , A l o rder -d i sorder us ing in f rared absorpt ion a n d 
nuclear quadrupo le resonance techniques. T h e latter technique a p p l i e d 
to A l a n d N a n u c l e i unfortunate ly requires single crystals at least several 
m m across. Infrared patterns of ordered feldspars showed m u l t i p l e peaks 
for the T - O stretching a n d b e n d i n g vibrat ions w h i l e d isordered feldspars 
showed a single b r o a d peak for each. W r i g h t et al. (69) obta ined pat 
terns w i t h single b r o a d peaks for b o t h faujasite a n d Types Y a n d X 
zeolites. T h e peaks changed pos i t ion l inear ly w i t h the A l content of the 
synthetic zeolites, but the na tura l spec imen dev iated signif icantly f r o m 
the trend. A t this t ime i t is not clear w h a t effect movement of cations 
a n d molecules (especial ly protons) has on the T - O vibrat ions , but such 
movement p r o b a b l y yie lds so m a n y different crystal fields that the i n f r a 
r e d peaks are broadened, thereby i n h i b i t i n g separation of bands f r om 
S i a n d A l atoms. 

Framework Hydroxyls. T h e structural nature of f ramework h y -
droxyls is par t i cu lar ly important because they p r o b a b l y act as Bronsted 
ac id catalysts. T h e l i terature on catalysis is m u c h too extensive to be 
rev i ewed here, a n d comments w i l l be restr icted to x-ray a n d in f rared 
evidence on the locat ion a n d nature of f ramework hydroxyls . Rev iews of 
in f rared data are g iven i n this vo lume b y R a b o a n d Poutsma a n d b y 
W a r d (see also 66, 67). 

T h e clearest data are for Η-forms of faujasite-type zeolites. T h e 
ammonium-exchanged f o rm is heated, d r i v i n g off a m m o n i a a n d water , 
a n d thereby p r o d u c i n g the Η-form. It w o u l d be inconce ivable c h e m i 
ca l ly for the protons not to condense w i t h f ramework oxygens. O l s o n 
a n d D e m p s e y (48) de termined the crysta l structure of H- faujas i te h e l d 
i n the dehydrated f o r m at room temperature. Unfor tunate ly , there were 
no electron density peaks ascribable to the protons, p r o b a b l y because 
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they do not have the same pos i t ion i n a l l un i t cells. Since S i - O H b o n d 
lengths are about 0.08A longer t h a n S i - O , the observed T - O b o n d 
lengths ( T a b l e I ) of 1.653, 1.634, 1.663, a n d 1.623A ind i ca ted that most 
of the protons were attached to 0 3 , a n d a smaller number to O l . 

O l s o n a n d D e m p s e y pred i c ted the posi t ion of the protons us ing 
electrostatic energy considerations. T h e y postulated ( their F i g u r e 1) 
that i n each of the shared 6-rings, a proton ( denoted H 2 ) is attached to 
on ly 1 of the 3 0 3 atoms, a n d that the O H b o n d is d i rected towards the 
t r i a d axis. A center of symmetry relates the protons of the shared 6-rings 
on opposite sides of the hexagonal p r i s m . T h e other k i n d of pro ton ( H I ) 
is attached to a n O l atom a n d the O H b o n d is d i rected away f r om the 
t r i a d axis. O l s o n a n d D e m p s e y re lated these positions to a preferred 
S i , A l order ing scheme ment ioned i n the preced ing section. 

T h e m o d e l is consistent w i t h various in f rared data. M a n y workers 
(see references i n Ref. 48) f ound that Η-Type Y yields in frared stretching 
frequencies at about 3750, 3650, a n d 3550 cm" 1 . T h e highest f requency 
b a n d has been f ound for a l l types of zeolites, a n d has been ascr ibed to 
hydroxyls complet ing the surface of i n d i v i d u a l crystall ites or, perhaps 
more l ike ly , to S i ( O H ) 4 o c c luded i n the zeolite ( 1 ) . T h e 3550 b a n d is 
not per turbed b y sorption of most molecules w h i c h cannot pass into the 
sodalite uni t , a n d hence reasonably was ascr ibed to H 2 protected ins ide 
the hexagonal pr i sm. T h e 3650 b a n d , w h i c h is per turbed b y large sorbed 
molecules, was ascr ibed to H I . O t h e r considerations supported this 
assignment (48, pp . 230 -231 ) . 

A l t h o u g h the basic m o d e l looks very good, the actual s i tuation must 
be more complex since faujasite a n d Y zeolites cannot have f u l l l ong -
range order. T h e actual positions of the H atoms must v a r y somewhat 
f rom 1 un i t ce l l to another, a n d such variations m a y lead to par t i cu lar ly 
act ive catalyt ic sites i n just a few of the uni t cells. H o p e f u l l y , single-
crystal in frared absorpt ion studies, s imi lar to those carr ied out for m a n y 
silicates, w i l l y i e l d data on the or ientat ion of the O H groups, thereby 
testing the O lson -Dempsey mode l . 

O l s o n a n d D e m p s e y (48) brief ly expla ined the disappearance of the 
lower frequency b a n d u p o n absorpt ion of large basic molecules l ike 
p iper id ine b y m o b i l i t y of the protons on the zeolite surface. W a r d ( 66 ) 
presented some evidence for m o b i l i t y of protons at h i g h temperature. 

X - r a y data are m u c h too insensitive to test for the locat ion of f rame
w o r k O H groups i n zeolites containing exchangeable cations. Never the 
less, the presence of s imi lar O H stretching bands i n m a n y cat ion-bearing 
zeolites suggests that the protons are attached to the same oxygens. 
A n o t h e r w o r d of caut ion is desirable. T h e sequence of frequencies 3750, 
3650, a n d 3550 corresponds qual i ta t ive ly to the expected values for the 
crystal fields of environments of one-sided outer surface, one-sided large 
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15. S M I T H Faujasite-Type Structures 183 

cage w i t h diameter 11A, a n d smal l enclosed vo lume. Perhaps any 
h y d r o x y l pro ject ing into the supercage w i l l have a f requency near 3650 
irrespective of w h i c h oxygen it is attached to, a n d s imi lar ly for the 3550 
frequency a n d the sodalite unit . 

D e t a i l e d interpretat ion of h y d r o x y l locat ion i n cat ion-bearing systems 
is g iven i n Refs. 26, 48, 67, 68. T h e paper b y Uyt te rhoeven et al. (65) 
reviews m a n y of the presently ava i lab le data , a n d lists m a n y proposals 
concerning O H groups. Discuss ion of O H groups coordinated to cations 
is g iven later. 

Oxygen Removal from the Framework. Progressive heat ing of a m 
monium-exchanged T y p e Y first gives dehydrated Η-Type Y as just 
descr ibed, a n d then b y remova l of H 2 0 yie lds "decat ionated" mater ia l 
(32, 41, 63, 64, 6 5 ) . M c D a n i e l a n d M a h e r (41) p r o d u c e d a n " u l t r a -
stable" f o rm thermal ly stable to temperatures over 1000 °C . Recent w o r k 
b y K e r r a n d coworkers (31, 32, 34, 35, 36) has shown that the reactions 
are complex, a n d depend c r i t i ca l l y on the method of de -ammoniat ion 
a n d dehydrat ion . 

T h e simplest explanat ion of dehydrat ion of H - Y is that 2 hydroxyls 
f rom the f ramework condense to f o rm water a n d an oxide ion . T h e oxide 
i o n poses no p r o b l e m since i t can f o rm part of the a luminosi l i cate f rame
work , but the oxygen lost i n the water leaves a vacancy i n the framework. 
T h e vacancy can be accounted for i f readjustment takes place y i e l d i n g 
3-coordinated cations i n a f ramework w h i c h is s t i l l continuous. O x y g e n 
attached to either 2 A l or 1 A l + 1 S i should be lost more easily t h a n 
one attached to 2 S i . H e n c e , the s imple m o d e l predicts that 3-coordinated 
A l a n d S i atoms are formed, since oxygens attached or ig ina l ly to 2 A l 
should be rare. 

Structura l ly , there is considerable dif f iculty i n dev is ing an atomic 
pattern since remova l of an oxygen leaves 2 h i g h l y charged cations fac ing 
each other w i t h o u t a sh ie ld ing oxygen. A n extreme alternative is that 
the f ramework recrystall izes into S i 0 2 w i t h e l iminat ion of the A 1 2 0 3 

into a n amorphous or poor ly -crysta l l ine phase. 

2 H A l S i 2 0 6 H 2 0 + A l 2 S i 4 O n A 1 2 0 3 + 4 S i 0 2 

T h e final product c o u l d be a s i l i ca f ramework whose ce l l d imens ion 
should be approx imate ly 24.0A w h e n rehydrated (est imated f r o m S i - O . — 
1.605, A l - O ~ 1.757A, starting m a t e r i a l ~ 59 A l per un i t ce l l , a ^ 24.7A ). 

H o w e v e r , the ac tua l reactions are not consistent w i t h this s imple 
scheme. K e r r (32) f o u n d that heat ing H - Y i n a d r y atmosphere l e d to a 
mater ia l w i t h poor t h e r m a l stabi l i ty , presumably because of m a n y crysta l 
l ine defects. H e a t i n g at 7 0 0 ° - 8 0 0 ° C for 2 - 4 hours i n a n inert static 
atmosphere w i t h water r emain ing near the zeolite p r o d u c e d a substance 
of unusua l ly h i g h thermal stabi l i ty . A b o u t 2 5 % of the A l is present as 
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184 MOLECULAR SIEVE ZEOLITES 1 

exchangeable cations, suggesting that about 12 A l per un i t c e l l have left 
the framework. K e r r proposed a 2-step mechanism i n w h i c h water reacts 
w i t h the f ramework p r o d u c i n g ( O H ) 4 groups (as occur i n hydrogarnet ) 
a n d A l ( O H ) 3 . T h e latter reacts w i t h the f ramework, remov ing a h y d r o 
gen a n d p r o d u c i n g water a n d A l ( O H ) 2

+ . T h e ( O H ) 4 groups break 
d o w n , y i e l d i n g 2 H 2 0 a n d 2 oxide ions w h i c h r e m a i n i n the framework. 

K e r r (33) r emoved A l f rom the f ramework of N a - Y b y extraction 
w i t h che lat ing agent H 4 E D T A . H e (34) f ound that the ce l l d imens ion 
of H - Y prepared b y ca l c inat ion of N H 4 - e x c h a n g e d Y was 24.74A but 
d r o p p e d to 24.51A after extraction b y E D T A , r e d u c i n g the A l content 
f rom 50 to 32.8 atoms per ce l l . T h e extracted mater ia l increased i n 
stabi l i ty bo th for thermal degradat ion at h i g h temperature a n d h y d r o -
t h e r m a l degradat ion at l o w temperature. K e r r (31) f o u n d that thermal 
decomposi t ion of N H 4 - Y at 760 torr a n d 500°C y i e l d e d Η-zeolite i f 
a m m o n i a was removed r a p i d l y , a n d ultrastable zeolite i f a m m o n i a was 
removed s lowly. K e r r a n d S h i p m a n (36) descr ibed the react ion of H - Y 
w i t h a m m o n i a at h i g h temperature p r o d u c i n g "amido-zeol i te Y . " 

T h e deta i led structural mechanisms concerning the loss of a m m o n i a 
a n d water f rom N H 4 - e x c h a n g e d zeolite have not been determined b y 
x-ray di f fract ion work . It seems l ike ly f r om a general b o d y of knowledge 
on na tura l a n d synthetic zeolites that protons act as a catalyst i n pro 
m o t i n g a recrysta l l izat ion of the framework. 

J . M . Bennett a n d J . V . S m i t h ( u n p u b l i s h e d ) made x-ray structural 
analyses of p o w d e r e d samples of decationated Y ( "ultrastable" type ) 
k i n d l y supp l i ed b y C . V . M c D a n i e l . A l t h o u g h refinement was quite 
satisfactory f rom the technica l v iewpo int , the l ow resolut ion posed p r o b 
lems of interpretat ion. Deta i l s of the powder data obta ined d irect ly at 
temperatures of 25° , 400° , 700° , a n d 900°C m a y be obta ined f r om the 
authors. Site Γ was occup ied at a l l temperatures, poss ibly result ing f r om 
some species conta in ing a l u m i n u m . T h e data for the hydrated f o rm at 
25 ° C ind i cated occupancy of O l a n d 0 4 b y 69 ± 8 a n d 79 ± 9 oxygens 
( instead of i dea l 96) w h e n these sites were assigned the same B-values 
as 0 2 a n d 0 3 . A t 700° a n d 900 °C , the occupancies were normal . These 
data might be explainable i n terms of recrystal l izat ion, but must be tested 
b y more accurate s ingle-crystal data. 

K e r r et al. (35) suggested that the term decationated not be used. 
T h e y d is t inguished between: a m m o n i u m zeolite Y ; hydrogen zeol ite Y 
p r o d u c e d b y contro l led deamminat i on a n d dehydrat ion ; dehydroxy lated 
f o r m p r o d u c e d b y heat ing above 450°C at 10" 6 torr or above 600°C at 
760 torr , loss of 1 water per p a i r of Na + - f ree A 1 0 2 g i v i n g negative 4-co-
ord inated A l a n d posit ive 3-coordinated S i ; ultrastable zeolite for mater ia l 
of M c D a n i e l a n d M a h e r ( 4 1 ) , w i t h some f ramework A l turned into 
cat ionic A l . 
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15. S M I T H Faujasite-Type Structures 185 

Table IV. Cation Occupancy and Position 

Type Reference I IP II 

N a - Y 

Strongly D e h y d r a t e d F o r m s 

(29) 7.8 N a 20.2 N a 
0.069 

31.2 N a 
0.223 

K - Y (29) 12.0 Κ 14.6 Κ 
0.075 

31.0 Κ 
0.250 

A g - Y (29) 16 A g 11.0 A g 
0.075 

29.2 A g 
0.228 

K- fau jas i te (62) 8.6 Κ 12.9 Κ 
0.072 

31.7 Κ 
0.250 

Ba- faujas i te (52) 7.3 B a 5.0 B a 
0.068 

11.3 B a 
0.247 

Ca- faujas i te (8) 14.2 C a 2.6 C a 
0.061 

11.4 C a 
0.229 

Ni - fau jas i t e (46) 10.6 N i 3.2 N i 
0.054 
5.8 H 2 0 
0.081 

1.9 N i 
0.207 
1.9 H 2 0 
0.161 

6.4 N i 
0.233 

La- fau jas i te (9) 11.8 L a 2.5 L a 
0.067 

1.5 L a 
0.234 

La- fau jas i te 
(420°C) 

(U) 11.7 L a 2.5 L a 
0.066 

1.4 L a 
0.233 

N a , Ce- faujasite 

P a r t l y D e h y d r a t e d F o r m s 

(49) 3.4 N a 11.5 C e 
0.067 

16 H 2 0 
0.162 

10.7 N a 
0.236 

L a - Y 
725°C 

(62) 5.2 L a 8.9 L a 
0.068 

5.5 L a 
0.227 

L a - X (49) 30 L a 
0.067 

32 H 2 0 
0.165 

C a - X (48) 7.5 C a 17.3 C a 9.0 C a 
10.5 H 2 0 

17.3 C a 

S r - X 
16 hrs . 400°C 

(48) 11.2 Sr 7.0 Sr 4.2 Sr 
5.4 H 2 0 

19.5 Sr 

S r - X 
16 hrs . 680°C 

(48) 6.1 Sr 12.0 Sr 6.4 Sr 
7.7 H 2 0 

20.3 Sr 

L a - X 
425°C 

(IS) 5.0 L a 15.2 L a 
0.065 

4.9 L a 
0.230 

L a - X 
735°C 

(IS) 5.2 L a 14.1 L a 
0.065 

6.3 L a 
0.231 
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186 MOLECULAR SIEVE ZEOLITES 1 

Exchangeable Cations 

T h e avai lable data o n the positions of exchangeable cations are very 
diff icult to interpret since several specimens were not f u l l y exchanged 
a n d most dehydrated specimens s t i l l contained significant amounts of 
water or other oxygen species. Room-temperature i o n exchange often is 
incomplete . H igh - temperature exchange often is needed to obta in a 
mono-cat ionic f orm. T h e exchange process m a y result i n entrance of 
protons instead of the chosen cation. N o t a l l single crystals used for x-ray 
w o r k have been checked b y electron microprobe analysis or other tech
niques for the cat ion content. F o r convenience, the results w i l l be d is 
cussed under 3 subheadings: dehydrated specimens, hydra ted specimens, 
a n d samples conta in ing sorbed molecules. Tables I V a n d V contain the 
ind i ca ted n u m b e r a n d type of cations i n the various sites together w i t h 
the pos i t ional coordinate (x) spec i fy ing the locat ion of type (xxx) on 
the 3-fold axis; see Refs. 20, 28 for add i t i o na l data not l i s ted i n the tables. 

Dehydrated Specimens. Ideal ly , the water molecules i n a zeolite 
exist as discrete molecules a n d can be removed easi ly b y heat ing. I n 

Table V . Site Occupancy 

Type Reference I Γ 

Faujas i te (7) 16 ( N a , Ca) 
0.070 

Ca- faujas i te (10) 9.7 C a 
0.069 

La- fau jas i te (12) 3.3 L a 
0.069 

C e , N a , Ca- faujas i te (49) 18 N a 
0.070 

N a - X (47) 9 N a 8 N a 
0.060 

l l . H 2 0 
0.074 

S r 4 2 N a - X (51) 2.1 Sr 11.1 Sr 
0.063 

S r , 0 N a 2 4 - X (51) 12 N a 7.3 Sr 
0.065 

L a - X (49) 12 L a 
0.067 

L a - X (49) 5 L a ? 13.8 L a 
0.062 
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15. S M I T H Faujasite-Type Structures 187 

pract ice , the water molecules f o rm h y d r a t i o n complexes w i t h the ex
changeable cations a n d interact electrostatically w i t h f ramework oxygens. 
F o r monovalent cations, the h y d r a t i o n complexes are w e a k l y bonded , a n d 
dehydrat i on is re lat ive ly easy. F o r po lyvalent cations, the h y d r a t i o n 
complexes are b o n d e d more strongly. I n add i t i on , the cat ion m a y po lar ize 
the water molecule sufficiently that i t splits into a h y d r o x y l group ( w h i c h 
bonds to the cations ) a n d a pro ton w h i c h attaches itself to a f ramework 
oxygen. U n d e r condit ions of severe h y d r a t i o n at h i g h temperature, i t is 
possible for oxide ions to be p r o d u c e d f r om the hydroxyls attached to 
the cations (53 ) . 

T a b l e I V is spl i t a rb i t rar i l y into sections cover ing strongly dehydrated 
a n d par t ly dehydrated forms. D e h y d r a t i o n of monovalent forms shou ld 
be most complete. T h e data for K - Y ( p o w d e r technique) a n d K-faujas i te 
(s ingle -crystal technique) are consistent w i t h i n the ir respective errors 
showing occupancy of the I , I ' , a n d I I sites. These sites are o c cup ied also 
i n N a - a n d A g - Y ( powder data ) but w i t h different occupancy levels. F o r 
a l l these forms, there should be about 58 cations per ce l l to balance the 

in Hydrated Forms 

IP II* V 

32 H 2 0 
0.167 

11 H 2 0 
0.272 

11.5 C a 
0.167 

23 H 2 0 
0.274 

2.2 C a 
0.484 

28 H 2 0 
0.167 

14 H 2 0 
0.272 

10.3 L a 
0.491 

32 H 2 0 
0.165 

26 H 2 0 
0.264 

5.8 C e 
0.491 

26 H 2 0 
0.166 

12 N a 
0.230 

12 N a 
0.238 
8 H 2 0 
0.245 

32 H 2 0 
0.173 

15.0 Sr 
0.246 

26 H 2 0 
0.170 

11.5 S r 
0.246 

32 H 2 0 
0.165 

17 L a 
0.235 

4 L a 
0.500 

24 H 2 0 
0.166 

13.2 L a 
0.233 

3.4 L a 
0.493 
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188 MOLECULAR SIEVE ZEOLITES 1 

A l atoms, a n d the total occupancies est imated f r om the x-ray analyses 
(54, 57, 59, 60) agree f a i r l y w e l l . 

M o s t t h i n k i n g on cat ion d i s t r ibut ion i n silicates is based on Paul ing 's 
rules w h i c h are based o n an electrostatic mode l . I n a p p l y i n g t h e m to 
zeolites, i t s h o u l d be noted that covalent b o n d i n g m a y occur, the A l -
d i s t r ibut i on i n the f ramework m a y be important i n caus ing exchangeable 
cations to associate w i t h part i cu lar 6-rings containing h i g h amounts of 
A l , a n d Paul ing 's rules were developed for crystals near chemica l e q u i 
l i b r i u m , whereas dehydrated zeolites have been brought del iberate ly into 
a state unstable w i t h respect to water . T h e r e are m a n y comments i n the 
l i terature on w h i c h the above remarks are based. T h e papers of D e m p s e y 
(23, 24) are par t i cu lar ly va luab le since they prov ide deta i led calculations 
of M a d e l u n g potentials. 

Site I is the on ly site permi t t ing a cat ion to be enclosed b y f rame
w o r k oxygens. Sites Γ, I I ' , a n d I I permi t only 1-sided or a wa is ted co
ord inat ion to oxygens of the adjacent 6-r ing. H e n c e , I is the pre ferred 
site unless other considerations such as electrostatic repuls ion or c a t i o n -
molecule attract ion become important . 

F o r monovalent cations, there are space problems. Site I can h o l d 
16 cations w h i l e the other sites can h o l d 32 each. Cat ions s imultaneously 
o c c u p y i n g I a n d Γ are sharing the face of a coordinat ion po lyhedron , 
w h i c h is unfavored electrostatically. T h e shar ing p r o b l e m is par t i cu lar ly 
severe for sites I I a n d ΙΓ. Electrostat i ca l ly , the best w a y to d istr ibute 58 
monovalent cations i n faujasite a n d Y is to put 32 i n I I , 6 i n I , a n d 20 i n Γ. 
T h i s d i s t r ibut ion permits the I a n d F cations to be d i s t r ibuted such that 
no I a n d I ' cations share a 6-ring. 

T h e observed occupancies of I I agree w e l l w i t h the i d e a l va lue of 
32, but the occupancies of the I a n d Γ sites need deta i led discussion. T h e 
s ingle-crystal data for K-faujasite fit the pred i c t i on w e l l , but the less 
accurate p o w d e r data for N a - , K - , a n d A g - Y do not agree. T h e dev ia t i on 
for N a - Y is certa inly w i t h i n exper imental error, a n d that for K - Y is 
p r o b a b l y w i t h i n the error. C e r t a i n l y , the good fit for the K-faujasite 
suggests that the K - Y data m a y be i n error. T h e dev iat ion for the A g - Y 
f o r m is rather h i g h . Is i t possible that i t is mean ing fu l a n d results f r om 
a stronger tendency for covalent b o n d i n g of A g i n site I than for the 
a l k a l i meta l forms? A n accurate s ingle-crystal analysis is desirable. 

C u r r e n t l y there are no p u b l i s h e d data on the locat ion of monovalent 
cations i n dehydrated X zeolite. There are considerable problems i n 
p l a c i n g 86 cations per un i t ce l l . Breck (17) p laced 16 i n I , 32 i n I I , a n d 
38 i n site I I I . I n site I I I , the cat ion projects into the supercage a n d is 
b o n d e d to the 4 oxygens of b r i d g i n g 4-rings. Perhaps there is s imultane
ous occupancy of I a n d Γ, as suggested b y the data for K - and A g - Y . 
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I n Y a n d faujasite, there should be about 29 d iva lent cations w h i c h 
c o u l d be entirely accommodated i n sites I a n d I I . T h e crysta l of de
h y d r a t e d Ca-exchanged faujasite (8 ) was shown free of other cations b y 
microprobe analysis a n d was severely dehydrated at 475 ° C before be ing 
sealed i n its cap i l lary . T h e cat ion d i s t r ibut i on is close to the theoret ical 
suggestion, but there are 2.6 C a atoms i n site Γ. Bennett a n d S m i t h 
po inted out that the 14.2 C a i n I a n d 2.6 C a i n F are consistent w i t h no 
sharing of a p o l y h e d r a l face, since 14.2 - f 2 .6 /2 yields 15.5, w h i c h is less 
than 16. D e m p s e y a n d O l s o n (27) suggested that presence of water 
molecules draws cations f rom I a n d I I into Γ such that η ( I ) + 0.5 η ( Γ ) 
= 16. There are insufficient data to test r igorously the deta i led accuracy 
of this equation. 

T h e total of B a atoms i n Ba-faujasite (23.6) is cons iderably lower 
than the expected value. Perhaps ion-exchange was incomplete , or per 
haps protons were incorporated. 

T h e data for Ni - faujasi te are compl i ca ted b y incomplete ion-exchange 
(27 N i a n d 4 C a ind i ca ted b y chemica l analysis) a n d possible presence 
of r es idua l water resul t ing f r om dehydrat i on at 400°C. O l s o n (46) 
observed double peaks at Γ a n d ΙΓ ascr ibed to res idua l water molecules 
adjacent to the N i ions. T h e s ituation is unclear but O l s o n suggested 
b o n d i n g between N i ions a n d water molecules. T h e apparent deficiency 
of N i ions (est imated total , 22.1) m a y result f r om neglect of other ions 
i n c l u d i n g C a , or entrance of protons. 

T h e data obta ined b y Bennett a n d S m i t h for La- faujas i te dehydrated 
at 475 ° C show that the tr ivalent L a ions prefer site I. A few ions prefer 
I ' a n d I I but these m a y be b o n d e d to res idua l molecules. Perhaps h i g h 
A l contents of a f ew 6-rings also m a y be a factor i n the s i t ing of these 
L a atoms. 

T h e details of the ca t i on -oxygen b o n d i n g are obscured b y the d is 
ordered cat ion d i s t r ibut ion since a cat ion i n site I m a y cause oxygen 
atoms i n 0 3 to l ie at different positions than w h e n the cat ion is at site I ' . 
Since x-rays average a l l atoms of a g iven type , the apparent pos i t ion of 
0 3 cannot be re lated d irect ly to that of the cations. T a k i n g this factor 
into account, the observed ca t i on -oxygen distances i n these dehydrated 
zeolites seem reasonable i n re lat ion to those of other silicates. I n T a b l e 
I V , the effect of cat ion radius is shown ind i rec t ly b y the ^-coordinates 
( e.g., note the large ^-coordinates for sites I I of the B a - a n d K-faujasites ) . 

A surpr is ing result of the study of dehydrated La- faujas i te (9 ) was 
the large displacement of the L a atom at S ( I ) a long the t r i a d axis. 
T h e r m a l v i b r a t i o n seemed u n l i k e l y as an explanat ion, especial ly as data 
obta ined d irec t ly at 420 ° C showed the same effect ( I I ) . Bennett a n d 
S m i t h suggested that the L a atom might be b o n d e d preferent ia l ly to 
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190 MOLECULAR SIEVE ZEOLITES 1 

only 3 of the 0 3 atoms, i n d i c a t i n g covalent bond ing . S u c h 1-sided b o n d 
i n g has been observed i n other l a n t h a n u m - o x y g e n compounds ( 9 ) . 

T u r n i n g n o w to the incomplete ly -dehydrated varieties, the data are 
consistent w i t h strong b o n d i n g between po lyvalent cations a n d res idua l 
water molecules (45). Par t i cu lar attention was p a i d to tr ivalent cations 
because of their importance i n zeolite catalysts. 

O l son , K o k o t a i l o , a n d C h a r n e l l (49, 50) a n d S m i t h , Bennett , a n d 
F l a n i g e n (62) independent ly f o u n d that tr ivalent ions were preferent ial ly 
enter ing Γ instead of the expected I. T h e latter authors heated N a i 3 L a i 6 - Y 
i n a p o w d e r diffractometer w i t h the furnace conta in ing flowing dry 
h e l i u m . A t 725 ° C , 9 L a atoms occup ied Γ. O lson , Koko ta i l o , a n d C h a r 
n e l l (49, 50) examined a crystal of N a 8 ( C a , M g ) 8 C e i 2 - f a u j a s i t e at r oom 
temperature after ca lc inat ion at 350 ° C . T h e x-ray data ind i ca ted that a l l 
the C e atoms occupied F , the other cations l y i n g i n I a n d I I . E l e c t r o n 
density i n ΙΓ was ascr ibed to 16 water molecules, a n d the C e atoms i n Γ 
were n ice ly interpreted as b o n d i n g to 3 0 3 atoms of the adjacent 6 -r ing 
a n d to 1 or 2 water molecules i n I I ' . T h e distances of 2 .4 -2 .5A are qui te 
consistent w i t h this mode l . S m i t h et al. (62) suggested that res idua l 
water might occupy site U at the center of the sodalite uni t ( again 2.5A 
f rom site Γ ) but their evidence f rom powder data is of m a r g i n a l accuracy. 

F o l l o w i n g the above studies, Bennett a n d S m i t h (9, 11) showed that 
stricter dehydrat ion caused L a atoms i n La -exchanged faujasite to move 
into I. Fur thermore , the same dehydrated crystal of La- faujas i te h a d 
essentially e q u a l occupancy factors at 25° a n d 420°C, thereby r u l i n g out 
any contro l of cat ion d i s t r ibut ion f rom a pure temperature var iat ion . 
A l t h o u g h not str ict ly proven f rom x-ray data, corre lat ion of the above 
results w i t h those obta ined b y m a n y authors—see par t i cu lar ly R a b o et al. 
(53)—from in f rared methods shows b e y o n d reasonable doubt that the 
positions of cations depend strongly on even smal l quantit ies of res idua l 
molecules. It is possible that 1 water molecule is sufficient to br idge 
between 2 or more L a atoms i n P . H e n c e , for 19 L a atoms per un i t c e l l 
of fu l ly -exchanged Y-zeo l i te , on ly about 10 water molecules are needed, 
compared w i t h 260 i n the hydrated specimen. 

Since most feed mater ia l for catalyt ic processes us ing zeolites con
tains a few parts per m i l l i o n of water , it is reasonable to expect that 
po lyvalent ions i n the zeolites w i l l be o c cupy ing positions i n the sodalite 
un i t rather than i n site I , a n d that the cations w i l l be b o n d e d to res idua l 
water or other oxygen species. Such b o n d i n g w i l l reduce strongly the 
electrostatic field generated b y the cation. 

So far, water molecules have been assumed as the oxygen species. 
T h e x-ray data are not able to d iscr iminate water molecules f r om h y d r o x y l 
or f r om oxide. Several authors interpreted in f rared data i n terms of 
m e t a l - h y d r o x y l b o n d i n g as summar ized i n Ref. 64. 
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15. SMITH Faujasite-Type Structures 191 

T a b l e I V shows the cat ion distr ibut ions est imated for several forms 
of X dehydrated under various condit ions. F o r t r iva lent cations (.—30 
per un i t c e l l ) , sites I a n d I I are most suitable electrostatical ly, b u t the 
sample of L a - X ca l c ined at unspeci f ied temperature ( p r o b a b l y 3 5 0 ° C ) 
showed a l l the L a atoms on F , w h i l e site I F was o c cup ied b y electron 
density explainable b y 32 water molecules. T h i s remarkable d i s t r ibut ion 
yields a very stable chemica l complex w i t h each L a b o n d e d to 3 0 3 a n d 
3 H o O at 2.5A a n d w i t h each H 2 0 b o n d e d to either 2 or 3 L a atoms. 
T h e H 2 0 also is b o n d e d w e a k l y to 3 0 2 atoms of a free 6-r ing. 

X - r a y powder study of L a - X i n d r y flowing h e l i u m at 425° a n d 
735 ° C showed about 15 L a atoms i n F , w i t h the others equa l ly spl i t 
between sites I a n d I I . T h e simplest explanat ion is that p a r t i a l d e h y d r a 
t i on has occurred, causing some L a atoms to move into sites I a n d I I . 

T h e data for C a - a n d Sr-varieties of X ( T a b l e I V ) are interprétable 
i n terms of p a r t i a l dehydrat ion . 

Hydrated Species. T a b l e V summarizes the assignments of cations 
a n d water molecules made b y various authors for a var ie ty of i o n -
exchanged forms. T h e data are h i g h l y unsatisfactory since no one has 
been able to find enough electron density peaks to account for a l l the ions 
a n d molecules or to find rea l ly re l iable cr i ter ia to permit assignment to 
a par t i cu lar species of every peak. 

T h e first 4 structures of T a b l e V show a remarkable ident i ty of 
electron density peaks i n the sodalite un i t of po lyvalent cat ion forms of 
faujasite. T h e authors have assigned the electron density to various atoms 
or water molecules, but i f the data are transformed back into the n u m b e r 
of electrons, they are consistent w i t h 32 H 2 0 i n I F a n d about 20 -25 H 2 0 
i n F , irrespective of the type of exchangeable po lyvalent cat ion. F r o m 
the strict v i ewpo in t of the crystal structure, the only obvious argument 
against such an assignment of water molecules is that the F - 0 3 distances 
of 2.5A are rather short. H o w e v e r , i t is possible that extremely strong 
electrostatic interactions might permit such short distances. 

Sherry (56, 57) showed that the ion-exchange properties of N a - Y 
a n d N a - X zeolite were consistent w i t h 16 N a atoms i n the sodalite cage. 
Since N a scatters x-rays rather s imi lar ly to H 2 0 molecules , the presence 
of 16 N a atoms is consistent w i t h the electron density measurements. 

T h e p r o b l e m arises w i t h the atoms w h i c h scatter x-rays more strongly 
than water molecules. I f L a atoms account for the electron density peak 
at F i n La- faujas i te , there are on ly 3.3 atoms i n a 32-fold site. S u c h l o w 
occupancy is h a r d to bel ieve for a crysta l structure at l o w temperature 
i n the presence of water molecules. Is it possible that i n faujasite a n d Y , 
po lyvalent cations prefer to be hydra ted a n d occupy the supercage, w h i l e 
N a cations occupy bo th the sodalite un i t a n d the supercage? D e t a i l e d 
x-ray studies of other cat ion forms than those of T a b l e V w o u l d be v a l u -
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192 MOLECULAR SIEVE ZEOLITES 1 

able, especial ly i n association w i t h appropriate ion-exchange studies. I n 
zeol ite X , the data c lear ly ind i ca ted entrance of cations into the sodalite 
uni t , but this is to be expected f rom the h igher f ramework charge. 

A t least some cations i n the supercage are surrounded entirely b y 
water molecules. O l son , Kokota i l o , a n d C h a r n e l l ( 49 ) located 6 C e atoms 
of Ce-exchanged faujasite i n site V d isp laced s l ight ly f r om the center of 
a 12-membered r ing . Bennett a n d S m i t h (12) located 10 L a atoms at 
this site i n a complete ly exchanged faujasite, a n d f o u n d density e q u i v a 
lent to 2 C a atoms at the same site of a fu l ly -exchanged Ca-faujasite (10). 
T h e 12-membered r i n g has a free diameter of about 7.5A, w h i c h is capable 
of accommodat ing a cat ion hydra ted w i t h about 6 water molecules. 
P r o b a b l y the water molecules do not occupy the same posit ion f r o m 1 
u n i t c e l l to the next, since no electron density peaks have been r igorously 
located a n d ascr ibed to them. 

T h e site I I * w i t h χ ,— 0.27 is o c cup ied i n a l l h y d r a t e d forms b u t its 
occupants are uncerta in . B a u r (7 ) assigned a water molecule to this 
site but the distances to the oxygens of the 6 - r ing—3.3A to 3 0 2 a n d 3.5A 
to 3 0 4 — a r e rather large. Bennett a n d S m i t h (10) po inted out that the 
electron density peak is very broad , a n d suggested that a mixture of 
water molecules a n d hydrated cations occupies this site. 

D e t a i l e d examinat ion of the electron density i n the supercage of 
C a - a n d La -exchanged faujasites showed a nonzero electron density 
w i thout any rea l ly significant peaks. B a u r (7 ) correlated the absence of 
definite peaks w i t h a var iety of phys i ca l data , suggesting that the water 
molecules a n d cations act as a mob i l e electrolyte solution. 

O l s o n s study of h y d r a t e d N a - X (47) has important impl i cat ions for 
the pos i t ion ing of ions a n d molecules. A l t h o u g h he was not able to find 
enough electron density to satisfy a l l the cations a n d water molecules, 
he f o u n d that 7 sites i n the supercage were occup ied at a l o w leve l , as 
w e l l as the strongly-occupied sites i n the sodalite un i t l isted i n T a b l e V . 
T h e X zeol ite has strongly ordered S i a n d A l atoms such that the crystal 
field i n each supercage w i l l be fa i r ly s imi lar . I n Y zeolite, the S i a n d A l 
atoms cannot have complete long-range order, a n d there must be a 
considerable var iety of crysta l fields. Consequent ly , i t is possible that i n 
the s i l i ca - r i ch varieties, the cations a n d water molecules of any single 
supercage tend to o c cupy specific sites but that the phase-ampl i tude 
integrat ion of the x-ray b e a m gives the impress ion of a smeared-out 
fluid. O f course, there must be movement of ions a n d molecules to 
exp la in various phys i ca l data such as the h i g h value of the self-diffusion 
coefficients, but a major i ty of the ions a n d molecules m a y be fixed for 
any chosen instant of t ime. 

O l s o n (47) assigned 9 N a atoms to site I , 8 to F , a n d 24 to I I . T h e 
first assignment should be correct because the interatomic distances are 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

01
5

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



15. SMITH Faujasite-Type Structures 193 

too smal l for a water molecule . T h e latter 2 assignments are consistent 
w i t h the ion-exchange data of Sherry (56, 57) a n d w i t h interatomic d is 
tances; however , the assignment is not complete ly unequivoca l . 

O l s o n made the important suggestion that i n h y d r a t e d systems, 
cations only occupy site I I w h e n there are 3 A l atoms i n the 6 -r ing to 
prov ide a favorable electrostatic environment. Since faujasite a n d Y 
zeolites probab ly do not have more than 2 A l atoms i n almost a l l 6-rings, 
ions should only occupy site I I i n X zeolite. T h e avai lable data are con
sistent w i t h this suggestion. 

T a b l e V contains 2 sets of data for hydrated L a - X zeolite, a n d data 
for X exchanged part ly a n d then almost completed w i t h Sr. T h e electron 
density of L a is so h i g h that at least 7 a n d perhaps as m a n y as 14 L a 
ions occupy Γ. Site I F surely is occupied b y water molecules w h i c h b o n d 
to L a ions i n F . Site I I must be occup ied strongly b y L a , a n d site V 
appears to be bonded weakly . T h e higher A l content of the 6-rings must 
favor occupancy of sites F a n d I I , thereby deplet ing site V w h i c h was 
strongly occupied i n faujasite a n d Y zeolites. T h e assignments of N a a n d 
Sr atoms g iven b y O l s o n a n d Sherry seem reasonable. 

Space precludes extensive discussion, but it is obvious that the struc
t u r a l basis of ion-exchange is very complex, i n v o l v i n g an act ivat ion energy 
for format ion of a h y d r a t i o n complex, a n d i n some instances i n v o l v i n g 
movement of cations through the 6-membered rings of the sodalite units . 
Interested readers are referred to papers b y O l s o n a n d Sherry (51 ) , 
Sherry (56, 57 ) , a n d to 3 papers b y Barrer a n d coworkers (3,4,5) w h i c h 
give data on various thermodynamic functions i n v o l v e d i n i o n exchange 
a n d cat ion hydrat i on . 

Sorption Complexes 

Simpson a n d Steinf ink (58, 59) determined the crystal structures of 
the 2 complexes ra-dichlorobenzene-nickel faujasite a n d 1 -chlorobutane-
manganese faujasite. T h e y were unable to locate the sorbed molecules 
f rom i n d i v i d u a l electron density peaks, but us ing l i q u i d scattering func 
tions (60), they were able to estimate the extent of occupancy of the 
supercage b y the sorbed molecules. I n both structures, the cations p r i n 
c ipa l l y occupy F w h i l e electron density i n I F was ascr ibed to water 
molecules. T h i s suggests that the crystals were only par t ia l l y dehydrated . 
A f ew cations were ascr ibed to site I I . I n the N i variety , some of the N i 
ions were un i f o rmly d i s t r ibuted through the sodalite un i t for purposes of 
ca lculat ion. S impson a n d Steinfink conc luded that the sorbed organic 
molecules exist as a l i q u i d i n the supercages. 
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Nomenclature 

N o w that so m a n y data have been accumulated on zeolites of the 
faujasite type, names must be used care ful ly to reduce confusion. It is 
h i g h l y desirable that the nomenclature be re lated to observable proper
ties. There must be a loose b r o a d name to encompass a group of materials 
possessing an important d i s t inguish ing qual i ty , a n d there must be specific 
subnames to characterize subsid iary qual it ies . 

I n the general class of zeolites, the faujasite type is d is t inguished b y 
the special topology of its a luminosi l i cate framework. T o a mineralogist , 
the prototype faujasite is the m i n e r a l descr ibed b y D a m o u r (22) i n 1842 
f r om Sasbach, Ka isers tuh l , G e r m a n y . T h e single-crystal x-ray studies of 
B a u r a n d coworkers (7) defined the topology of the a luminosi l i cate 
f ramework, but d i d not d is t inguish between the locations of S i a n d A l 
atoms, a n d d i d not f u l l y define the positions of cations a n d molecules. 

Synthet ic zeolites p r o d u c e d b y scientists at U n i o n C a r b i d e C o r p . 
f rom sod ium-bear ing systems were shown b y p o w d e r x-ray methods to 
have the same f ramework topology as that of the m i n e r a l faujasite (2, 
19), a n d furthermore, the sorpt ion characteristics were consistent w i t h 
the geometry of the framework. Types Y a n d X zeolite were d is t inguished 
on the basis of various chemica l a n d p h y s i c a l properties (18) such that 
the former ranges f r om 48 to 76 A l atoms per c e l l a n d the latter f rom 
77 to 96. M o s t measurements have been made on Y w i t h about 58 atoms 
per ce l l a n d X w i t h about 88 A l atoms per ce l l . T h e range for Y en
compasses the Al - content for natura l faujasite w h i c h is near 59 atoms 
per ce l l , though some var ia t ion m a y occur i n faujasite specimens. 

So far, so good; the problems arise w i t h the cations a n d sorbed 
molecules (especial ly w a t e r ) , b o t h i n amount a n d i n s tructural posit ion. 
Fur thermore , the constituents of the f ramework cause d i f f i cu l t i e s—order -
disorder of A l , S i atoms, attachment of protons to f ramework oxygens, 
a n d various k inds of defects. 

T o me, the most re l iab le nomenclature is based on actual phys i ca l 
a n d chemica l operations. T h i s is often c lumsy, but should be rep laced 
b y a conceptual k i n d of nomenclature only w h e n there is universa l agree
ment that the concept is f u l l y consistent w i t h p h y s i c a l a n d chemica l data. 
T h e topology of the faujasite f ramework is universa l ly recognized , but 
the structural nature of chemica l a n d phys i ca l variants is h i g h l y debatable. 

There is no evidence to prove that the m i n e r a l faujasite has the 
same S i , A l arrangement as synthetic Y w i t h the same S i / A l rat io . F u r 
thermore, the m i n e r a l contains var iab le amounts of N a , C a , M g , a n d other 
cations. H e n c e , i t should not be casual ly equated w i t h synthetic Y g r o w n 
f rom a pure N a - b e a r i n g system. E v e n w h e n the m i n e r a l has been i o n -
exchanged to the fu l l y Na-exchanged f o r m it should not be equated 
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with Y. Thus, I disagree with the nomenclature proposed by Wright, 
Rupert, and Granquist (69, 70), especially as their x-ray and infrared 
data indicate significant differences between the 2 types. 

Dempsey et al. (25) restricted the use of the terms Y and X zeolite 
to the composition ranges 53-64 and 80-96 A l atoms per cell. The inter
mediate range was denoted the Transition type ( Figure 3 ). The nomen
clature proposed by Kerr et al. (35) for "decationated" zeolites was 
described earlier. Hopefully, further experimental data will reduce the 
uncertainty in the experimental data on the cell dimensions and the crys
tal structures of the zeolites, and provide a firmer basis for nomenclature. 

At present, the most suitable nomenclature is one which specifies the 
treatment applied to a starting material—e.g., dehydrated, Ca-exchanged 
Type Y zeolite. For brevity in this paper, terms such as La-Y have been 
used: such brevity should cause no confusion since La-exchanged Type Y 
zeolite is automatically implied. Readers are urged to read the earlier 
literature carefully since the term faujasite has sometimes been casually 
applied to Type Y zeolite. 
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D i s c u s s i o n 

D. H. Olson (Mobil Research & Development Corp., Princeton, 
N. J. ) : In view of the fact that the BF data for dehydrated Ca-exchanged 
faujasites show breaks agreeing with the position of the breaks shown 
by DKO for hydrated sodium faujasites, I think the suggestion that re-
siting of cations is responsible for the breaks can be ruled out. 

J. V. Smith: The breaks in the DKO data of Figure 3 may result 
from a resiting of cations as a function of S i /A l ratio. 

J. Paul Rupert (Carnegie-Mellon University, Pittsburgh, Pa. 15213): 
Our differing opinions with respect to designation may stem from differ
ing points of view between mineralogists and physical chemists. We have 
suggested that when workers describe measurements made on faujasite 
structures they designate the material as "synthetic faujasite," specifying 
the number and type of exchange cations. Thus, "Zeolite Y" would be 
"synthetic faujasite, Na 5 6 , " clearly specifying the topology and composi
tion. The physical property in question may be a function of both of 
these. Even though a synthetic faujasite may differ from the naturally-
occurring material with respect to Si,Al ordering in the crystal, there is 
no assurance that different degrees of ordering do not occur in synthetic 
materials. Obviously, any nomenclature scheme must be a compromise 
between descriptiveness and convenience. 

Alan C. Wright (Baroid Div., National Lead, Houston, Tex. 77001): 
With reference to your Figure 3, probably the apparent discrepancy be
tween the DKO and WRG data sets can be ascribed to experimental 
technique. It is my understanding that the DKO x-ray measurements 
utilized only absolute 2-theta values since a relative scale was all that 
was sought. Our measurements, however, involved the use of an internal 
standard. Within error limits, the DKO and WRG data may be super
imposed simply by shifting the Â scale. Obviously, our limited data are 
insufficient to confirm or deny the break points found by DKO. 
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H a r r y Robson ( Esso Research Laboratory , B a t o n Rouge , L a . ) : Since 
a l l the cat ion possibi l it ies w h i c h w e can locate are on the d iagona l of the 
u n i t ce l l , I bel ieve we cou ld s impl i f y the nomenclature b y designating 
these sites b y their posi t ion along this d iagonal (numbers 00 to 50 ) . T h i s 
des ignat ion w o u l d be mean ing fu l to crystallographers wi thout reference 
to pr i or conventions. 

N . G . Parsonage ( I m p e r i a l Co l lege , L o n d o n ) : W i t h reference to 
T a b l e V , I a m surprised that some sites are good for both cations a n d 
water molecules ( e.g., Site I ). A f t e r a l l , the cations should seek out pos i 
tions of m i n i m u m cou lombic potent ia l energy ( a n d consequently zero 
electric field ). If, for example, we assumed that H 2 0 molecules were p r i 
m a r i l y h e l d b y field-induced d ipo le forces, they w o u l d seek positions of 
m a x i m u m field. T h e y w o u l d not, then, go to the same sites as the cations. 

J . V . Smith: I th ink one must be cautious of interpretat ion i n terms 
of just one parameter such as cou lombic potent ia l energy. If cou lombic 
energy were the sole term, Site I w o u l d always be occupied , whereas w e 
k n o w for sure that i n some varieties of faujasite-type zeolites i t is unoc 
cup ied . W e must try to combine a var iety of concepts i n order to predic t 
the positions of cations a n d molecules. I see no reason w h y one type of 
site cannot be o ccup ied b y cations as w e l l as molecules. F o r example, i f 
there are ten cations for a 16-fold site, the other six sites m i g h t be 
occup ied b y water molecules. 

J . Turkevich (Pr ince ton Univers i ty , Pr inceton , N . J . 08540) : I n con
nect ion w i t h F i g u r e 3, I w o u l d l ike to k n o w h o w the s i l i c o n - a l u m i n u m 
ratio is determined. T h e synthetic zeolites a n d maybe natura l ones are 
obta ined f rom s i l i ca - r i ch gels w h i c h increase i n s i h c a - a l u m i n a ratio i n 
the mother l i q u i d as the s i l i c o n - a l u m i n u m ratio increases i n the crystals. 
S i l i ca m a y be occ luded a n d adsorbed as a co l l o ida l ge l on the zeolite a n d 
dif f icult to w a s h off. T h e s i l i ca ratio as measured w i l l be h igher a n d the 
fines asymetr ical ly lower. 

J . V . Smith: I n m y paper , I po inted out that there were difficulties 
i n the interpretat ion of a b u l k chemica l analysis of a zeolite. Turkev ich ' s 
remark supports m y suggestion that the c l a i m of D K O for breaks i n the 
re lat ion between ce l l d imens ion a n d A l content of synthetic faujasite-type 
zeol ite must be treated cautiously. 

Ε. M . Flanigen ( 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) : I n 
response to the quest ion presented b y T u r k e v i c h asking h o w the S i 0 2 / 
A 1 2 0 3 rat io was determined as presented b y S m i t h i n F i g u r e 3. 

K i i h l responded that the data of D K O were obta ined b y wet chem
i c a l analysis. T h e data of Breck a n d F l a n i g e n were also determined b y 
chemica l analysis. I w o u l d l ike to po int out w i t h respect to the B F curves 
i n F i g u r e 3 that the zeol ite samples used were very careful ly selected 
w i t h respect to p u r i t y a n d homogeneity, as determined b y x-ray analysis 
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a n d oxygen adsorpt ion character izat ion. O n l y preparations conta in ing 
greater than 9 5 % zeolite as determined f r om oxygen capac i ty were used 
to determine the curves. It was hoped that this procedure w o u l d m i n i 
mize errors i n b u l k chemica l analysis result ing f r om extraneous mater ia l . 

G . H . K i i h l ( M o b i l Research & D e v e l o p m e n t Corp . , Paulsboro , N . J . 
08066) : Re fe r r ing to your F i g u r e 3, statist ical considerations show that 
there are three l ines, a l though the center l ine is probab ly para l l e l to the 

NUMBER OF Go ATOMS PER UNIT CELL AND 
S i 0 2 / G a 9 0 , VS LATTICE PARAMETER a n 

H 2.80 

H 3.05 

H 3.33 

H3.65 

H 4.00 

H 4.40 

H 4.85 

5.37 

6.00 

other two. T h e steps are expected to be more dist inct i n gallosi l icate 
faujasite because of the larger g a l l i u m . O u r measurements on avai lable 
gal losi l icate faujasite samples gave the expected results, p r o v i n g that the 
breaks are real . 

J . V . S m i t h : Statist ical considerations are only as good as the as
sumptions. I f one separates the data into three populat ions separated b y 
the supposed discontinuit ies , the statist ical r e l i ab i l i t y w i l l appear m u c h 
better than i f one treats the data as a single popu la t i on a n d searches for 
discontinuit ies . U n d o u b t e d l y , D K O use the first approach ; i.e., they are 
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c h e c k i n g an assumed m o d e l rather than l ook ing for breaks at any A l con
tent. T h e data for the gallosi l icate faujasite analogs certainly show m u c h 
better evidence for breaks than do the a luminosi l i cate analogs. H o p e f u l l y , 
the data w i l l be p u b l i s h e d shortly. 
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Infrared Structural Studies of Zeolite 

Frameworks 

EDITH M. FLANIGEN and HASSAN KHATAMI 
Union Carbide Corp., Linde Division Laboratory, Tarrytown Technical Center, 
Tarrytown, Ν. Y. 10591 

HERMAN A. SZYMANSKI 
Alliance College, Cambridge Springs, Pa. 16403 

Mid-infrared spectroscopy has been applied to zeolite struc
tural problems. The infrared spectrum in the region of 200 
to 1300 cm-1 is a sensitive tool indicating structural features 
of zeolite frameworks. Preliminary interpretation suggests 
infrared specificity for zeolite structure type and group, and 
for structural subunits such as double rings and large pore 
openings. It is proposed that the major structural groups 
present in zeolites can be detected from their infrared pat
tern. This hypothesis is based on correlation of newly deter
mined infrared spectra of synthetic zeolites with x-ray 
structure data for most of the known structural classes of 
zeolites. Other structural information obtained from infra
red studies includes framework Si/Al composition, structural 
changes during thermal decomposition, and cation move
ment during dehydration and dehydroxylation. 

* " p h e methods a p p l i e d to the determinat ion of zeolite structures have 
been the c lassical crysta l lographic techniques of x -ray di f fract ion a n d 

more recently electron dif fraction. A s a result of extensive x-ray structure 
studies o n zeolites since about 1955, the f ramework structures of some 40 
zeolites are k n o w n . A classification of zeolite structure types a n d groups 
has been proposed b y S m i t h (43), F i s c h e r a n d M e i e r (18), a n d M e i e r 
( 28 ) . T h e structure types a n d classes are based on a s imi lar i ty i n f rame
w o r k topology a n d c o m m o n elements of secondary b u i l d i n g units w h i c h 
comprise r ings of tetrahedra, doub le r ings, a n d larger symmetr i ca l p o l y -

201 
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h e d r a l units such as the 18-tetraherda " cancr in i te " u n i t or the 24-tetra-
hedra t runcated octahedron "sodal i te" u n i t ( 28 ) . I t is dif f icult to deter
m i n e atomic positions i n the crystal structure of n e w zeolite species b y 
x-ray techniques because of the large u n i t cells a n d the large n u m b e r of 
possible ways of l i n k i n g tetrahedra. T h e p r o b l e m is magni f ied w i t h s y n 
thetic zeolites where the structural investigator most f requent ly is l i m i t e d 
to x-ray p o w d e r data o w i n g to the u n a v a i l a b i l i t y of larger single crystals. 

T h e object of this study was to a p p l y m i d - i n f r a r e d spectroscopy to 
zeolite s t ructura l problems w i t h the u l t imate hope of us ing in f rared , a 
re lat ive ly r a p i d a n d read i l y avai lable ana ly t i ca l method , as a t oo l to 
characterize the f ramework structure a n d perhaps to detect the presence 
of the p o l y h e d r a l b u i l d i n g units present i n zeolite f rameworks . T h e 
m i d - i n f r a r e d reg ion of the spectrum was used ( 1300 to 200 c m " 1 ) since 
that reg ion contains the fundamenta l v ibrat ions of the f ramework ( S i , A l ) 
0 4 tetrahedra a n d should reflect the f ramework structure. In f rared data 
i n s imi lar spectral regions have been p u b l i s h e d for m a n y m i n e r a l zeolites 
(30) a n d a f e w synthetic zeolites (23, 49, 50). T h e r e is a n extensive 
l i terature o n in f rared spectra of s i l i ca , sil icates, a n d aluminosi l icates (17). 
H o w e v e r , no systematic s tudy of the in f rared characteristics of zeolite 
f rameworks as re lated to their crysta l structure has appeared. 

Figure 1. Infrared spectra 
of zeolites A, X, and Y and 
hydroxy sodalite (HS); Si/Al 

in X is 1.2, and in Y , 2.5 
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Figure 2. Infrared spectra of zeolites 
B(F1), ΖΚ-5, Ω, and S; right hand por
tion of figure represents a higher zeolite 
concentration in the wafer than in the 

left portion for Figures 2, 5, and 7 

Experimental 

T h e major i ty of the in f rared transmission spectra were obta ined 
us ing the K B r wafer technique ( 3 7 ) . Spectra of at least 2 a n d often more 
preparations of each zeolite were obta ined before the spectrum was 
accepted as be ing characterist ic of the zeolite species. Spectra also were 
obta ined us ing C s l wafers a n d i n the case of several zeolites w i t h m i n e r a l 
o i l mul l s a n d p u r e zeolite sel f -supported wafers , to establ ish any matr ix 
effect. O n l y m i n o r spectral variat ions were observed a m o n g the several 
techniques a n d matrices. E x c e p t where otherwise noted , the spectra 
reported here are for h y d r a t e d zeolites i n K B r or C s l wafers. A t y p i c a l 
wafer concentrat ion was 0.5 m g of zeolite i n 300 m g of K B r or C s l ; 
however , zeolite concentrat ion sometimes was v a r i e d to obta in the des ired 
absorbance or to increase the sensit ivity to weak bands. Spectra were 
determined w i t h a P e r k i n E l m e r M o d e l 621 doub le b e a m grat ing spec
trometer. Essent ia l ly i dent i ca l spectra were obta ined us ing a P e r k i n 
E l m e r M o d e l 225 double b e a m grat ing spectrometer a n d a B e c k m a n 
M o d e l IR -12 double b e a m grat ing spectrometer as were obta ined w i t h 
the P - E 621 for zeolites A , X , a n d Y . A few spectra were measured for 
dehydrated zeolites b y ac t ivat ing the zeol ite powders i n a ir at 350°C , 
r a p i d l y q u e n c h i n g into d r y m i n e r a l o i l , a n d r u n n i n g the spectrum as a 
m i n e r a l o i l m u l l . D e h y d r a t i o n studies reported for Ca-exchanged Y zeo-
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l i te us ing sel f -supported wafers were carr ied out w i t h a c e l l a n d technique 
essentially the same as that descr ibed b y A n g e l l a n d Schaffer ( J ) . T h e 
spectral reso lut ion is better t h a n 5 c m " 1 a n d the est imated accuracy 
± 5 c m " 1 u s i n g the same technique a n d instrument , b u t can be as h i g h 
as ± 1 0 c m " 1 w i t h other measurement variat ions. 

A l l of the synthetic zeolites invest igated were p r e p a r e d i n this l abora 
tory w i t h the exception of the Zeo lon product a n d Z K - 5 , a n d were f u l l y 
character ized i n terms of c h e m i c a l composit ion, x-ray, a n d adsorpt ion 
p u r i t y . A l l represent zeol ite contents of greater t h a n 9 0 % a n d conta ined 
no crystal l ine impur i t ies detectable b y x-ray p o w d e r di f fract ion analysis. 
T h e N a "Zeo lon" used was obta ined f r o m the N o r t o n C o . , a n d the experi 
menta l sample of Z K - 5 was prepared b y K . R . M u l l e r at the U n i o n C a r b i d e 
E u r o p e a n Research Associates L a b o r a t o r y i n Brussels, B e l g i u m . 

I n the thermal decomposit ion studies of A , X , Y , a n d L zeolites, 
p o w d e r samples of each zeol ite were heated i n ambient a i r for 16 hours at 
increasing temperatures to y i e l d a series of t h e r m a l decomposi t ion p r o d 
ucts w i t h successively l ower res idua l zeolite x-ray crysta l l in i ty . T h e 
heated powders were h y d r a t e d at room temperature a n d r u n as K B r 
wafers to obta in their in f rared patterns. 

Results 

In frared spectra were obta ined o n the synthetic zeolites A , N - A , X , 
Υ, Β ( P I ) , K Z - 5 , omega ( Ω ) , S, R , G , D , T , L , W , synthetic analogues of 
mordenite ( "Zeo lon" ) , a n d analc ime ( C ) , a n d for the re lated synthetic 

1200 1000 800 600 400 200 800 600 400 200 
Crrr1 

Figure 3. Infrared spectra of zeolites R, G, and D 
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Table I. Infrared Spectral 

Si02 

Zeolite AW* Asym. Stretch Sym. Stretch 

A 1.88 1090vwsh 1050vwsh 995s 660vw 
Ca e x A 1.9 1130vwsh 1055vwsh 742vwsh 705vwsh 665vw 
N-A 3.58 1131vwsh 1030s 750vwsh 675vw 
N-A 6.01 1151vwsh 1044s 750vwsh 698vw 
X 2.40 1060msh 971s 746m 690wsh 668m 
Y 3.42 1135msh 985s 760m 686m 
Y 4.87 1130msh 1005s 784m 714m 
L a e x Y 5.0 1135msh 1006s 790m 705m 
Y 5.63 1130msh 1017s 789m 718m 

BCD 2.8 1105mw8h 995-
1000s 

772mwsh 738mw 670mw 

Hydroxy 2.0 1096vwsh 986s 729m 701mw 660m 
sodalite 
(HS) 

Ω 7.7 1130wsh 1024s 805mw 722mw 
ZK-5 6.0 1158wsh 1048s 890vwb 730mw 
R 3.25 1136mwsh 1007s 738w 678w 
G 5.44 1138mwsh 1027s 720w 696wsh 
D 4.62 1184mwsh 1018s 755wsh 711w 
S 2.5 1140wsh 1020s 770vwsh 722mw 690vwsh 

Τ 7.0 
Hydroxy 2.0 
cancrinite 
(HC) 
L 
C 
Zeolon 

6.0 
4.0 

W 

1156wsh 
1095mw 

1059s 
1035msh 

1162vwsh 1012s 
9.95 1216w 

3.6 1128msh 

1010s 
1000s 

1015s 
952s 

1180vwsh 1046s 

1006s 

771w 
755w 

767mw 
740m 

718w 

721mw 
. 40m 686wb 
795\ , 715\ . 
7 7 2 / w b 690 f w b 

7861 K 691mwb 
7 5 6 / m w b 

642vwsh 

Figure 6. Infrared spectra of 
zeolites A and N-A; numbers in 

parenthesis are Si/Al values 
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D a t a f o r Synthet i c Zeolites 
Cm~ 7 a 

Dbl. Rings TO Bend Pore Opening? 

600m 

550ms 
542ms 
572ms 
581ms 
560m 
564m 
572m 
565m 
575m 

508vwsh 
500wsh 
500wsh 

464m 
460m 
474m 
475m 
458ms 
460ms 
455ms 
450ms 

504mwsh 456ms 

406w 

435ms 

378ms 
376m 
385m 
393m 
365m 
372m 
380m 
382m 
383m 
380mwsh 

260vwb? 

250vwb? 

260vwb? 

315vwsh 

461ms 432ms 282vwb? 

610mw 
572m 

625m 
632m 
631m 

595sh/ m b 

623mw 575w 
624m 567m 

508mw 
515m 
513m 
518mb 

451ms 
445m 
452m 
460m 
459m 
448m 

467ms 
498mw 458ms 

426m 
408m 
415m 
424ms 

433ms 
429ms 

372m 
408wsh 

370vwsh 
378vwsh 
376vwsh 
370vwsh 

410vwsh 366wsh 
390mw 353wb 

580wsh 606m 
615vw 
621w 571\ 

555/ 
637mw 590wb 

474ms 
442ms 
448ms 

512vwsh 483vwsh 

435wsh 
410msh 

432ns 

375vwsh 

370vwsh 

375vwsh 

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

fe l spathoid phases, hydroxy sodalite ( H S ) a n d hydroxy cancr in i te ( H C ) . 
T h e I R spectra are shown i n F igures 1-6, a n d spectral frequencies l i s ted 
i n T a b l e I. C a t i o n a n d f ramework compositions a n d references descr ib 
i n g their synthesis a n d properties are g iven for a l l of the zeolites i n 
T a b l e I I . S t ruc tura l characteristics based p r i n c i p a l l y o n Meier ' s (28) 
a n d Barrer 's (2 ) reviews are c o m p i l e d i n T a b l e I I I a n d a summary of 
s tructura l elements a n d b u i l d i n g units i n zeol i te f rameworks g iven i n 
T a b l e I V . T h e def init ion of secondary b u i l d i n g units ( S B U ) a n d b u i l d 
i n g blocks used here is not as precise as that of M e i e r (28), a n d there is 
some m i n o r var ia t i on f r om Meier ' s s tructural classification. T h e zeolites 
were chosen to represent a spectrum of s tructura l types a n d S B U a n d 
p o l y h e d r a l b u i l d i n g units i n the frameworks as w e l l as a range of S i , A l 
f ramework compositions. 

C o r r e l a t i o n of the in frared spectra w i t h zeolite structure has l e d us 
to propose the f o l l ow ing interpertations a n d hypotheses. E a c h zeol i te 
species has a t y p i c a l in f rared pattern. I n add i t i on , there are often general 
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208 MOLECULAR SIEVE ZEOLITES 1 

similarit ies among the spectra of zeolites w i t h the same structura l t ype 
a n d i n the same structura l group. T h e in f rared spectra of zeolites i n the 
1300-200 c m " 1 region appear to consist of 2 classes of v ibrat ions : those 
caused b y in terna l v ibrat ions of the f ramework T 0 4 tetrahedron, the 
p r i m a r y b u i l d i n g un i t i n a l l zeolite f rameworks , w h i c h tend to be insensi 
t ive to variat ions i n f ramework structure, a n d v ibrat ions re lated to exter
n a l l inkages between tetrahedra w h i c h are sensitive to the f ramework 
structure a n d to the presence of some S B U a n d b u i l d i n g b lock po lyhedra 
such as doub le rings a n d the large pore openings. N o v ibrat ions specific 
to A 1 0 4 tetrahedra or A l - O bonds are assigned but rather v ibrat ions of 
T 0 4 groups a n d T - O bonds where the v i b r a t i o n a l frequencies represent 
the average S i , A l composi t ion a n d b o n d characteristics of the central Τ 
cat ion. T h e proposed in f rared assignments are presented i n de ta i l i n 
T a b l e V a n d i l lustrated w i t h the in f rared spectrum of zeolite Y i n F i g u r e 
7. T h e bands assigned to internal tetrahedral v ibrat ions are shown i n the 

Table II. Compositions of Synthetic Zeolites 

Zeolite Cation* Ref. 

A N a 2 {15, 31) 
N - A T M A 6 , N a 2.5-6.0 {5) 
X N a 2.0-3.0 {16, 32) 
Y N a > 3 - 6 {11, 16) 

H S N a 2 -3 U, 8) 
( H y d r o x y Sodalite) 

Z K - 5 N a , D D O 4 -6 {22) 
B(P1) N a 2 -5 {33) 

Omega (Ω) N a , T M A 5-12 {6, 19) 
S N a 4.6-5.9 {10) 
R N a 3.5-3.7 {35) 
G Κ 2-6 {3) 
D K , N a 4.6-5.0 {12) 
Τ K , N a 6.4-7.4 {13) 
L Κ ; K , N a 5.2-6.9 {14, 16) 

H C N a 2.0 {8) 
( H y d r o x y cancrinite) 

{34) W Κ 3.3-4.9 {34) 
Zeolon N a 10-11 {41) 

C N a 2-6 {38, 39) 

° Cation composition as synthesized. 
6 T M A = tetramethyl ammonium ion, ( C H ^ N * . 
c D D O = ( C 8 H i 8 N 2 ) 2 + = [l,4-dimethyl-l,4-diazoniacyclo (2.2.2.) octane]2*. 
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16. FLANIGEN E T A L . Infrared Structural Studies 209 

figures w i t h a f u l l l ine d r a w i n g , a n d those to external l inkage modes w i t h 
a broken l ine . 

T h e first class of v ibrat ions c o m m o n to a l l zeolites a n d assigned to 
in terna l tetrahedron vibrat ions inc ludes the 2 most intense bands i n the 
spectrum, the strongest at 950-1250 c m " 1 a n d the other of m e d i u m in ten 
sity at 420--500 cm" 1 . W e propose as a m o d e l for comparison a n d assign
ment of in terna l tetrahedral modes the comprehensive w o r k of L i p p i n c o t t 
et al. (26) o n the in f rared spectra of the po lymorphs of s i l i ca . T h e p r i 
m a r y b u i l d i n g un i t of a S i 0 4 tetrahedron l i n k e d i n a three-d imensional 
tetrahedral f ramework i n the silicas is analogous to zeolite f rameworks , 
a n d serves as a po int of reference. L ipp inco t t ' s S i - O v ibrat ions become 
T - O vibrat ions i n our assignments. A f t e r L i p p i n c o t t , the strongest v i b r a 
t i on i n the 950-1250 c m " 1 reg ion is assigned to a T - O stretch i n v o l v i n g 
mot ion p r i m a r i l y associated w i t h oxygen atoms, or alternately descr ibed 
as a n asymmetric stretching mode <— O T - » <— O . T h e next strongest 
b a n d (except for A zeol i te ) i n the region of 420-500 c m " 1 is assigned to 
a T - O b e n d i n g mode. Stretching modes i n v o l v i n g motions p r i m a r i l y 
associated w i t h the Τ atoms, or alternately descr ibed as symmetr ic 
stretching modes <- O T O are assigned i n the reg ion of 650-820 cm" 1 . 
T h e symmetr i c stretch modes are further classified into a n in terna l tetra
hedron stretch i n the l ower spectral reg ion of 650-720 c m " 1 a n d a n ex
ternal l inkage symmetr ic stretch reflecting structure-sensitive external 
l inkages i n the higher region of 750-820 cm" 1 . T h i s d i s t inc t ion among 
symmetr ic stretch v ibrat ions is somewhat tenuous a n d w i l l be discussed 
further. A l l of the stretching modes discussed are sensitive to f ramework 
S i / A l compos i t ion a n d shift to l ower f requency w i t h increas ing A l con 
tent. T h e T - O b e n d i n g mode is not substantial ly affected b y the subst i 
tut ion of A l for S i . T h e l i terature appears to be i n general agreement i n 
assigning fundamenta l tetrahedra modes i n s i l i ca to S i - O stretches 
(asymmetr i c ) f r o m 800 to 1100 c m - 1 , S i - S i stretching modes ( symmetr i c ) 
f rom 600 to 800 c m " 1 , a n d b e n d i n g a n d distort ion modes under 600 c m " 1 

( 3 6 , 4 5 , 4 6 , 4 7 ) . 
T h e absence of any in terna l tetrahedral bands assigned to A 1 0 4 

tetrahedra is i n contrast to some previous l i terature assignments i n 
a luminosi l i cate frameworks. T h e interna l modes discussed are assigned 
b y m a n y authors to pure S i - O v ibrat ions , a n d dist inct A l - O v ibrat ions 
assigned i n the reg ion of 715 to 815 c m " 1 (17, 40). S tub i can a n d R o y 
(45, 46, 47) po int out that one should not expect v ibrat ions of " p u r e " 
c a t i o n - a n i o n (e.g., S i - O ) bonds i n a luminosi l i cate frameworks , discuss 
the influence of ions i n second coord inat ion spheres on S i - O v ibrat ions , 
a n d introduce assignments of S i - O — A l combinat i on frequencies. Ko lesova 
(24) s imi lar ly assigns v ibrat ions to the S i - O - A l unit . W e prefer to 
describe the v ib ra t i ona l modes i n terms of v i b r a t i n g T 0 4 units a n d not 
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210 MOLECULAR SIEVE ZEOLITES 1 

Table III. Structural Characteristics 

Structure 

Zeolite 

A I 
N - A S 
X I 

H y d r o x y Sodal i te 
(HS) 

Z K - 5 
B(P1) 
Ω 
S 

§[ 
D 

L 
H y d r o x y 

cancrinite 
W 

Zeolon 
C 

Type/Group 

A / f a u j a s i t e 

F a u j as i t e / f au j asite 

Soda l i te / chabaz i te 

Z K - 5 / f a u j asite 
B ( P l ) / p h i l l i p s i t e 
Ω/chabazite 

G m e l i n i t e / c h a b a z i t e 

C h a b a z i t e / c h a b a z i t e 

Ideal Unit Cell 
Symmetry 

C u b i c , PmSm (pseudo) 

C u b i c , Fd3 ) 
Fd3m S 

C u b i c , Plfin 

C u b i c , ImSm 
C u b i c , ImSm 
H e x , P6/mme 

H e x , P6z/mmc 

T r i g o n a l , RSm 

Offret i te -er ioni te / chabazi te 2̂ *""' .*î?*7 ^D I W™,™ Λ 

E n o n : H e x . , Poz/mmc 
L / c h a b a z i t e 

C a n c r i n i t e / c h a b a z i t e 

H e x . , P6/mmmf 

H e x . , P63 

P h i l l i p s i t e - h a r m o t orne / 
phi l l ips i te 

M o r d e n i t e / m o r d e n i t e 
A n a l c i m e / a n a l c i m e 

Ortho . , B2mb 

Ortho . , Cmcm 
C u b i c , IaSd 

Table IV. Building Units in Zeolite Structures" 

Primary Building Unit—Tetrahedron (TO4) 
Tetrahedron of 4 oxygen ions w i t h a centra l te trahedral 
i o n (T) of Si 4 + or A l 3 + 
A l l oxygens shared between 2 tetrahedra , ( T 0 2 ) n 

Secondary Building Units, S.B.U. 
R i n g s , S-4, 6, 8 
D o u b l e r ings, D - 4 , 6, 8, (14) 

Larger Symmetrical Polyhedrab 

T r u n c a t e d octahedron (T .O. ) or sodalite u n i t 
l l - H e d r o n c or C a n c r i n i t e (Cancr. ) u n i t 
14 -Hedron I I e or gmel inite (gmel.) u n i t 

Zeolite Structure 
P a c k i n g of S . B . U . ' s a n d po lyhedra i n space 

° See, for example, Meier {28) and Barrer (β) for a description and detailed dis
cussion. 

b Larger polyhedral units (>24 tetrahedra) as discussed by Ref. 2 and 28 are not 
considered here because they are not believed to be important in determining mid-
infrared spectral characteristics. 

c Barrer's (2) designations for building units. 
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16. FLANIGEN ET AL. Infrared Structural Studies 211 

of Synthet i c Zeo l i tes 0 

Building Units* Water 
Void T/ 

S-R D-R Pore Opening Polyhedra Volume0 1000A* 

4,6,8 D - 4 S-8, p lanar T . O . 0.47 12.8 

4,6 

4,6 

D - 6 S-12, nonplanar T . O . 

T . O . 

0.51 
0.50 
0.33 d 

12.4 
12.8 
17.2" 

4,6,8 
4,8 
4,6,8 
4,6,8 

D - 6 
D - 4 
D -12 
D - 6 

S-8, p lanar 
S-8, nonp lanar 
D - 1 2 , p lanar 
S-12, nonplanar 

G m e l . 
G m e l . 

0.44 
0.41 
0.38 
0.44 

14.7 
15.8 
16.7 
14.6 

4,6,8 D - 6 S-8, nonplanar — 0.47 14.6 

4,6,8 
4,6,8 
4,6,8 
4,6 

D - 6 
D - 6 
D - 6 

S-12, nonplanar 
S-8, nonplanar 
S-12, p lanar 
S-12, nonplanar 

C a n c r . , G m e l . 
C a n c r . 
C a n c r . 
C a n c r . 

0.40 

0.32 
0 .21 d 

15.7 

16.3 
16.7 d 

4,8 — S-8, nonplanar — 0.31 15.8 

4,5,8 
4,6 

— S-12, nonp lanar — 0.28 
0.18 

17.2 
18.6 

α Adapted from Meier {28) and Barrer {2). Group classification that of Meier. Data 
shown are for the structure type. 

6 See Table IV for definition. Ideal size and symmetry of polyhedral units: D-4, 8 
tetrahedra, cube, T d ; D-6, 12 tetrahedra, hexagonal prism, D 6 h Cancr. 18 tetrahedra, 
D 3 h; T .O. , 24 tetrahedra, Td; Gmel., 24 tetrahedra, D 3 n . 

0 In cc/cc of crystal. 
d Data for sodalite hydrate and cancrinite hydrate. 
e From proposed tentative structure of Barrer {6). 
f Structure of Barrer (7). 

assign dist inct S 1 O 4 vs. A 1 0 4 bands. T h e re lat ive concentrat ion of S i a n d 
A l i n site Τ affects the frequency of the b a n d , but not the n u m b e r of 
bands. T h i s is analogous to the crystal lographic equiva lency of S i a n d A l 
i n the Τ site often encountered i n x-ray di f fract ion analysis , where the 
T - O b o n d distances reflect the average S i , A l composi t ion (28, 43). 

T h e external l inkage frequencies w h i c h are sensitive to topology a n d 
b u i l d i n g units i n the zeolite f rameworks occur p r i n c i p a l l y i n 2 regions of 
the spectrum, 500-600 c m " 1 a n d 300-420 cm" 1 . A m e d i u m intensity b a n d 
i n the former has been re lated to the presence of doub le r i n g po lyhedra 
i n the framework. T h u s , a l l of the zeol ite f rameworks w i t h D - 4 a n d D - 6 
rings, Χ, Y , B , Z K - 5 , the chabazite group phases R , D , G , S, Τ, Ω, a n d L , 
have a m e d i u m ( or i n a f ew cases, m w or ms ) b a n d i n the 550-630 c m " 1 

region. T h e frequency of the b a n d , as w i l l be discussed later, shifts i n 
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212 MOLECULAR SIEVE ZEOLITES 1 

Table V . Zeolite Infrared Assignments, C m " 1 

Internal Tetrahedra 
A s y m . stretch 1250-950 
S y m . stretch 720-650 
T - O bend 420-500 

External Linkages 
D o u b l e r i n g 650-500 
Pore opening 3 0 0 ^ 2 0 
S y m . stretch 750-820 
A s y m . stretch 1050-1150 sh 

some cases w i t h S i / A l composit ion. T h e pos i t ion of the b a n d also 
appears to be re lated to s tructura l type a n d class. I n the faujasite group, 
A , X , Y , a n d Z K - 5 , the D - R frequency is f o u n d between 540 a n d 585 c m " 1 

irrespective of S i / A l , a n d is symmetr i ca l i n shape. I n Β ( P I ) , the D - 4 
f requency is at 600 c m " 1 , somewhat b r o a d b u t symmetric . I n a l l of the 
chabazite type phases ( R , D , G ) the D - 6 b a n d is at 625-630, w i t h a 
c o m m o n low- frequency asymmetry . I n S, the b a n d is b road , asymmetr ic , 
a n d centered near 600 c m " 1 ; i t is resolved into 2 bands at 623 a n d 959 i n 
h igher concentrat ion wafers. T h e D - 6 b a n d i n Ω occurs as a re lat ive ly 
sharp but m e d i u m weak b a n d at 610 c m ' 1 w i t h a h igh- f requency shoulder. 
Zeolites Τ a n d L , also i n the chabazite group b u t conta in ing 2 c o m m o n 
b u i l d i n g groups, D - 6 a n d cancr in i te uni ts , show a m e d i u m (or m w ) b a n d 
at 623 a n d 606 cm" 1 , respectively, w i t h bo th a h i g h a n d l o w frequency 
shoulder or satellite b a n d . T h u s , the chabazite group is character ized b y 
a near m e d i u m b a n d between 600 a n d 630 c m " 1 re lated to the D - 6 uni t , 
a f requency w h i c h is h igher than the D - R reg ion (540-585 cm" 1 ) i n the 
faujasite group. 

Zeolites devo id of D - R or larger symmetr i ca l po lyhedra are W , 
Zeolon, a n d C . T h e Zeo lon a n d C phases show on ly weak absorpt ion, 
a n d W m e d i u m weak, i n the 540 to 630 c m " 1 po r t i on of the spectrum. 
Zeol ite W m a y be a border l ine case since the m e d i u m weak b a n d struc
ture bears some resemblance to the D - R assignments i n the chabazi te 
fami ly . T h e structure type assignment for W ( p h i l l i p s i t e - h a r m o t o m e ) 
also m a y be quest ioned since i t is based on a general resemblance of the 
x-ray p o w d e r di f fract ion pattern w i t h that of the re lated m i n e r a l species. 
It is becoming increas ingly apparent that such resemblance is insufficient 
to establish the f ramework topology unambiguous ly . T h i s is especial ly 
true i n the ph i l l ips i t e a n d chabazi te groups where a large n u m b e r of 
stacking sequences a n d four- a n d e ight - r ing arrangements are possible, 
w h i c h w o u l d l ead to s imilarit ies i n x-ray p o w d e r patterns. [See, for 
example , M e i e r a n d O l s o n (29) a n d B e a r d ( 9 ) ] . 

T h e second m a i n extenal l inkage f requency assigned is i n the 3 0 0 -
420 c m " 1 por t i on of the spectrum a n d was i n i t i a l l y assigned to a breath ing 
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m o t i o n of the isolated rings f o rming the pore opening i n zeolites. I t is a 
d ist inct m e d i u m to m e d i u m - w e a k b a n d on ly i n the spectrum of A , X , Y , 
a n d Ω zeolites, w i t h a f requency of 360-395 cm" 1 . I t appears as a p r o m i 
nent shoulder or over lapp ing b a n d at 350-420 c m " 1 i n the spectrum of Β 
a n d Z K - 5 , as a weaker shoulder near or be l ow 400 c m " 1 i n the chabazite 
group, a n d as a very w e a k shoulder i n the remainder of the zeolites 
studied. A l l of the zeolites for w h i c h in f rared data are presented conta in 
pore openings of 8- to 12-R except C . Qua l i ta t i ve ly , differences i n the 
iso lat ion, symmetry , a n d p lanar i ty of the r i n g w h i c h shou ld affect r i n g 
d istort ion vibrat ions c a n be suggested to exp la in the observed variat ions 
i n the prominence of the "pore o p e n i n g " b a n d , b u t the corre lat ion is 
inconclusive . Interestingly, the b a n d is prominent i n those structures 
w h i c h have cub i c un i t c e l l symmetry , a n d decreases i n prominence as the 
symmetry decreases. W e prefer to m a i n t a i n the suggested pore opening 
assignment, w i t h reservation, for purposes of discussion. 

O t h e r in f rared bands showing characteristics re lated to f ramework 
topology a n d assigned to external l inkage modes (see T a b l e V ) are the 
shoulder near 1050-1150 c m " 1 i n the asymmetr ic stretch reg ion o n the 
h igh- f requency side of the p r i n c i p a l T - O stretch b a n d , a n d the h igher 
f requency por t i on of the symmetr ic stretch region, 750-820 c m " 1 . V a r i a 
t i on i n the features of the asymmetr ic shoulder, intensity , shape, a n d 
m u l t i p l i c i t y of bands appears to be re lated to f ramework structure char
acteristics. T h e s tructura l sensit ivity of the 750-820 c m " 1 r eg ion i n the 
symmetr ic stretch reg ion is based o n variations observed among different 
s tructura l types a n d classes, but p r i n c i p a l l y o n the thermal decomposi t ion 
a n d cat ion movement studies for Y zeolite discussed subsequently. T h e 
spectral var iat ion w i t h f ramework structure appears to be m u c h less i n 
the lower f requency por t i on of the symmetr ic stretch reg ion , 650-720 c m " 1 . 

I n interpret ing f ramework structure characteristics of zeolites f r o m 
m i d - i n f r a r e d spectra, i t is important that the over -a l l pattern i n the spec-

IASVM.STRETCH | sm STRETCH |DBLRING\TOBEND\ PORE | 

1250 950 650 500 4Z0 ZOO 

ZEOLITE y 

1- INTERNAL TETRAHEDRA-STRUCTURE INSENSITIVE 

2- EXTERNAL LINKAGES- STRUCTURE SENSITIVE 

Figure 7. Infrared assignments illustrated with 
the spectrum of zeolite Ύ, Si/Al of 2.5 
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214 MOLECULAR SIEVE ZEOLITES 1 

t r u m be considered, as w e l l as those external l inkage regions focused 
u p o n above. S l ight s tructural differences often can be detected b y the 
asymmetry of the bands. C o m m o n types a n d classes of zeolites have 
s imi lar spectral characteristics. F o r example, a l though the T - O b e n d 
region, 420-500 cm" 1 , is assigned to a n in te rna l tetrahedral mode less 
sensitive to f ramework structural var iat ion , i t nevertheless shows some 
structural specificity. 

I n the faujasite group of zeolites, the T - O b e n d occurs at 450-475 
c m " 1 ; i n Ω, also near 450; i n the ph i l l ips i t e group zeolites ( B a n d W ) , at 
a l ower frequency, near 430 cm" 1 . A dist inct t w o - to three -band T - O 
b e n d structure between 410 a n d 450 c m " 1 is characteristic of the chabaz i te 
group of structures. 

Structure types be long ing to the same structure group also can be 
d is t inguished f rom each other i n the T - O b e n d region. F o r example, i n 
the chabazite group, the chabazite type phases ( R , D , a n d G ) have 3 
prominent bands near 510, 455, a n d 420 c m " 1 ; i n the gmel in i te type ( S ) , 
the 455 b a n d becomes less d ist inct ; i n the of fret ite-erionite type ( T ) , the 
510 b a n d disappears; a n d i n the zeol i te L , the 510 b a n d is absent a n d the 
430 b a n d has become a weak shoulder. I n N - A , the T - O b e n d occurs at 
475 cm" 1 , approximate ly 20 c m " 1 h igher than i n A ; i n zeolite Y , the T - O 
b e n d near 455 c m " 1 contains a h igh- frequency shoulder not present i n X . 
A l s o , the 406 c m " 1 pore opening b a n d present i n X zeolite is not f o u n d 
i n Y zeolite. 

T h e in f rared spectrum of zeolite L accord ing to our assignments is 
consistent w i t h the recent structure proposed b y B a r r e r a n d V i l l i g e r ( 7 ) . 
There is less agreement between the same authors ' structure tentat ively 
proposed for Ω zeolite (6 ) a n d the in f rared pattern characteristics. T h e i r 
proposed structure based on x-ray p o w d e r data is hexagonal , a n d contains 
as po lyhedra l b u i l d i n g units D -12 r ings a n d gmel in i te cages. Structura l ly , 
i t is re lated to L , a n d classified w i t h the extended chabazite group b y 
the authors ( 6 ) . A l t h o u g h the in f rared pattern shows a m e d i u m weak 
b a n d at 610 c m " 1 w h i c h c o u l d be assigned to the D - 1 2 r i n g , the over -a l l 
in f rared spectrum of Ω shows the closest resemblance to the faujasite type 
zeolites, especial ly the dist inct 370 c m " 1 b a n d i n the Ω spectrum. 

T h e uniqueness of the zeolite spectral features are further i l lustrated 
b y compar ing the in f rared spectra of zeolites w i t h those of fe lspathoid 
phases conta in ing the same p o l y h e d r a l b u i l d i n g units . F o r example, the 
f ramework topology of the synthetic fe lspathoid phase hydroxy sodalite 
( H S ) can be v i e w e d as a cub i c close pack ing of T . O . or sodalite units . 
T h e frameworks of A , X , a n d Y zeolites also conta in cub i c arrangements 
of T . O . units , but n o w w i t h a second b u i l d i n g un i t interposed a n d l i n k i n g 
the T . O . units , i.e., a D - 4 r i n g i n A a n d a D - 6 r i n g i n X a n d Y . T h e effect 
of the c o m b i n e d D - R . - T . O . spat ial p a c k i n g is to b u i l d a m u c h more open 
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structure i n the zeolites, w i t h large water v o i d volumes (•—0.5 c c / c c of 
crysta l ; see T a b l e I I I ) , a n d œntaining large three -d imensional pore open
ings (4r-9 A i n free d iameter ) . T h e more open f ramework of the zeolites 
also results i n the b u i l d i n g units (here T . O . a n d D-4 ,6 r ings ) be ing more 
isolated, a po int w h i c h w i l l be deve loped further i n the discussion. T h e 
in f rared spectrum of H S is shown i n F i g u r e 1, together w i t h the spectra 
for A , X , a n d Y zeolites. T h e difference i n the spectral characteristics of 
H S compared w i t h the zeolites is clear, especial ly the absence of the d is 
t inct external l inkage bands assigned to the D - R (near 560 cm" 1 ) i n the 
zeolite spectra. T h e sharper a n d more complex bands i n the T - O b e n d 
(400-500 cm" 1 ) a n d symmetr i c stretch (650-800 cm" 1 ) regions observed 
for H S compared w i t h the zeolites, shou ld be noted also. 

A second example is i l lustrated i n F i g u r e 4, w h i c h shows the in f rared 
spectrum for the synthetic fe lspathoid h y d r o x y cancr in i te ( H C ) , a n d the 
zeolites Τ a n d L . T h e f ramework topology of H C is a hexagonal array 
of cancrinite units ; the frameworks of zeolites Τ a n d L conta in co lumns 
of a l ternat ing c a n c r i n i t e — D - 6 r i n g units a long the hexagonal c d i rect ion . 
Perhaps 2 different s tructura l groups are represented b y the different 
bend ing v ibrat ions . A g a i n , the in f rared spectrum of the fe lspathoid 
phase is sharper a n d more complex than those of the zeolites. 

Spectral characteristics re lated to the presence of the larger s y m 
metr i ca l po lyhedra b u i l d i n g units i n some zeolite f rameworks , such as 
the T . O . , cancr inite , a n d gmel ini te units (see Tables I I I a n d I V ) , also 
were sought. V ibra t i ons of such large groups ( 18 to 24 t e t r a h e d r a , . — 8 A 
i n cross section) w o u l d not be expected to appear above 300 c m " 1 . T h e 
in f rared spectrum i n the region be l ow 300 c m " 1 i n K B r wafers is m e a n i n g 
less since that f requency is near the transmission cutoff for K B r a n d the 
lower f requency l i m i t of the instrument (200 c m " 1 ) . C a r e f u l measure
ments of the spectrum of some phases were made i r i C s l wafers where the 
resolution i n the 200-300 c m " 1 region is i m p r o v e d . A b r o a d weak b a n d 
near 250-300 c m " 1 ( l i s ted i n T a b l e I a n d shown i n F igures 1 a n d 6 ) 
w h i c h was observed i n the spectra of the A , X , Y zeolites a n d i n H S was 
i n i t i a l l y considered as be ing ind icat ive of the T . O . units present i n these 
structures. S u c h an assignment was arb i trary a n d was not substantiated 
further. H o w e v e r , i t s t i l l is suggested that v ib ra t i ona l bands characterist ic 
of such symmetr i ca l p o l y h e d r a l b u i l d i n g units m a y be f o u n d i n the 
farther in frared region, be low 300 c m " 1 . 

There is some i n d i c a t i o n that in format ion of f ramework order ing a n d 
dis locat ion phenomena i n zeolites m a y be obta ined f r o m m i d - i n f r a r e d 
spectroscopy. T h e m u l t i p l i c i t y of peaks i n the asymmetr ic stretch region 
i n zeolite L , compared w i t h the zeolites Ω a n d Τ w i t h s imi lar S i , A l f rame
w o r k composi t ion a n d structure group characteristics, m a y ind i ca te S i , A l 
o rder ing i n zeolite L , or alternately 2 different S i , A l d istr ibut ions i n the 
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Figure 8. Infrared spectra for 
chabazite type zeolite phases, 
R (2 different synthesis prepara

tions) and G 
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Figure 9. Frequency of the main asymmetric stretch band vs. 
the atom fraction of Al in the framework for all synthetic zeolites 

of this study 
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framework. L a v e s a n d H a f n e r (25) used in f rared to evaluate S i , A l 
o rder ing i n feldspars, where the in f rared spectra of ordered feldspars 
show m u l t i p l e sharp peaks i n the asymmetr ic stretch a n d Τ—Ο b e n d 
regions, a n d d isordered feldspars show a single b r o a d peak i n each. It is 
c lear that the same interpretat ion cannot be general ized for synthetic 
zeolites, since A w i t h the simplest single asymmetr ic stretch b a n d has a n 
ordered f ramework (43). A l s o , other parameters i n a d d i t i o n to order ing 
can be re lated to n u m b e r a n d shape of bands. 

E v i d e n c e of d is locat ion phenomena c o u l d be suggested f r om spectral 
variat ions among members of the chabazite group. T h e latter g roup ing 
is based on various stacking sequences of para l l e l s ix -membered rings. 
Spectra for the synthetic chabazite type phases, R (2 different synthesis 
preparat ions) a n d G , are shown i n F i g u r e 8. Differences observed i n the 
breadth a n d structure of bands i n the symmetr ic stretch, D - 6 , a n d T - O 
b e n d regions m a y be ind icat ive of some alterat ion i n stacking sequence or 
var iat ion i n concentration a n d type of s tacking faults. 

O n l y short-range order ing a n d dis locat ion phenomena should be seen 
i n the m i d - i n f r a r e d spectral region. F a r in f rared spectroscopy should 
y i e l d interesting in format ion on long-range order a n d dis locat ion phe 
nomena i n zeolite lattices. 

T h e frequency shift of in f rared stretch bands w i t h subst i tut ion of 
te trahedral A l for S i i n a luminosi l i cate f rameworks has been reported b y 
m a n y authors. Since the mass of A l a n d S i are near ly the same, the 
decrease i n frequency w i t h increasing A l concentrat ion is re lated to v a r i a 
t i on i n b o n d length a n d b o n d order. T h e longer b o n d length of A l - O 
a n d decreased electronegativity of A l results i n a decrease i n force 
constant (30,45,46, 47). 

M i l k e y (30) reported a quant i tat ive l inear re lat ionship between the 
m a i n asymmetric stretch frequency (1000-1100 cm" 1 ) a n d atom fract ion 
of A l i n the tetrahedral site for a large n u m b e r of tectosil icate minerals . 
H e observed a decrease of 19 c m _ 1 / 0 . 1 atom fract ion of A l i o n substitution. 
Stub i can a n d R o y (45, 46, 47) also reported a l inear re lat ionship between 
S i - O stretch bands a n d tetrahedral A l subst i tut ion i n layer latt ice silicates. 
I n synthetic saponites a n d beidel l i tes , they observed a decrease of 15 
c m " V 0 . 1 atom fract ion of A l i n the m a i n stretch frequency, corresponding 
to a n increase i n T - O b o n d length of 0.018 A . T h e magni tude of fre
quency shift is i n good agreement w i t h M i l k e y ' s . A decrease of 3 c m _ 1 / 0 . 1 
atom fract ion of A l i n the stretch f requency near 660 c m " 1 was shown for 
saponites. 

A s imi lar treatment a n d result is shown i n F i g u r e 9 for the spectra of 
synthetic zeolites determined i n this study. T h e frequency m a x i m u m of 
the m a i n asymmetric stretch b a n d is p lo t ted against the a tom fract ion of 
A l i n the f ramework tetrahedral site. A l t h o u g h a l inear re lat ionship is 
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Figure 10. Infrared spectra for 
zeolites X and Y with different 
Si/Al contents; numbers in pa
renthesis refer to Si/Al in the 

zeolite 

s h o w n w i t h a slope of 18.1 c m " V 0 . 1 atom fract ion of A l , also i n good 
agreement w i t h M i l k e y ( 3 0 ) , there is considerable scatter i n the data 
points. T h e dashed l ine i n F i g u r e 8 is the best l ine through the points 
w h e n a y intercept of 1100 c m " 1 ( the average m a i n stretch frequency 
observed for pure s i l i ca f rameworks , Ref . 26) is imposed . T h e slope of 
the dashed l ine is 25.3 c m ' V O . l A l . T h e scatter i n F i g u r e 9 appears to be 
re lated to some structure-sensitive characteristics i n the m a i n asymmetric 
stretch b a n d i n synthetic zeolites. 

A shift i n f requency w i t h S i / A l content for several other classes of 
in f rared bands also was f o u n d for the synthetic zeolites X a n d Y , b o t h 
w i t h a faujasite-type framework. T h e in f rared spectra of zeolites X a n d 
Y are shown i n F i g u r e 10. Plots of f requency vs. f ract ion of A l i n the 
f ramework are shown i n F i g u r e 11. A l inear decrease i n f requency w i t h 
increase i n f ract ion of A l i n the f ramework was observed for the m a i n 
asymmetric stretch b a n d (970-1020 c m " 1 ) , a symmetr ic stretch b a n d 
(670-725 c m " 1 ) , the D - 6 r i n g b a n d (565-580 c m " 1 ) , a n d the 12-R pore 
opening b a n d (360-385 c m " 1 ) . T h e T - O b e n d frequencies for the same 
zeolites d i d not vary (see T a b l e I ) . K i se l ev et al. (23, 50) a n d W r i g h t 
et al. (49) showed s imi lar in frared spectral shifts w i t h v a r y i n g S i / A l for 
a series of X a n d Y zeolites. A l inear decrease i n f requency w i t h increas
i n g atom fract ion of A l i n the f ramework also was f o u n d i n the type A 
zeolite phases, A a n d N - A (not s h o w n ) , for the f o l l o w i n g bands : asym-

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

01
6

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



16. FLANIGEN ET AL. Infrared Structural Studies 219 

metr ic stretch (990-1050 c m \ slope = 19 c m _ 1 / 0 . 1 A l ) , symmetr ic 
stretch (660-700, s = 14 ) , D - 4 r i n g (550-580, s = 12 ) , a n d 8-R pore 
opening (375-395, s = 6 ) . 

T h e effect of dehydrat ion on the in f rared spectrum was studied for 
A , X , Y , L , a n d Ω zeolites. F o r these zeolites, the spectrum of the de
h y d r a t e d f o rm was essentially the same as that of the f u l l y h y d r a t e d 
mater ia l . M i n o r changes i n f requency m a x i m u m (usua l ly an increase of 
10-20 cm" 1 ) a n d shape of the m a i n asymmetr ic stretch b a n d were ob
served u p o n dehydrat ion i n some cases. T h e cat ion composi t ion of a l l of 
the dehydrated zeolites ment ioned was the as-synthesized a l k a l i m e t a l 
f o rm (except Ω w i t h N a a n d T M A cations; see T a b l e I I ) . T h e effect of 
dehydrat i on on the in frared spectrum w i l l depend on the degree of 
f ramework distort ion affected b y the dehydrat ion react ion. F o r the zeo
lites ment ioned above w i t h a l k a l i meta l cations, the f ramework distort ion 
is m i n i m a l o n dehydrat ion . T h e mul t iva lent cat ion forms, M 2 + a n d M 3 + , 
of m a n y zeolite frameworks, however , cause significant changes i n the 
distort ion of the f ramework elements a n d symmetry (42, 44) u p o n de
hydrat i on . H e r e one w o u l d expect changes i n the in f rared spectrum as 
f o u n d be low. F o r the major i ty of the more open zeol ite f rameworks , i o n 
exchange w i t h mul t iva lent cations w o u l d not be expected to change the 
in f rared spectrum of the hydra ted zeolite, since ca t i on - f ramework inter 
actions are usual ly weak i n such cases. T h i s is i l lustrated b y in f rared 
data g iven i n T a b l e I for (hydrated ) Ca-exchanged A a n d (hydrated ) 
La -exchanged Y , w h i c h do not differ s ignif icantly f rom those of the o r i g i 
n a l N a forms. 

T h e effect of cat ion movement a n d f ramework d istort ion on the 
in f rared pattern of a Ca-exchanged Y zeol ite ( S i / A l = 2.5) is shown i n 
F i g u r e 12. D e h y d r a t i o n a n d complete dehydroxy lat ion of zeolites w i t h 
s imi lar cat ion composi t ion a n d f ramework topology (e.g., Ca -exchanged 

rjt-l V W 
» 4 
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Figure 11. Frequency vs. atom fraction of Al in 
the framework for zeolites X and Ύ for several 

infrared bands 
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faujasite) causes (42) m i g r a t i o n of C a 2 + cations f r o m ins ide the sodalite 
( T . O. ) cage into a pos i t ion near the center of the D - 6 r i n g (site I ) , w i t h 
a c c o m p a n y i n g f ramework d is tort ion a n d change of symmetry of the D - 6 
r i n g cage (42). I n the in f rared spectrum, this has been correlated w i t h 
the f o l l o w i n g changes i n the external l inkage structure sensitive bands : 
the D - 6 r i n g b a n d near 570 c m " 1 has shifted to 635; a n d the 390 "pore 
open ing" b a n d has shi f ted to 415 c m " 1 ( w i t h shoulder at 400) . I n a d d i 
t i on , changes i n the character of the b r o a d symmetr i c stretch b a n d struc
ture near 710 to 750 c m " 1 are observed. T h e spectral changes are re 
vers ib le u p o n rehydrat ion . K i s e l e v et al. (4) showed s imi lar results for 
dehydrated C a , Sr, a n d N H 4 - e x c h a n g e d forms of X zeolites. B a s e d o n 
these results a n d analogous ones obta ined for Ca-exchanged Y ( S i / A l of 
1.7) a n d La -exchanged Y ( S i / A l 1.7 a n d 2.5), w e propose that in f rared 
is use fu l i n de termin ing the extent of cat ion movement i n these a n d other 
zeol ite f rameworks where occupancy of cat ion sites causes d istort ion i n 
f ramework elements. 

T h e v a l i d i t y of assigning specific structure sensitive external l inkage 
bands i n the in f rared spectra of some classes of zeolites is especial ly sup
por ted b y the spectral changes observed d u r i n g t h e r m a l decomposi t ion 
of the zeolite crysta l lattice. T h e in f rared spectra for a series of thermal ly 
degraded zeol ite Y ( S i / A l of 2.5 ) phases w i t h res idua l x-ray crystal l init ies 
of f r om 8 5 % to 0 % (no x-ray pattern detectable) are shown i n F i g u r e 13. 
T h e absorbance of the structure sensitive bands near 1130, 780, 570, a n d 
380 c m " 1 decreases propor t i ona l to the decrease i n x-ray crysta l l in i ty . T h e 
in terna l tetrahedral v ibrat ions near 1000, 710, a n d 460 c m " 1 r emain , w i t h 
m i n o r changes i n breadth a n d posit ion. Analogous data a n d results were 

CATION MOVEMENT IN C/t V 

H20 BEND VSYM D-6 

J * T 

REHVDRATED 
\ AFTER 4-00'C 

+oo°c 
DEHYDROX YLATED 

CM-1 

Figure 12. Infrared spectra for Ca-exchanged Y 
zeolite (Si/Al of 2.5) after dehydration, dehy-

droxylation, and rehydration 
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1200 1000 βΟΟ 600 400 
FREQUENCY (CAT'J 

Figure 13. Infrared spectra 
of thermally decomposed Y 
zeolite (Si/Al of 2.5). The 
percentages are % residual 
x-ray crystallinity of the sam

ple. 

obta ined for zeolites A , X , a n d L . T h e m i n i m a l f requency shifts i n the 
interna l tetrahedra bands d u r i n g a n d after decomposit ion a n d the ab 
sence of any n e w bands i n the amorphous product indicate a S i / A l con
tent i n the residue f ramework s imi lar to that i n the zeolite a n d no 
format ion of octahedral A l or layer-type structure. 

Discussion 

There have been m a n y l i terature reports of s t ruc ture - in f rared re la 
t ionships for s i l i ca a n d a luminos i l i cate frameworks. [See, for example , 
W h i t e a n d R o y ( 48 ) where other w o r k is c i ted , a n d the rev iew b y D u t z 
(17) . ] T h e present w o r k extends such studies to the zeolite class of 
a luminosi l i cate structures. T h e assignment of specific frequencies to 
s tructural groups i n the f ramework was deve loped f r om qual i tat ive 
interpretat ion of structure—spectra correlations, a n d does not necessarily 
represent an assignment of a v i b r a t i o n a l mode of the s tructural group. 
N o attempt has been made to carry out theoret ica l calculations of the 
v ib ra t i ona l spectrum of the p o l y h e d r a l b u i l d i n g units to w h i c h in f rared 
bands have been assigned, nor of the zeol ite u n i t cells. S u c h calculat ions 
are possible, for example , b y us ing a factor group analysis technique. 
H o w e v e r , because of the large number of atoms i n the zeol i te b u i l d i n g 
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units a n d uni t cells, the n u m b e r of ca lculated vibrat ions always w o u l d 
exceed the number of observed vibrat ions b y many- fo ld , a n d coincidence 
of an observed in frared v i b r a t i o n w i t h a ca lculated v ibra t i ona l mode c o u l d 
not serve as a basis of assignment of spectral species, especial ly w i t h o u t 
supplemental R a m a n data. Attempts were made to determine the R a m a n 
spectra of zeolites A , X , Y , but were a l l unsuccessful. R a m a n instruments 
w i t h bo th argon a n d neon laser rad ia t i on sources were used. N o zeolite 
spectrum was observed. T h e absence of any detectable R a m a n spectrum 
for zeolites c o u l d be expla ined b y experimental difficulties, excessive 
R a y l e i g h scattering of the smal l part i c le size synthetic zeolite crystals 
(1 to 50μ d iameter ) w h i c h obscures the R a m a n spectrum, or a rea l spec
t ra l characteristic of zeolites, i.e., a very weak R a m a n spectrum. 

Calcu lat ions of v ibra t i ona l spectra have been reported for isolated 
si l icate tetrahedra, r ings, chains, a n d larger groups of tetrahedra i n silicate 
structures, beg inn ing w i t h the pioneer ing w o r k of M a t o s s i ( 2 7 ) , Saksena 
(40), a n d m a n y others. G a s k e l l (20, 21) recently ca lculated the v i b r a 
t i ona l frequencies of t y p i c a l si l icate structures, f ramework, sheet, cha in , 
pyrosi l icate a n d is land si l icate, us ing an extended W i l s o n G F matr ix 
method of ca lculat ion. Z i jp (51) used the same method to calculate 
v ibra t i ona l spectra of several X 4 Y 6 Z 4 molecular groups w i t h T d symmetry , 
such as A s 4 0 6 , P 4 O 0 , a n d P 4 Oi 0 , p o l y h e d r a l cage groups w h i c h show some 

0.6H 

0.5 

I 0-3-1 

x o O Y 

A G K OR 

\ T 0 B < M 

ν O n 
O L Ο SODALITE HYDRATE 

w O ° \ 
Ο ZEOLON 

\ 
Ο CANCRINITE HYDRATE 

Ο ANALCIME 

— I — 
16.0 18.0 

β- CRISTOBALITE 

Π IB-

NUMBER OF TETRAHEDRA/1000 Α·5 

Figure 14. Water void volume in cc/cc of crystal vs. tetrahedra density 
in tetrahedra 1000/A3 for synthetic zeolites and related structures of this 

study; adapted from unpublished work of D. W. Breck 
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α Ο Ο 

(b) 

Figure 15. Building units in zeolite frame
works 

(a) Geometric representation of (from top) S-4, 6, 
and 8 rings; D-4 and D-6 rings; and cancrinite 
(left) and truncated octahedron (sodalite) unit 
(right); from Meier (28) 

(b) Wire tetrahedra models of T.O., D-6, and D-4 
ring units (left to right) 

(c) Groups of combined building units; left, tetra
hedral arrangement of T.O. and D-6 rings in 
faujasite-type framework; right, cancrinite-D-6 
ring group founds in columns \ \ to c-axis in Τ 
and L zeolites 
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Figure 16. Oxygen packing models of (a) (left) 
D-6 ring, and (right) 2 linked D-4 rings as in 
the A-type framework, and (b) tetrahedral ar
rangement of T.O. units linked with D-6 ring 

found in faujasite type frameworks 

resemblance to the po lyhedra l b u i l d i n g units i n zeolites. B o t h workers 
f o u n d some diff iculty a n d ambigu i ty i n f requency assignment. 

Several aspects of the in f rared spectra of zeolites should be empha
s ized. T h e spectra tend to be s imple , w i t h re lat ive ly f ew m a i n vibrat ions 
w h i c h are somewhat b road and , i n most cases, w i t h o u t fine structure. 
Indeed , m a n y of their spectral features bear a strong resemblance to 
those of s i l icate glass structures. T h i s indicates a h i g h degree of lattice 
c o u p l i n g of the tetrahedral v ibrat ions i n the framework. T h e uniqueness 
a n d structure specificity of their in f rared spectrum increases w i t h increas
i n g openness of the f ramework a n d increasing uni t c e l l symmetry. Va lues 
of f ramework densities ( te trahedra /1000 A 3 ) for the synthetic zeolites 
i n c l u d e d i n this study are p lo t ted vs. their water v o i d volumes i n F i g u r e 
14. T h e zeolite f rameworks w h i c h conta in external l inkage vibrat ions 
a n d the re lated double r i n g or larger po lyhedra l units have water v o i d 
volumes greater than 0.3 c c / c c of crystal a n d f ramework densities of less 
t h a n 17 tetrahedra /1000 A 3 . I n add i t i on , their symmetry is either cub i c or 
hexagonal . Other zeol ite structures h a v i n g s imi lar large v o i d volumes 
a n d l o w f ramework densities should show structure specific in f rared 
spectral characteristics. F r o m space filling considerations, any p a c k i n g of 
a double r i n g w i t h a larger symmetr i ca l po lyhedron un i t i n a three-

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

01
6

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



16. FLANIGEN ET AL. Infrared Structural Studies 225 

d imens iona l latt ice results i n a f ramework w i t h a density less than .— 17 
tetrahedra /1000 A 3 . Converse ly , there is a h i g h probab i l i t y that zeolites 
w i t h water v o i d volumes greater t h a n about 0.35 c c / c c conta in such 
combinations of b u i l d i n g units . Zeolites w i t h the faujasite-type f rame
works , A , X , a n d Y , have the most open structure ( — 0 . 5 c e / c c a n d 12—13 
tetrahedra /1000 A 3 ) a n d the most dist inct spectral characteristics. 

D e t a i l e d consideration has been g iven to the nature of the v i b r a t i o n a l 
mot i on g iv ing rise to the external l inkage frequencies re lated to doub le 
rings a n d pore openings. T h e isolat ion of these b u i l d i n g units i n the most 
open zeolite frameworks m a y lead to u n c o u p l i n g of their v ibrat ions 

Figure 17. Oxygen packing model of (A) a unit 
cell, and (B) several unit cells of zeolite A. Dark 

balls represent sodium cations in structure. 
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compared w i t h those of the internal tetrahedral modes, result ing i n dist inct 
group frequencies. T h e in frared bands associated w i t h the p o l y h e d r a l 
b u i l d i n g units c o u l d arise f r o m : v ibrat ions of the group as a who le ; 
unusua l b o n d angles or symmetry characteristics of the group w h i c h 
affect in f rared act iv i ty ; u n i q u e oxygens or group ing of several oxygens; 
or over -a l l un i t ce l l symmetry w h i c h is re lated to b u i l d i n g un i t symmetry. 
W e suggest these v ibrat ions involve p r i m a r i l y mot i on of oxygen ions and , 
based on their pos i t ion i n the spectrum, that the D - R b a n d (500-650 c m " 1 ) 
is a stretching mode a n d the "pore opening" b a n d (300-420 c m " 1 ) , a 
b e n d i n g or d istort ional mode. T h e "pore open ing" assignment, as noted 
previously , is tenuous a n d that v ib ra t i on m a y be a second one re lated to 
the double r i n g , or to some other structural element. 

T h e geometry a n d oxygen p a c k i n g characteristics of zeolite b u i l d i n g 
units a n d un i t cells are i l lustrated i n F igures 15-18. W i r e tetrahedra a n d 
oxygen-packing models are shown for uni t cells of A - t y p e a n d faujasite-
type (zeolites X a n d Y ) frameworks, a n d for several b u i l d i n g units . T h e 
openness, h i g h symmetry , a n d the unusua l high-density p a c k i n g of oxygen 
ions i n the structural elements is apparent. A m o n g the u n i q u e oxygens 
or groupings of oxygens are the b r i d g i n g oxygen i n the D - 6 a n d D - 4 
rings, the oxygen l i n k i n g 2 D - 4 rings i n zeolite A ( F i g u r e 16a, r i g h t ) , 
near- l inear groups of 3 oxygens, a n d others. 

A rev iew of b o n d angles i n zeolite structures, especial ly T - O - T 
angles w h i c h should be important for external l inkage v ibrat ions , showed 

Figure 18. Oxygen packing model of unit cell of faujasite-type framework 
of zeolites X and Y , showing packing of T.O. and D-6 ring groups (left); and 
solid geometric representation of structure (right). Dark balls represent 

sodium cations in structure. 
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no obvious re lat ionship w i t h external l inkage in f rared bands. T h e major i ty 
of zeol ite f rameworks have T - O - T angles near 140° to 150°, a n d dev ia 
tions f rom that value d i d not appear to correlate w i t h in f rared pattern . 

T h e hypotheses a n d interpretations proposed here need further test
i n g w i t h other zeolite f rameworks a n d ad d i t i ona l spectral analysis. In f ra 
r e d spectroscopy must be used as a supplementa l too l to characterize 
zeolites, a long w i t h the more c o m m o n methods of de termin ing structure 
a n d properties ; e.g., x-ray crystal lography, chemica l analysis, adsorpt ion, 
a n d other characterizations. 
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Discussion 

D . J . C . Yates (Esso Research C o . , L i n d e n , N . J . 07036) : D o y o u 
have any further comments on your fa i lure to observe bands i n the R a m a n 
region of the spectrum? 

Ε. M . Flanigen: I personal ly bel ieve the p r o b l e m i n obta in ing R a m a n 
spectra is the scattering f rom smal l partic les , as suggested i n the paper. 
F r o m our r ead ing of the R a m a n l i terature, most of the data reported on 
solids have been determined on part i c le sizes ( i f the size was g iven) 
above about 50 μ. I n the case of synthetic zeolites for w h i c h w e have 
reported in f rared data , the part i c le size is of the order of 1 μ, a n d a l l w e 
are observing i n the R a m a n is a general R a y l e i g h scattering. 
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J . Turkevich (Pr ince ton U n i v e r s i t y , Pr ince ton , N . J . 08540) : B e u c h -
ler a n d I have also h a d dif f iculty i n observing laser R a m a n spectra of 
zeolites a n d finely d i v i d e d aluminas. It seems that the ease of obta in ing 
R a m a n spectra increases m a r k e d l y as one goes d o w n the per iod i c table . 
T h u s , finely d i v i d e d m o l y b d e n u m oxide or u r a n i u m oxide are easy to 
observe. 

Ε. M . Flanigen: I w o u l d l ike to cite a recent reference o n the R a m a n 
spectra of various silicates a n d aluminosi l icates , W . P . Gr i f f i th , " R a m a n 
Studies on R o c k - F o r m i n g M i n e r a l s . Part I. Orthosi l icates a n d C y c l o -
sil icates," / . Chem. Soc. ( A ) 1969, 1372. T h i s author apparent ly exper i 
enced no dif f iculty i n obta in ing the R a m a n spectra w i t h a H e - N e laser 
R a m a n . T h e part ic le size of the samples was not specified, but descr ibed 
as "microcrysta l l ine . " 

J . Turkevich: Is it not surpr is ing that v ibrat ions of such massive 
systems as rings are observed i n the in f rared region indicated? C o u l d 
they be overtones of v ibrat ions f ou n d i n the far infrared? 

Ε. M . Flanigen: Y o u have raised a diff icult po int i n our interpreta 
t ion w h i c h w e have considered a n d discussed i n the paper. O u r present 
feel ing is that the interna l tetrahedron vibrat ions are h i g h l y coupled , a n d 
that i t is b y reason of the large pore vo lume w h i c h isolates p o l y h e d r a l 
units , such as the double four rings i n zeolite A , that they can be seen 
as dist inct entities. W e propose that that is w h y , i n the less open struc
tures w i t h higher densities a n d lower pore volumes, y o u do not see the 
same k i n d of general features i n the in frared pattern as y o u do i n the 
most open frameworks . 

W e do not bel ieve they are overtone vibrations. 
B. D . McNicol ( 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 o u l d i t be possible to use this technique to look at the i n d u c 
t ion p e r i o d of zeolite crystal growth—e.g., identi f icat ion of b u i l d i n g units 
such as double six rings? 

Ε. M . Flanigen: Yes, that is a poss ib i l i ty w h i c h w e have considered.  P
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Structural Studies on Erionite and Offretite 

J. ALAN GARD and J. MERVYN TAIT 
University of Aberdeen, Aberdeen AB9 2UE, Scotland 

Structure analysis has confirmed the offretite model of Ben
nett and Gard and has located cation and water sites, in
cluding one K+ in each cancrinite cage. Electron diffraction 
of many samples showed that the type locality is unique to 
date for offretite, which is partly disordered. All natural 
erionites examined were ordered. No ordered synthetic 
erionite was observed. One sample of ordered synthetic 
offretite was identified as "sausage-shaped" particles. The 
proportion of erionite in disordered intergrowths with offre
tite can, in theory, be estimated from intensities of reflec
tions with 1 odd, but comparison of x-ray with electron 
diffraction data on the same samples suggests that x-ray 
estimates may be low if erionite domains are thin, due to 
gross broadening of lines with 1 odd. 

^ structural scheme for the a luminosi l i cate frame of erionite was pro -
posed b y Staples a n d G a r d (16) w i t h the hexagonal space group 

P63/mmc, a n d a = 13.26, c = 15.12 A . Intensity data f rom x-ray fiber 
rotat ion gave a mean res idual R = 0.33. R ings of 6 tetrahedra are 
stacked i n A A B A A C — s e q u e n c e ( F i g u r e l a ) , so that columns of alternat
i n g cancr inite cages a n d hexagonal prisms are cross- l inked w i t h single 
r ings, to f o rm cavities w i t h a free diameter of 6.3 A , sharing w i n d o w s 
4.7 X 3.5 A . T h i s scheme has been confirmed a n d refined b y K a w a h a r a 
a n d C u r i e n (JO) for erionite f rom M a z e , N i i g a t a , Japan [ S h i m a z u a n d 
K a w a k a m i ( 1 5 ) ] . T h e y also located one cat ion i n each cancrinite cage 
a n d 2 peaks on the axis of each large cavity , w h i c h they interpreted as 
water molecules. P u b l i s h e d cat ion exchange studies (4, 6, 11, 14) have 
shown that a residue of 2 K + ions i n each uni t ce l l of erionite or Zeolite Τ 
— a disordered synthetic erionite (1, 3)—is not exchangeable at tem
peratures be l ow 300°C; loss of K + above 300° appears to cause part ia l 
d i s rupt ion of the frame. Sherry (14) suggested that each cancrinite cage 
therefore contains a K + i o n ; this w o u l d agree w i t h the s tructural w o r k 
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17. GARD AND TAIT Erionite and Offretite 231 

Figure 1. Projections of the frames of (A) erionite and (B) 
offretite. Relative heights of the rings of 6 tetrahedra are 

marked. Some cation sites are shown as Κ, M, and N. 

ment ioned above (10). Intensity data have been recorded w i t h a H i l g e r 
A u t o m a t i c L i n e a r Dif fractometer f rom another sample of erionite f r o m 
M a z e [ H a r a d a et al. ( 8 ) ] , a n d further refinement w i l l be attempted. 

Offretite was discovered b y G o n n a r d (7) i n 1890 o n M t . Simiouse, 
M o n t b r i s o n , France . F r o m x-ray powder data , H e y a n d Fejer (9 ) stated 
that i t was ident i ca l w i t h erionite. Bennett a n d G a r d ( I ) , however , 
f ou n d the c-spacing to be ha l f that of erionite. C o m p a r i s o n of x -ray 
rotat ion photographs ( F i g u r e 2) a n d electron di f fract ion patterns ( F i g 
ure 3) show c learly that a l l reflections w i t h 1 o d d for erionite are absent 
f rom the offretite patterns. Sheppard a n d G u d e (13) have shown since 
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232 MOLECULAR SIEVE ZEOLITES 1 

Figure 2. X-ray rotation photographs of (A) erionite and (B) offre
tite. Reflections with I odd are absent from (B), showing that c is 

halved for offretite. 

Figure 3. Electron diffraction of hOl zones: (A) erionite, (B) offretite, (C) 
offretite with streaks parallel to c* indicating disorder 

that the optic signs are different; offretite has negative, a n d erionite pos i 
t ive , elongation. T h e y also gave accurate uni t ce l l dimensions, a = 13.291, 
c = 7.582 A for offretite, a n d a chemica l analysis corresponding to eel] 
contents of Ki . iCai . iMgo .7Si i2 .9Al5 .203 6 . o :15 .3H 2 0 . Bennett a n d G a r d pro 
posed a structure for the offretite frame i n w h i c h the rings of 6 tetrahedra 
are stacked A A B A A B — ( F i g u r e l b ) . A n ordered offretite shou ld have 
channels w i t h free diameter 6.3 A , a n d should be capable of sorbing 
m u c h larger molecules or cations than w o u l d erionite, but a very smal l 
degree of stacking disorder w o u l d constrict the channels w i t h w i n d o w s 
ident i ca l w i t h those i n erionite. T h e result ing cavities, however , w o u l d 
be longer than those of erionite, w i t h far -reaching effects on the dif fusion 
rates a n d other properties [Robson et al. (12)"]. Streaks para l l e l to c* 
o n electron di f fraction patterns of some flakes (e.g., F i g u r e 3c ) ind i ca ted 
disorder of this type w h i c h w o u l d restrict the channels i n this w a y . 
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17. GARD AND TAIT Erionite and Offretite 233 

Intensity data have been col lected w i t h the H i l g e r A . L . D . for 363 
independent reflections f rom a p r i s m of the M t . Simiouse spec imen B . M . 
68970. U s i n g atomic coordinates der ived f rom those of Staples a n d G a r d 
for erionite, a res idua l R = 0.34 was obtained. Three -d imens iona l 
F o u r i e r syntheses a n d least squares refinement i m p r o v e d R to 0.15. D i s 
placements of the frame atoms have distorted bo th the double a n d single 
6-rings to d is t inct ly t r igonal symmetry. O n e K + i o n was identi f ied i n each 
cancr inite cage. R e m a i n i n g cations were accounted for b y par t ia l l y 
o c cup ied sites located on the axes para l l e l to c of the single 6-rings a n d 
the large channels ( M a n d Ν i n F i g u r e l b ) . Smal ler peaks were inter 
preted as water molecules coordinated to these cations; some water 
molecules were octahedral ly disposed around cations Ν to f o rm columns 
pack ing the large channels. Refinement is proceeding. 

Synthetic zeolites suitable for s ingle-crystal x-ray analysis usual ly 
can be prepared only under special condit ions [see e.g., C i r i c ( 5 ) ] . 
E l e c t r o n di f fraction patterns of crystals as smal l as 1 m i c r o n diameter , 
however , can be obta ined readi ly . G i v e n suitable means for or ient ing 
the crystals, electron dif fraction is par t i cu lar ly useful for detect ing d is 
ordered intergrowths of erionite a n d offretite, w h i c h were shown b y 
Bennett a n d G a r d (1) to be difficult to d is t inguish f rom offretite b y 
x-ray powder techniques. N a t u r a l samples descr ibed as erionite f rom 
12 localit ies a n d several synthetic samples have been examined w i t h 
electron microscopy a n d di f fract ion to determine their s tructural types 
a n d the degree of disorder, i f any. Synthet ic samples i n c l u d e d : Zeolite Τ 
f rom L i n d e D i v i s i o n of U n i o n C a r b i d e ( 3 ) ; 3 samples of "er ioni te" f r om 
Esso Research Laborator ies , B a t o n Rouge, L a . ( 1 2 ) ; Zeolite Τ f rom the 
bat ch prepared a n d assessed b y Sherry (14). T h e f o l l o w i n g conclusions 
were d r a w n : 

(a ) O n l y one natura l source of offretite, the type loca l i ty i n F r a n c e , 
was identi f ied. Some fragments were disordered. 

( b ) A l l the other natura l samples were f u l l y ordered erionite. N o 
streaking of reflections, para l l e l to c* or otherwise, was detected. 

( c ) N o f u l l y ordered synthetic erionite has been observed yet. 
( d ) O n e sample of f u l l y ordered synthetic offretite was identi f ied 

among the Esso samples. It differs morpho log i ca l ly f rom any of the 
synthetic d isordered erionites. 

T h e synthetic offretite is par t i cu lar ly interesting, as it appears to 
have the ordered structure necessary for unrestr icted channels. W e do 
not have details of the method of preparat ion. A l l di f fraction patterns 
(e.g., F i g u r e 4a) were weak, but complete ly free f rom spots w i t h 1 o d d 
or streaks. T h e particles were "sausage-shaped" w i t h c-elongation ( F i g 
ure 4 b ) . T h e r ounded shape suggested a crystal l ine core enclosed i n an 
amorphous layer, but this was discounted b y tak ing dark- f ie ld m i c r o 
graphs us ing on ly dif fracted beams, so that the crystal l ine regions ap -
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234 MOLECULAR SIEVE ZEOLITES 1 

Figure 4. Synthetic offretite: (A) Electron dif
fraction of the hOl zone; odd-l reflections are ab
sent. (B) Typical micrograph of "sausage-shaped" 
particles with c-elongation. (C) Dark-field image 
using electrons diffracted by the bottom particle, 

showing that the outer layer is crystalline. 

Figure 5. Electron diffrac
tion of hOl zone of a crystal 
of disordered synthetic erion
ite; odd-l spots are diffuse 

and streaked parallel to c* 

peared br ight . T h e br ight outer layer i n F i g u r e 4c is therefore crystal l ine ; 
the th icker center is dark o w i n g to inelastic scatter. 

T h e other synthetic samples comprised laths. I n electron di f fract ion 
patterns, spots w i t h 1 o d d were always diffuse a n d often streaked a long 
c* (e.g., F i g u r e 5 ) . Assessment of the propor t ion of erionite i n such 
intergrowths is technica l ly important , as it affects dif fusion rates a n d 
catalyt ic properties [Robson et al. ( 1 2 ) ] . T h e 10.1, 20.1, a n d 21.1 x-ray 
p o w d e r lines are quite strong for ordered erionite, but they were either 
undetectable or very weak a n d diffuse for the other 2 Esso samples. 
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17. G A R D A N D T A I T Erionite and Offretite 235 

Intensities of odd-1 spots on electron di f fract ion patterns ind i ca ted a 
considerable proport ion of erionite, w h i l e streaking showed the presence 
of lamellae less than 50 A w i d e i n the c -direct ion. Sherry (14) est imated 
2-3% of erionite i n his sample of Zeolite T . I n electron di f fract ion pat 
terns of this a n d the L i n d e sample, the odd-1 spots were elongated, but 
not streaked, i n the c* -d irect ion . P r e l i m i n a r y est imation of these intens i 
ties suggests a propor t ion of erionite signif icantly h igher t h a n 3%. T h e 
causes of these discrepancies must be invest igated. T h e propor t ion of 
erionite controls the integrated intensity of each spot w i t h 1 odd , but 
e longation para l l e l to c* increases w i t h " thinness" of ordered domains of 
erionite be low a few h u n d r e d A . W h e r e lamel lae are extremely t h i n , 
x-ray lines become so diffuse that they are indist inguishable f r om back
ground, a l though they are s t i l l v is ib le as streaks w i t h electron dif fraction. 
Independent evidence for this was observed b y B h a t t y et al. (2), w h o 
f ound that several normal ly strong lines for anorthite , w h i c h were absent 
o w i n g to t w i n n i n g f r om x-ray photographs of certain synthetic samples, 
c o u l d be seen c lear ly w i t h electron di f fract ion as pairs of spots jo ined b y 
streaks. A n x-ray estimate i n this case w o u l d be zero instead of the true 
100%, as the twins are s tructural ly ident i ca l . E l e c t r o n di f fract ion intens i 
ties also must be treated w i t h caut ion , however , as m u l t i p l e di f fract ion 
can enhance weak reflections. 
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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) : Some 
micrographs of offretite crystall ites have been observed i n w h i c h the 
ends a long the "c" axis appeared as sharp i rregular terminations, l i k e the 
f rac tured end of a bund le of pr i smat i c needles. T h e over -a l l shape was 
sausage-like. T h i s supports Gard ' s conclusion f r om the dark- f ie ld m i c r o 
graphs that the outer layer, as w e l l as the crystal l i te core, is crystal l ine 
rather than amorphous. 

W . Sieber a n d W . M . Meier ( Eidgenossische Technische Hochschu le , 
Z u r i c h ) : A n e w member of the chabazite group, tentatively n a m e d 
L O S O D , has been synthesized i n our laboratory. T h e synthesis mixture 
contains s od ium a n d organic cations, but only s od ium is b u i l t into the 
structure. T h e synthetic zeolite is hexagonal ( a = 12.91 a n d c = 10.54 
Â ) , a n d its f ramework is based on an A B A C stacking sequence of single 
6 -membered rings ( W . T h o n i and W . M . M e i e r , i n preparat i on ) . 

J . A . Gard : T h i s suggests that two dist inct mechanisms of synthesis 
are invo lved . Discrete cancr inite cages m a y f o rm around K + ions d u r i n g 
synthesis of erionite, offretite, a n d zeolite L a n d act as precursors w h i c h 
condense w i t h s imi lar units to f o rm double 6-rings a n d single r ings where 
the columns cross-link. K + ions are apparent ly not essential for synthesis 
of structures compr i s ing only 6-rings, as they cannot be made b y con
densing who le cancrinite cages. 
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Linde Type Β Zeolites and Related 

Mineral and Synthetic Phases 

WILLIAM C. BEARD1 

Union Carbide Corp., Tarrytown Technical Center, Tarrytown, New York 10591 

The Linde Type B zeolites, synthesized in the system 
Na2O-SiO2-Al2O3-H2O, have been correlated with syn
thetic phases produced by Barrer, and Taylor and Roy on 
the basis of powder x-ray diffraction patterns which show 
similarity with those of the mineral zeolites phillipsite, har
motome, and gismondine. The complex structural relation
ships among these zeolite phases are discussed, and the 
difficulties in identifying zeolite structures on the basis of a 
general similarity of x-ray powder diffraction patterns are 
illustrated. Structurally, the Β zeolites may represent the 
following possibilities: (1) Displacive transformations due to 
variable cation composition and water content; (2) Twin
ning, such as is commonly encountered in phillipsite to yield 
lattice constants identical to the single crystal, but tetragonal 
diffraction pattern symmetry; (3) Intergrowths or stacking 
faults of several members within the phillipsite group. 

T p h e Linde Type Β zeolites are synthesized in the N a 2 0 - S i 0 2 - A l 2 0 3 -
H 2 0 system, and have an adsorption pore size of about 3.5A (6). 

The synthesis of various B-zeolites under a variety of conditions and their 
sequence of formation indicates that they are thermodynamically more 
stable than the more open structured zeolites, Α, X , and Y. There exists 
a series of variants of synthetic Β phases arbitrarily designated by "B" 
with subscripts 1 through 8. The designation of the zeolites in this series 
is based on differences in their respective x-ray powder diffraction pat
terns. These differences are of varying degree, and the major x-ray 
diffraction peaks are common to all phases; hence their tentative classifi-

1 Present address: Department of Geology, The Cleveland State University, Cleveland, 
Ohio 44115. 
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238 MOLECULAR SIEVE ZEOLITES 1 

cat ion col lect ively as " B " zeolites. T h e character izat ion a n d designation 
of the variants of the synthetic Β phases was i n i t i a l l y proposed b y Ε. M . 
F l a n i g e n a n d E . R. K e l l b e r g of this laboratory; u n p u b l i s h e d work . 

T h e Β zeolites have been ca l led , at various t imes, ph i l l ips i te - l ike , 
harmotome- l ike , N a - P - l i k e , a n d g ismondine- l ike phases. T h i s nomenc la 
ture has arisen b y comparison w i t h the x-ray di f fract ion patterns of m i n 
era l zeolite specimens. Since the Β zeolites first were identi f ied, however , 
the structures of ph i l l ips i te , harmotome, a n d gismondine have been deter
m i n e d , a n d a structure was proposed b y Barrer ( 2 ) , based on x-ray 
powder di f fraction data, for N a - P l , the equivalent of cub ic L i n d e Bi. 

T h e f o l l ow ing discussion attempts to expla in the previous confusion 
of descr ib ing the Β zeolite structures i n terms of m i n e r a l zeolites b y 
showing s imilarit ies among structures of the m i n e r a l phases a n d x-ray 
powder patterns of the m i n e r a l a n d synthetic phases. 

Discussion 

H a r m o t o m e . T h e structure of harmotome, B a 2 A l 2 S i i 2 0 3 2 · 1 2 H 2 0 , 
was determined b y Sadanaga et al. ( 8 ) . T h e y give the space group as 
P21/m a n d lattice constants a0 = 9.87, b0 = 14.14, c0 = 8.72A; β = 
124°50'. T h a t is, the structure is monoc l in i c , but the dev iat ion f rom an 
orthorhombic c e l l is very slight. T h e pseudorhombic ce l l has β = 90° 23 ' , 
a0 = 9.87, b0 = 14.14, and c0 = 14.3A, di f fering only s l ight ly f r om a 
tetragonal ce l l . F i g u r e 1 shows the relat ionship of the cells descr ibed 
above. T h e structure consists of double chains of ( S i , A l ) 0 4 tetrahedra 
f o lded to an s-shaped configuration along the fo-axis d irect ion , offset i n 
the d irect ion n o r m a l to the a-b p lane a l ternat ingly b y 1/2 the pseudo-
rhombi c c0 parameter, a n d connected b y 4-rings t i l t ed to the p lane of 
the f o lded chains. 

Figure 1. Rehtionship of the mon
oclinic harmotome cell (H) and the 
cubic Na-Pl cell (N) to the ortho-

rhombic phillipsite cell (P) 
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18. BEARD Linde Type Β Zeolites 239 

Phillipsite. T h e crystal structure of ph i l l ips i te , probable composi t ion 
(K a ; ]Vai_ a . )5SiiiAl5032 · 1 0 H 2 O , was determined b y Steinfink (12), space 
group, B2mb, a0 = 9.96, b0 = 14.25, c0 = 14.25A. F r o m the lattice con
stants, one might quest ion w h y the structure is not designated as tetrago
na l , but the geometrical arrangement of atoms about the c-axis does not 
permit an axis of 4- fold symmetry. T h e f ramework of this zeolite is 
essentially the same as that of harmotome. 

Gismondine. T h e general arrangement of ( S i , A l ) 0 4 tetrahedra i n 
the f ramework of g ismondine was proposed b y S m i t h a n d R i n a l d i (11) 
as one of the several possible arrangements of cross l inking the "double -
crankshaft" tetrahedral chains c ommon to fe ldspar structures. F i s cher ( 5 ) 
conf irmed that the N-arrangement of S m i t h a n d R i n a l d i was indeed the 
g ismondine structure. L i k e the other structures discussed above, gis
mondine has a s imi lar x-ray di f fract ion pattern. T h e or ig ina l designation 
of the B-zeolites was as g ismondine- l ike phases (4). T h e structure m o d e l 
of g ismondine shows double tetrahedral chains c ommon to a l l of these 
structures. 

N a - P l . T h e structure proposed for N a - P l b y Barrer (2) has the 
space group Im3m w i t h a0 = 10.0A. T h e f ramework is f ormed b y jo in ing 
double 4-rings of ( A l , S i ) 0 4 tetrahedra (cubes) on their corners so that 
every cube is connected to 8 other cubes. 

B a r r e r ( 2 ) also proposed a d istort ion of the cub i c phase to a tetrago
n a l structure ( tetragonal N a - P 2 ) b y a d isplac ive transformation. 

T h e re lat ionship of the cub i c structure to h a r m o t o m e / p h i l l i p s i t e , as 
suggested b y Barrer before the structures of the latter 2 were k n o w n , is 
shown i n F i g u r e 1. T h e dimensions of the ce l l edge connect ing the 
midpo ints on the b a n d c un i t ce l l lengths [b0 =c0 = 14.25A, Steinfink 
(12)1 is 10.07A. T h i s gives a ce l l w i t h edges 10.07, 9.96A, w h i c h can 
be v i sua l i zed as a distort ion f rom an idea l cub i c structure. 

Table I. Typical Chemical Analyses of Linde N a - B Zeolites" 

Composition, Moles/Al203 Range of 
Si02'Al20s Observed Zeolite Na20 Si02 H20 

Bi 
B 2 

0.95 
0.99 
1.05 
0.92 
0.88 
0.87 
1.04 
1.02 

3.35 
4.07 
3.80 
3.50 
3.38 
2.80 
3.74 
5.01 

4.79 
5.70 
4.70 
4.24 
4.80 
4.66 
3.50 
4.28 

2.16-3.35 
3.65-4.07 

B 4 

B 6 

B 6 

B 7 

B 8 

2.98-5.07 
3.38-3.52 

.6 

° Unpublished data of Ε. M . Flanigen and E . R. Kellberg. 
6 The composition listed for B 8 is the starting composition of a cubic Β zeolite 

before dehydration. 
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240 MOLECULAR SIEVE ZEOLITES 1 

τ — ι — ι — ι — ι — ι — ι — ι — ι — I 

ι — ι — ι — ι — ι — ι — ι — ι — ι — r — ι — Γ Ί 

PHILLIPSITE 
SYLVAN IA SEA ι I SYLVAN IA SE 

PHILLIPSITE 
NIDDA, HESSE. 
GERMANY 

PHILLIPSITE 
• ι rniLLirgiiE 

J ι ROME, ITALY 

HARMOTOME 
STRONTIAN. 
SCOTLAND 

GISMONDINE 
MONTE. SOMMA. 

GISMONDINE 
CAPO Dl BOV 

8 16 24 32 40 48 56 8 16 24 32 40 48 56 
° 2 B CuK. 2 β C u K « 

_J I J I ι — ι — ι — i — 

Figure 2. X-ray diffraction patterns of Linde Β zeolites 
and phillipsite, harmotome, and gismondine 

A l t h o u g h the ce l l dimensions for compar ing the cub ic N a - P l w i t h 
the h a r m o t o m e / p h i l l i p s i t e f ramework are i n good agreement, w e n o w 
k n o w f r o m the structures descr ibed above that the arrangement of 
tetrahedra i n the h a r m o t o m e / p h i l l i p s i t e structure is definitely different 
f r o m that proposed b y B a r r e r (2 ) for the N a - P l structure. 

O n the other h a n d , b y look ing at models of these 2 structures a n d 
super impos ing 1 on the other, s t r ik ing s imilarit ies are immediate ly appar 
ent w h i c h are otherwise difficult to discern. F i r s t , the interplanar spac-
ings essentially are ident i ca l , alone enough to give the suspic ion that the 
x-ray patterns w o u l d p r o b a b l y be s imi lar . Secondly , for a g iven vo lume 
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18. BEARD Linde Type Β Zeolites 241 

there are the same n u m b e r of tetrahedra, l ead ing to s imi lar densities a n d 
pore volumes. 

T a y l o r a n d R o y (13) discussed i o n exchanged derivatives of tetago-
n a l N a - P structures. T h e y define the " P zeolite group" as that group of 
zeolites composed of members h a v i n g an aluminosi l i cate f ramework 
l i n k e d i n a manner ident i ca l to that of the cub i c N a - P l zeol ite , namely 
tetrahedral cube units jo ined b y their corners. T h e y state that the N a - P l 
structure of Barrer (2) cannot be considered as a member of the harmo
t o m e / p h i l l i p s i t e group because the different l i n k i n g of tetrahedra i n the 
2 structures w o u l d require a reconstructive type transformation. T h e y 
studied the effect of i o n exchange on the structure of the tetragonal N a - P 
zeolite a n d noted a m a x i m u m range of 7 % i n the c -dimension. O n the 
basis of powder x-ray di f fract ion data, they d is t inguished 3 m a i n structure 
divis ions, depend ing on cations present: (1 ) P r i m i t i v e ce l l , a ^ c: tetrago
n a l L i , N a ; cub i c M g , N i , C u ; (2 ) Body-centered ce l l a > c: tetragonal 
K , R b , C s , A g ; (3 ) Body-centered ce l l , c ^ a: tetragonal C a , Sr, B a , P b ; 
cub i c C d . 

Barrer 's (2) N a - P l cub i c structure c o u l d be distorted to a body -
centered tetragonal structure b y d isplac ive transformation, b u t d istort ion 
to a p r i m i t i v e tetragonal lattice w i t h o u t a reconstructive transformation 
seems impossible . Therefore, p r i m i t i v e ce l l tetragonal varieties of N a - P 
cannot be considered as be long ing to the same group as the body-centered 
cub i c a n d tetragonal Na -P ' s for the same reason g iven b y T a y l o r a n d 
R o y (13) for exc lud ing harmotome a n d phi l l ips i te . 

L i n d e T y p e Β Zeolites. T h e L i n d e Β zeolites are considered struc
tura l ly the same as Barrer 's N a - P phases. T a b l e I fists the t y p i c a l c h e m i 
c a l compositions of the Β zeolites. F o r some Β zeolites, a range of S i 0 2 / 
A 1 2 0 3 is l isted. T h e m a x i m u m observed var ia t ion i n S i 0 2 / A l 2 0 3 i n the 
Β series is f r om 2.2 to 5.1. 

Synthet ic phases apparent ly re lated to the ph i l l ips i te group occur i n 
the Κ a n d K - N a systems. O n e such phase, designated Zeolite W b y 
L i n d e (7), appears to be analogous to Barrer 's K - M (1). Barrer also has 
reported a B a - M phase i n the b a r i u m system w h i c h is descr ibed as 
harmotome- l ike (3). Re la ted phases w h i c h occur i n systems other t h a n 
pure N a w i l l not be discussed further here. 

X - r a y di f fract ion patterns of L i n d e Β zeolites are shown i n F i g u r e 2 
a n d T a b l e I I . T h e s imi lar i ty of the m a i n dif fraction peaks is obvious. 
T h e synthetic phases produced b y various workers have been arranged 
i n T a b l e I I I to show their re lat ionship to each other. Zeol ite Bi is corre
lated w i t h the cub i c body-centered phases of Barrer (2) ( N a - P l ) a n d 
T a y l o r a n d Roy's N a - P c (13). T h e L i n d e B 2 , B 3 , B r„ a n d B 6 phases are 
s imi lar to the tetragonal body-centered phases of Barrer (2) ( N a - P 2 ) a n d 
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242 MOLECULAR SIEVE ZEOLITES 1 

T a b l e I I . X - R a y D i f f r a c t i o n 

B\ B2 Bs B\ 

d, A I/h d, A I/h d, A I/h d , A / / /• 
— 7.14 83 — 7.14 79 

7.08 86 
— — 

7.08 1 0 0 7.08 66 

4.98 44 5.04 39 5.04 38 5.07 45 
— — 5.01 25 4.98 36 — — — — 4.93 15 4.93 14 4.93 20 

— — — 
4.21 12 

4.10 83 4.11 83 4.11 66 4.11 83 

— — — — — — 4.06 15 
— — — — 3.88 13 — — 
— — — — 3.41 13 — — 
— — 3.33 18 3.33 11 3.34 17 
— — 3.21 100 3.20 89 3.21 100 

3.18 100 3.19 60 3.16 17 — — 
— — 3.12 43 — — 3.12 55 
— — 3.05 12 3.02 29 3.05 13 
— — 2.99 12 2.95 30 3.00 9 

2.88 15 2.90 9 2.83 15 — — 
— — 2.70 46 2.72 14 2.71 53 
— — 2.68 35 2.68 36 — — 

2.67 69 2.66 22 2.64 14 2.66 24 
— — — — 2.54 10 2.54 8 
— — — — 2.40 1 0 2.44 7 

2.36 13 — — — — 2.39 7 
— — — — 2.45 16 — — 
— — 2.21 7 2.20 6 2.21 9 
— — 2.16 8 2.17 6 — — 
— — 1.98 12 2.10 7 1.99 9 

1.97 19 — — 1.97 7 1.97 8 

— — 1.82 12 — — 
1.77 10 1.76 8 1.76 1 0 — — 
1.72 17 1.72 9 — — 1.73 12 
1.67 13 1.69 8 1.69 12 1.69 9 

0 Unpublished data of Ε. M . Flanigen and E . R. Kellberg. 

T a y l o r a n d Roy 's N a - P t (13), a n d possibly represent various degrees of 
d istort ion (d isp lac ive transformation) of the cub i c body-centered struc
ture. B 6 is qui te s imi lar to Bi except for double t ing of peaks near 18° , 
28° , a n d 34° 2 0 ( C u K « ) . B 6 p r o b a b l y represents the least d istort ion f rom 
the cub i c structure (Bi) of a l l the other Β zeolites. Zeolites B 2 a n d B 5 
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18. BEARD Linde Type Β Zeolites 243 

Spacings of L i n d e N a - B Zeo l i t es 0 

Βδ Ββ Bi Bfi 

d, A I/h d, A I/h d, A I/h d, A I/h 

7.14 96 7.14 91 — — — 
— — — — 7.08 68 — — 
— — — — 7.03 68 — — 
— — — — — — 6.56 100 
— — — — 5.75 38 — — 
— — 5.13 13 — — — — 

5.07 39 5.04 42 5.04 40 — — 
5.01 40 
4.93 14 — — 4.90 29 — — 
— — — — — — 4.79 50 
— — — — 4.42 10 — — 

4.11 100 4.11 87 4.11 100 — 
— — — — 4.04 22 — — 
— — — — — — 3.86 67 

3.33 17 3.33 23 — 
3.21 88 3.23 18 3.20 100 — — 
3.18 86 3.19 100 — — — — 
3.12 44 — — 3.11 50 — — 
3.04 13 — — 3.04 19 — — 
3.00 8 — — 2.98 12 3.00 88 
2.90 11 2.90 16 2.89 14 — — 
2.71 25 2.71 35 2.70 53 — — 
2.68 58 2.69 61 — — — — 
2.67 20 — — 2.65 28 — — 
— — — — 2.53 12 — — 
— — — — 2.44 9 — — 

— 
— 2.37 12 2.39 9 — — 

Ζ ζ 2.05 7 ζ 
— — — — 1.98 12 — — 

1.97 14 1.97 16 — — — — 
— 1.87 9 — — 

— 1.78 12 1.76 9 — 
1.72 13 1.72 14 1.72 13 — — 
— — 1.68 14 1.69 10 — — 

are character ized b y sp l i t t ing of the l ines i n Bi into doublets. B 3 is s imi lar 
to B 2 a n d B 5 w i t h 2 add i t i ona l reflections at 22.9° a n d 40° 20. Zeolites B 4 

a n d B 7 resemble the tetragonal p r i m i t i v e structure ( N a - P t ) of T a y l o r 
a n d R o y (13) a n d show doublets i n the first m a i n peak of the pattern. 
Zeol ite B 8 is a phase produced b y p a r t i a l dehydrat ion of the cub i c Bi 
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244 MOLECULAR SIEVE ZEOLITES 1 

zeolite. T h e or thorhombic N a - P phase reported b y B a r r e r (2 ) was not 
obta ined b y T a y l o r a n d R o y (13) or b y L i n d e . 

X - r a y di f fract ion patterns of the m i n e r a l zeolites ph i l l ips i te , harmo
tome, a n d g ismondine are shown i n F i g u r e 2 a n d T a b l e I V . T h e Sy lvan ia 
Sea M o u n t ph i l l ips i te is a deep-sea spec imen on decomposed basalt ob
ta ined f r o m the Scripps Institute, L a Jo l la , C a l i f . T h e N i d d a , G e r m a n y , 
a n d Rome , I ta ly , phi l l ips i tes are f r o m igneous rocks. T h e N i d d a x-ray 
pattern checks i n a l l major peaks w i t h the A S T M c a r d (13-455) for a 
ph i l l ips i te f r om the same loca l i ty , a n d is f r om the H a r v a r d M u s e u m 
co l lect ion ( N o . 102839). T h e Rome , I ta ly , spec imen came f r o m W a r d ' s , 
Rochester, Ν. Y . 

T h e harmotome specimen, f r om Stront ian , Scot land ( H a r v a r d N o . 
86545) , agrees w i t h the A S T M pattern for a spec imen f r o m Stront ian 
(13-494) , but does not check w i t h the pattern for one f r om N o r t h - W e s t 
Ross-shire, Scot land (9-480) . 

O f the g ismondine specimens M o n t e S o m m a ( W a r d ' s ) a n d C a p o d i 
B o v e ( H a r v a r d M u s e u m ), on ly the latter c ou ld be sa id to agree w i t h the 
A S T M data (13-495) of a g ismondine spec imen f rom Fr i t z ' s Is., P a . 

F r o m T a b l e I V a n d F i g u r e 2, the s imi lar i ty i n x-ray patterns for 
ph i l l ips i te , harmotome, a n d gismondine is apparent. A l l 3 zeolites have 
the f o l l o w i n g approximate interplanar spacings i n c o m m o n : 8.00, 7.15, 
6.40, 5.35, 5.04, 4.12, 3.25, 3.20, 2.69. T h e variat ions among the patterns 
of 2 or more specimens identi f ied as the same species are often as great 
as the variations between species. F r o m the discussion of latt ice parame
ter changes w i t h cat ion composi t ion a n d water content b y T a y l o r a n d 
R o y (13, 14), changes i n ce l l symmetry a n d size w i t h accompany ing d i f 
f ract ion pattern peak shifts a n d sp l i t t ing are to be expected i n natura l 
zeolite specimens f r om different localit ies a n d exposed to different cat ion 
environments. 

A t least 6 of the di f fract ion peaks l is ted above as be ing c o m m o n to 
the 3 m i n e r a l zeolites, namely the 7.15, 5.04, 4.12, 3.25, 3.20, a n d 2.69, 

Table III. Relationship Between Linde B-Zeolites and 
Synthetic Phases of Barrer, and Tayor and Roy 

Linde Barrer (2) Taylor and Roy (13) 

Bi N a - P l (Cubic , body-centered) N a - P c (Cub ic , body-centered) 

Β 2 , B g, Na -P2 (Tetragonal , body - N a - P t (Tetragonal , b o d y -
B 5 , B 6 centered) centered) 

Β 4, B 7 — Na -Pt (Tetragonal , pr imi t ive ) 

B 8 - -
— Na -P3 (Orthorhombic ) — 
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18. BEARD Linde Type Β Zeolites 245 

are c o m m o n to the Β zeolites. F o r this reason, they were o r ig ina l l y i d e n t i 
fied as be ing ph i l l ips i te - , harmotome- , or g ismondine- l ike phases. 

O n e source of the dif f iculty m a y arise f r o m the incorrect ident i f i ca
t i on of m i n e r a l specimens whose x-ray patterns were used as standards 
for comparison. X - r a y powder patterns of materials used i n structure 
determinations w o u l d be of great he lp i n c la r i f y ing the p r o b l e m of i d e n t i 
f y ing these zeolites. A n alternative to the ac tua l p o w d e r patterns is the 
ca l cu lat ion of powder patterns f r o m structure data , as demonstrated b y 
S m i t h ( 9 ) . 

F r o m the foregoing discussion, i t is seen that the m i n e r a l zeolites a n d 
N a - P l possess s imi lar latt ice constants, cZ-values, a n d are der ived f r om 
different arrangements of a c o m m o n structura l element, the doub le tetra 
h e d r a l c h a i n or "double-crankshaft . " A d d e d to this is the poss ib i l i ty of 
s t i l l further structures as yet u n k n o w n , based on the same structural 
units . T h i s was po inted out b y S m i t h a n d R i n a l d i (11) i n descr ib ing 
the series of structures der ived b y chang ing the tetrahedra i n a 4-r ing as 
either po in t ing u p w a r d ( U ) or d o w n w a r d ( D ) . T h e y said , "Because a l l 
types of structures based on the U U D D a n d re lated chains should give 
s imi lar powder patterns, i t is possible that some of the complex i ty m a y 
arise because of the existence of several unrecognized members of this 
s tructural f a m i l y . " 

Conclusion 

T h e L i n d e T y p e Β zeolites have been correlated w i t h synthetic 
phases produced b y Barrer (2) a n d T a y l o r a n d R o y (13) on the basis of 
x-ray p o w d e r di f fract ion data. T h e powder patterns of the Β zeolites also 
show s imi lar i ty w i t h those of the m i n e r a l zeolites ph i l l ips i te , harmotome, 
a n d gismondine. 

Since the structures of the Β zeolites have not been determined , 
classification is diff icult, bu t f r om the x-ray powder di f fract ion data i t 
seems that an assignment can be made to the ph i l l ips i te group as defined 
b y S m i t h (10), i.e., be ing a group of structures f o rmed f r o m para l l e l four-
a n d e ight -membered rings of ( S i , A l ) 0 4 tetrahedra. 

Ass ignment to this group does l i t t le to define the ac tua l structure, 
however , for a l though N a - P l a n d h a r m o t o m e / p h i l l i p s i t e have s imi lar 
lattice constants, etc., they have quite different structures. 

T h e Β series m a y represent d isp lac ive transformations f rom one or 
more basic structures. Structura l changes due to cat ion composi t ion a n d 
hydra t i on state i n the N a - P zeolites have been discussed b y T a y l o r a n d 
R o y (13, 14). T h e Β zeolite series, however , a l l conta in sod ium cations 
as synthesized, a n d the water content ( T a b l e I I ) is essentially constant, 
except for B 8 w h i c h is a dehydrated f o rm p r o d u c e d f r om Bi. Ano ther 
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T a b l e I V . X - R a y D i f f r a c t i o n Spacings of 

Phillipsite0- Phillipsite0 Phillipsite0 

d, A I/h d,A I/h d , A 

8.25 19 
— — 8.04 20 7.97 5 

7.15 69 7.14 100 7.19 100 
6.39 16 6.42 80 6.42 10 

5.37 28 5.36 23 5.40 10 
5.04 31 5.04 85 5.07 20 
— — 4.96 25 4.96 10 

— — 4.27 10 4.31 5 
4.12 45 4.11 60 4.13 20 

3.26 40 3.25 40 3.29 20 
3.19 100 3.19 88 3.21 60 
— — 3.13 28 3.14 20 

2.96 29 2.91 43 2.93 10 

2.75 12 2.75 45 2.76 15 
2.69 28 2.69 40 2.71 20 

— — 2.68 30 

2.53 8 2.54 10 
2.39 10 2.39 10 
2.33 10 2.34 10 

2.17 13 

1.79 18 

a Phillipsite, Sylvania Sea Mount, near Bikini Atoll. 
6 Phillipsite, Nidda, near Giessen, Germany. 
c Phillipsite, Via Laurentia, Rome, Italy. 
d Harmotome, Strontian, Scotland. 
e Gismondine, Capo di Bove, Italy. 

/ Gismondine, Monte Somma, Italy. 
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Phillipsite, Harmotome, and Gismondine Zeolites 

Harmotomed Gismondine6 Gismondinef 

d, A I/h d, A I/h à, A 

8.04 29 — — — 
— — 7.25 100 — 7.08 53 7.14 87 7.196 100 

6.33 70 6.33 23 6.463 15 
— — 5.72 13 — — 
— — 5.34 9 5.405 10 

4.98 20 5.04 15 5.096 17 
— — — — 4.983 13 
— — 4.90 19 — — 
— — 4.65 11 — — 4.27 10 4.25 19 4.311 12 

4.10 13 4.10 23 4.133 35 
4.06 14 4.04 13 — — 4.02 13 — — — — 3.88 8 — — — — 
— — 3.63 6 — — 
— — 3.59 11 — — 
— — 3.48 9 — — 
— — 3.33 43 — — 3.23 15 3.25 11 3.278 30 

3.20 10 3.20 43 3.209 97 
3.12 100 3.12 30 3.143 20 
3.06 15 — — 2.940 12 
2.91 7 — — — — 2.71 16 2.75 28 2.763 22 
2.69 46 2.71 26 2.706 35 
2.66 17 2.65 89 — — 2.62 7 — — — 
— — 2.5-1 9 2.578 7 
— — 2.37 19 2.392 7 

2.32 8 2.33 11 2.344 7 
2.25 10 — — — — 2.15 6 — — — — 1.95 10 — — — — 
— — 1.82 34 — — 
— — 1.80 6 — — 
— — 1.79 15 1.791 10 
— — 1.787 17 — — 1.77 7 1.780 17 — — 
— — — — 1.728 7 

1.70 14 — — — — 
— — 1.667 19 — — 
— — 1.406 13 — — 
— — 1.393 17 — — 

American Chemical Socfefe 
Library 

1155 16th St.. N.W. 
Washington, O.C. 20031 
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poss ib i l i ty for var ia t i on i n the Β series is t w i n n i n g . T w i n n i n g i n ph i l l ips i t e 
is qui te c ommon , a n d indeed , Steinfink (12) noted that a t w i n e d p h i l l i p 
site crysta l gave a di f fract ion pattern d i sp lay ing tetragonal symmetry 
w i t h the same uni t c e l l dimensions as the u n t w i n n e d crystal . 

D e t e r m i n a t i o n of the structural relationships between the L i n d e 
T y p e Β zeolites a n d the re lated m i n e r a l zeolites b y comparison of x-ray 
p o w d e r data w o u l d be greatly a ided i f powder data were avai lable o n 
the same spec imen on w h i c h structure determinations were made. 

T h e complex relationships among the f a m i l y of zeol ite structures 
discussed here apt ly i l lustrate the difficulties i n ident i fy ing zeolite f rame
w o r k structures on the basis of a general s imi lar i ty i n x-ray powder 
di f fract ion patterns. 
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Discussion 

W . M . M e i e r ( Eidgenossische Technische Hochschu le , Z u r i c h ) : T h e 
structure of N a P l ( B x ) has recently been solved us ing x-ray intensities 
obta ined f rom a m u l t i p l y - t w i n n e d crystal i n add i t i on to powder data. R e 
finement proceeded to an intensity R value of 0.077. T h e structure is 
based on a gismondine-type f ramework a n d is thus noncubic . T h e m a x i -
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18. BEARD Linde Type Β Zeolites 249 

m u m possible symmetry of the f ramework is lét/amd. T h e f ramework is 
r emarkab ly flexible, a n d d isplac ive changes are accompanied b y m a r k e d 
changes of the lattice constants a n d symmetry . Since this type of f rame
w o r k can read i ly undergo d isp lac ive changes a n d t w i n n i n g , i t is no longer 
surpr is ing that several apparent ly different F-phases have been recorded. 
F u l l details w i l l be g iven i n a f o r thcoming paper ( C . Baer locher a n d 
W . M . M e i e r , to be pub l i shed i n Z . Krist.). 

G . H . K i i h l ( M o b i l Research & Deve lopment C o r p . , Paulsboro , N . J . 
08066 ) : Y o u have shown the x-ray diffraction patterns of three different 
"ph i l l i ps i t es " f rom different locations. There are numerous references i n 
the l i terature to so-cal led phi l l ips i tes . T h e x-ray dif fraction patterns are 
a l l different. I th ink it is t ime to agree on what ph i l l ips i te is. I suggest 
that the structure determined b y Steinfink is that of a rea l ph i l l ips i te . A l l 
the other "ph i l l ips i tes " reported are either mixtures or have different 
structures a n d should not be ca l l ed phi l l ips i te . 

W . C . B e a r d : I agree that we should accept Steinfink s structure 
determinat ion as that of a rea l ph i l l i ps i t e a n d that the pract ice be ex
tended to cover the other zeolites for w h i c h structures have been deter
m i n e d . F o r prac t i ca l identi f icat ion of powder x-ray dif fraction patterns, 
I w o u l d suggest us ing ca lculated powder di f fraction patterns f rom the 
structure data as carr ied out b y D . K . S m i t h (Ref . 9). I p l a n to do this 
for the three m i n e r a l zeolites discussed i n this paper. 
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Crystal Structure of Gismondite, 

a Detailed Refinement 

KARL F. FISCHER and VOLKER SCHRAMM 
Lehrstuhl fuer Kristallographie, University of Saarbruecken, Germany 

The crystal structure of gismondite, a zeolite with narrow 
channels, has been refined using about 2200 F0b8 gathered 
with a single-crystal diffractometer. All H2O molecules were 
located. The anisotropic refinement included determination 
of the Si/Al distribution and of site occupancies for the 
cation and 6 H2O equipoints. Although the Si and Al atoms 
are nearly ordered, the results suggest different arrange
ments of H2O in otherwise identical cages. The final Rw = 
4.0% (conventional R = 5.5% ). 

'Tphe crystal structure of natural gismondite from Hohenberg near 
Buehne/Westfalia was deduced by Fischer (4). The intensity data as 

well as the structure appeared to be suitable for a detailed refinement. 
Redetermination of the cell constants gave a = 9.843 ± 0.015; b = 
10.023 ± 0.003; c = 10.616 ± 0.005 Α; γ = 9 2 ° 2 5 ' ± 15' (first setting, 
space group V2t/a). To obtain the S i / Α Ι distribution as well as physi
cally meaningful r.m.s. vibrational amplitudes, the set of Cu-K« intensities 
used for solving the structure had to be extended into the range of Mo-K« 
radiation (see Fischer, 5). Of the ca. 16,000 asymmetric reflections out
side the Cu-Κα but within the Mo-K« range, about 250 were selected for 
measurement. After an intermediate stage of the refinement with copper 
data alone, structure factors and their contributions from the Si and A l 
atoms were computed for the Mo-Κα range. Reflections with both large 
FCai and high contributions from the tetrahedral atoms were measured. 
Additional measurements were done with Mo-K<* radiation for about 50 
reflections in the copper sphere for precise scaling. Furthermore, some 
200 reflections were remeasured with Cu-K« radiation. Al l intensity data 
were gathered with a single-crystal diffractometer of the equi-inclination 
type (2, 6). The same crystal was used as in Ref. 4 (see also 9). 
The absorption correction employed a method patterned after Weber 

250 
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19. FISCHER AND S C H R A M M Crystal Structure of Gismondite 251 

(11). T h i s appeared necessary, as the " spher i ca l " crysta l was ac tua l ly an 
e l l ipso id w i t h its rotat ion axis p a r a l l e l to the two - f o ld crystal lographic 
axis c a n d about 1 0 % shorter than i n the a a n d b d i rect ion . N o correc
t i on for ext inct ion was app l i ed . A f t e r proper scal ing of the 3 sets of data , 
m u l t i p l e (or symmetr i ca l equiva lent ) reflections w e r e averaged. T h u s , 
the final set of 2205 Fobs r equ i red on ly one scale factor. I n d i v i d u a l s tand
a r d deviations were assigned to the data. T h e y are based m a i n l y o n 
count ing statistics, peak-to -background rat io , smoothness of the back
ground , a n d qua l i ty of the peak profile. 

Refinement 

C o n v e n t i o n a l least-squares refinement w i t h a fu l l -matr ix program 
was carr ied out starting w i t h the parameters of the crystal structure p u b 
l i shed earl ier (4). Genera l ly , after one cycle w i t h var ia t ion of the pos i 
t i ona l parameters a n d the scale factor, 2 cycles f o l l owed w i t h refinement 
of the coordinates a n d the temperature factors only. T h u s , correlat ion 
effects between scale factor a n d temperature parameters w e r e m i n i m i z e d . 
Scattering factors for f u l l y i on i zed atoms were used a n d in t roduced 
accord ing to the procedure descr ibed b y O n k e n a n d F i s cher ( 8 ) . U s i n g 
anisotropic v i b r a t i o n ampl i tudes , convergence was reached w i t h R = 6.3 
a n d Rw = 4 . 7 % . A t this stage, a three-dimensional F o u r i e r a n d difference 
F o u r i e r synthesis was computed . I t revealed sp l i t t ing of H 2 0 ( 4 ) into 2 
sites close to each other, each h a v i n g a popu la t i on density of about 0.5. 
I n order to test this n e w mode l , refinement was cont inued as above. A f ter 
a f ew cycles, Rw reached 4 . 3 % . A significance test patterned after H a m i l 
ton (7) showed that the m o d e l w i t h 6 H 2 0 sites provides a superior 
descr ipt ion of the structure. A second difference F o u r i e r m a p contained 
no important max ima . 

A f t e r convergence, the set of data was d i v i d e d into 3 parts. Set I 
consisted of reflections w i t h s in θ/λ < 0.3178 A " 1 of them. A f ew were 
omitted since they were apparent ly i n error o w i n g to ext inct ion or incor 
rect measurements. W i t h 238 Fohs, the over -a l l scale factor a n d site 
occupancies c f of C a plus the 6 H 2 0 equipoints were determined almost 
independent ly of the temperature factors. A l l the other parameters were 
kept constant. A f ter 3 cycles, the results fisted i n the upper part of T a b l e I 
were obtained. 

D a t a set I I i n c l u d e d 1845 F o b s w i t h 0.3178 A " 1 < s in θ/λ < 0.75; 
data set I I I contained 68 reflections w i t h s in θ/λ > 0.75 A " 1 . T h e y were 
used i n the computat ion for determin ing the S i / A l d i s t r ibut i on after 
F i s cher ( 5 ) , to be discussed i n deta i l elsewhere. T h e results of these 
computations are l isted i n the lower part of T a b l e I. 
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252 MOLECULAR SIEVE ZEOLITES 1 

Table I. Site Occupancies and S i / A l Distributions 

Equipoint Composition" 

C a 2 + 9 1 . 8 % (0.5) 
H 2 0 ( 1 ) 8 8 % (1) 
H 2 0 ( 2 ) 1 0 0 % (1) 
H 2 0 ( 3 ) 9 5 % (1) 
H 2 0 ( 4 ) 6 1 % (1) 
H 2 0 ( 5 ) 4 8 % (1) 
H 2 0 ( 6 ) 4 0 % (1) 

S i ( D ca. 1 0 0 % Si 4 + 
Si(2) ca. 1 0 0 % 
A l ( l ) ca. 8 0 % A13+ + 2 0 % Si 4 + 
A l ( 2 ) ca. 1 0 0 % A l 3 + 

α Est. standard deviation in parentheses. 

Table II. Final 

Atom 

S i ( D 
Si(2) 
A l ( l ) 
A l ( 2 ) 
0 (1 ) 
0 (2 ) 
0 (3 ) 
0 (4 ) 
0 (5 ) 
0 (6 ) 
0 (7 ) 
0 (8 ) 
C a 
H 2 0 ( 1 ) 
H 2 0 ( 2 ) 
H 2 0 ( 3 ) 
H 2 0 ( 4 ) 
H 2 0 ( 5 ) 
H 2 0 ( 6 ) 

0.18142(9) 
0.16038(9) 
0.16921(10) 
0.14900(10) 
0.9996(3) 
0.2125(3) 
0.0254(3) 
0.3037(3) 
0.2136(3) 
0.2595(3) 
0.2777(3) 
0.2253(3) 
0.3537(1) 
0.5023(4) 
0.5410(4) 
0.5020(4) 
0.2306(11) 
0.4028(11) 
0.1326(16) 

y 
0.41470(10) 
0.90820(10) 
0.09656(11) 
0.59053(11) 
0.0787(4) 
0.2624(3) 
0.4361(3) 
0.2450(3) 
0.9994(3) 
0.0449(3) 
0.4645(3) 
0.5107(3) 
0.7192(1) 
0.2596(4) 
0.5914(4) 
0.9113(4) 
0.7732(8) 
0.7407(10) 
0.7620(17) 

0.11288(10) 
0.87012(10) 
0.11329(11) 
0.86690(11) 
0.1562(3) 
0.0763(3) 
0.1485(3) 
0.4027(3) 
0.9861(3) 
0.2437(3) 
0.2288(3) 
0.9944(3) 
0.0764(1) 
0.1048(4) 
0.1262(3) 
0.1174(4) 
0.2369(9) 
0.3180(9) 
0.1794(20) 

0.00123(8) 
0.00114(8) 
0.00094(9) 
0.00077(9) 
0.0012(2) 
0.0038(3) 
0.0024(3) 
0.0039(3) 
0.0048(3) 
0.0028(3) 
0.0025(3) 
0.0023(3) 
0.0033(1) 
0.0036(3) 
0.0060(4) 
0.0056(4) 
0.0243(17) 
0.0157(15) 
0.0163(21) 

1 Standard deviations of the last digit (s) in parentheses. 

A f t e r a l l refinements, a final least-squares cyc le us ing a l l 2205 F 0bs 
a n d v a r y i n g a l l parameters except those l isted i n T a b l e I y i e l d e d the 
f o l l o w i n g d iscrepancy factors: 

convent ional R = 5 . 5 % 
weighted R„= 4 . 0 % 
error of fit = 3 . 5 
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19. FISCHER AND S C H R A M M Crystal Structure of Gismondite 253 

General Description of the Structure 

T h e p u b l i s h e d crysta l structure (4) was essentially conf irmed, apart 
f r o m the sp l i t t ing of one H 2 0 equipoint . T h e atomic coordinates a n d 
temperature parameters obta ined i n the final cyc le are l i s ted i n T a b l e I I . 
T h e composi t ion f o u n d b y the deta i led structure invest igat ion can be 
der ived f r o m T a b l e I as C a 0 . 9 2 [ A l i . 8 S i 2 . 2 0 8 ] • 4 .3 2 H 2 0 . P ieper (9 ) re 
ports 4.3 H 2 0 , determined ana ly t i ca l ly f r o m the same specimen. T h e 
f ramework of the structure is pseudotetragonal , i f a l l te trahedra l sites 
are considered equivalent . Channe ls para l l e l to the a- a n d fc-axes are l i m 
i t ed w i t h respect to their cross-section b y 8-membered rings of ( S i , A l ) O 4 

tetrahedra. 

Atomic Parameters 

£22 

0.00151(9) 
0.00118(9) 
0.00163(10) 
0.00128(10) 
0.0063(4) 
0.0019(3) 
0.0047(3) 
0.0022(3) 
0.0038(3) 
0.0036(3) 
0.0039(3) 
0.0021(3) 
0.0087(1) 
0.0087(5) 
0.0082(4) 
0.0080(4) 
0.0066(9) 
0.0124(13) 
0.0147(22) 

β33 

0.00065(8) 
0.00083(8) 
0.00074(9) 
0.00055(9) 
0.0031(3) 
0.0035(3) 
0.0015(2) 
0.0022(2) 
0.0024(2) 
0.0019(2) 
0.0017(2) 
0.0018(2) 
0.0061(1) 
0.0033(4) 
0.0034(3) 
0.0040(4) 
0.0117(13) 
0.0040(8) 
0.0228(30) 

&12 

0.00020(7) 
0.00017(7) 
0.00010(8) 
0.00023(8) 
0.0006(2) 
0.0004(2) 
0.0002(2) 
0.0007(2) 

-0 .0006 (3 ) 
0.0001(2) 

- 0 .0001 (2 ) 
- 0 .0000 (2 ) 
- 0 .0008 (1 ) 

0.0008(3) 
0.0014(3) 
0.0001(3) 

-0 .0041 (12 ) 
- 0 .0036 (11 ) 

0.0107(21) 

Pu 
- 0 .00023 (7 ) 

0.00008(7) 
-0 .00022 (7 ) 

0.00011(8) 
- 0 .0004 (2 ) 

0.0014(2) 
- 0 .0004 (2 ) 

0.0008(2) 
0.0002(2) 

- 0 .0010 (2 ) 
- 0 .0007 (2 ) 

0.0004(2) 
- 0 .0009 (1 ) 

0.0002(3) 
0.0012(3) 
0.0014(3) 
0.0133(13) 
0.0047(9) 
0.0168(22) 

&23 

0.00035(7) 
-0 .00007(7 ) 
- 0 .00032 (8 ) 

0.00028(8) 
0.0008(2) 
0.0003(2) 

- 0 . 0004 (2 ) 
- 0 . 0002 (2 ) 
- 0 . 0 0 1 9 ( 2 ) 
- 0 .0002 (2 ) 

0.0001(2) 
0.0009(2) 

- 0 . 0023 (1 ) 
- 0 . 0006 (4 ) 

0.0019(3) 
- 0 .0024 (3 ) 
- 0 .0024 (8 ) 
- 0 .0019 (8 ) 

0.0080(20) 

Details of the Framework 

A fist of selected interatomic distances a n d b o n d angles is g iven i n 
Tables I I I a n d I V . N e g l e c t i n g the influence of C a a n d S i - O - A l angles on 
the T - O b o n d l e n g t h — w h i c h has been po in ted out b y B r o w n et al. (1)— 
a n d averaging a l l S i - O a n d A l - O distances, one obtains I.6I7 a n d 1.73 8 A , 
respectively. T h e y agree w e l l w i t h the S m i t h - B a i l e y plot ( F i g u r e 2 of 
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254 M O L E C U L A R SIEVE ZEOLITES 1 

Table III. Selected Interatomic Distances " in A 

S i i - O i 1.617(2) 
- O 3 1.605(4) 
- O 7 1.619(3) 
- 0 8 1.631(3) 

Average 1.618 

S ir -Oi 1.610(4) 
- O 4 1.627(3) 
- O 5 1.608(3) 
- 0 6 1.617(3) 

Average 1.616 

Tetrahedron 
Around Sii 

0 2 - 0 3 2.699(7) 
- O 7 

AI1-O1 1.733(4) 
- 0 , 1.744(2) 
- O , 1.731(3) 
- O , 1.736(3) 

Average 1.736 

A l 2 - 0 3 1.734(4) 
- O 4 1.736(4) 
- O 7 1.734(3) 
-Og 1.757(3) 

Average 1.740 

Tetrahedron 
Around ΑΙχ 

- 0 8 

Ο 3 - Ο 7 

-Og 
O T - 0 8 

2.651(4) 
2.634(3) 
2.630(5) 
2.643(5) 
2.587(4) 

Or-Oi 
- O 5 

- O e 

0 2 - 0 5 

- O . 
o 6 - o e 

2.860(7) 
2.910(5) 
2.756(5) 
2.805(3) 
2.865(4) 
2.805(4) 

Average 2.64 Average 2.83 

Tetrahedron 
Around Si2 

Ο 1 - Ο 4 

-Ο· 
- O . 

0 4 - 0 6 

- ο , 
o s - o 6 

2.675(7) 
2.675(5) 
2.600(5) 
2.604(4) 
2.644(4) 
2.627(4) 

Tetrahedron 
Around Al2 

Ο 3 - Ο 4 2.893(8) 
- O 7 

- 0 8 

o 4 - o 7 

- 0 8 
0 7 - 0 8 

Average 2.64 

2.789(5) 
2.964(5) 
2.892(4) 
2.661(4) 
2.830(4) 

Average 2.84 

C a - 0 4 2.445( 3) 
-Og 2.549( 6) 
- H , 0 ( 1 ) 2.394( 4) 
- H , 0 ( 2 ) 2.239( 6) 
- H 2 0 ( 3 ) 2.406( 7) 
- H 2 0 ( 4 ) 2.173(10) 
- H 2 0 ( 5 ) 2.617( 3) 
- Η , Ο ( β ) 2.489(12) 

Some O-H2O and H20-H20 
Distances 

01 

0 2 

0 2 

0 3 

0 4 

o e 

Og 

H 2 0 ( 1 ) 

H 2 0 ( 2 ) 

H 2 0 ( 3 ) 

j H 2 0 ( 4 ) 

H 2 0 ( 5 ) 

- H 2 0 ( 3 
- H 2 0 ( 2 
- H 2 0 ( 5 
- H 2 0 ( 2 
- H 2 0 ( 1 
- H 2 0 ( 4 
- H 2 0 ( 2 
- H 2 0 ( 2 
- H 2 0 ( 3 
- H 2 0 ( 4 ' 
- H 2 0 ( 5 
- H 2 0 ( 6 
- H 2 0 ( 5 
- H 2 0 ( 6 
- H 2 0 ( 5 
- H 2 0 ( 6 
- H , 0 ( 6 

2.932( 
2.869( 
2.968( 
2.854( 
2.978( 
2.727( 
2.860( 
2.912( 
2.915( 
2.938(11) 
2.899( 7) 
2.805(14) 
2.876( 5) 
2.951(14) 
1.941(13)) 
1.142(16)) 
2.264(16) 

3) 
6) 
6) 
5) 
6) 
3) 
6) 
6) 
5) 

° Standard deviations of the last digit (s) are quoted in parentheses. 

Ref. 10) i f pure S i tetrahedra are assumed a n d i f the over -a l l S i content 
of a l l A l tetrahedra is approximate ly 1 0 % , according to the c h e m i c a l 
composi t ion der ived above. T h e mean A l - O distances of each separate 
A l tetrahedron (1 .73 6 a n d 1.74 0 ) , however , are not consistent w i t h our 
result on S i / A l d i s t r ibut ion i n these sites. T h i s observation suggests that 
surrounding cations a n d T - O - T angles ( w i t h corresponding changes i n 
the b o n d status of the oxygen—cf. Ref . 1 a n d 3) cannot a lways be 
neglected for an estimate of S i / A l d i s t r ibut ion f rom T - O distances. 
M o r e S i / A l site analyses independent of b o n d length arguments seem, 
therefore, desirable. 

T h e T 0 4 tetrahedra are, i n general , of rather regular shape. O n e 
substantial dev iat ion f rom the idea l tetrahedral angle ( 0 4 - A l 2 - 0 8 = 99° ), 
a n d accord ingly a shorter distance 0 4 - 0 8 ( 2.66 A ) , can be expla ined b y 
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Table IV. Selected Bond Angles 0 in Degrees 

Angles O-T-0 

( V S i i - O s 113.8(3) O i - S i 2 - 0 4 111.5(3) 
- O r 110.0(2) -O5 112.5(2) 
- o 8 108.4(2) - 0 , 107.4(2) 

Oa-S i l-OT 109.3(2) O4-S12-O5 107.2(2) 
-Og 109.5(2) - o 6 109.2(2) 

Οτ-Sii-Og 105.5(2) 0 6 - S i 2 - 0 6 109.1(2) 
O i - A l i - 0 2 110.7(3) 0 3 - S i 2 - 0 4 113.0(3) 

- O 5 114.3(2) - O r 107.1(2) 
- 0 , 105.3(1) - o 8 116.2(2) 

0 2 - A l i - 0 6 107.6(2) 0 4 - S i 2 - 0 7 112.9(2) 
-Oe 110.9(2) - O g 99.3(2) 

O r - A l i - O , 108.0(2) Or-S i s -Og 108.3(2) 
Angles T-O-T Additional Angles for Oi and Og 

S i s - O i - A l x 
S i i - O r - A l i 
511- O g - A U 
5 1 2 - 0 4 - A l 2 

S i r O r - A l i 
Siî-Oe-AU 
SÙ-OT -Ala 
S i i - 0 8 - A l 2 

152.6(1) 
142.9(2) 
154.7(2) 
142.1(1) 
146.4(2) 
145.6(2) 
142.2(2) 
139.0(2) 

C a - 0 4 - S i 2 

- A l , 
C a - 0 8 - S i i 

- A l , 

117.6(2) 
99.9(2) 

109.3(2) 
95.5(1) 

0 Standard deviations as in Table III . 

1A0 1A5 150 
Si-O-Al angle 

155 

Figure 1. Correlation between bond distance and angle 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

01
9

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



256 MOLECULAR SIEVE ZEOLITES 1 

A l 2 - C a repuls ion (edge 0 4 - 0 8 shared b y the A l 2 tetrahedron a n d the 
coord inat ion figure of C a ) . 

I n general agreement w i t h B r o w n et al. ( I ) , w e observe a correlat ion 
between T - O distance a n d T - O - T angle. A s on ly 6 of the oxygens have 
no close contact to C a , this structure offers too f ew data for quant i tat ive 
conclusions. F o r the same reason, the sum of S i - O a n d A l - O distances 
for each of these oxygens ( w i t h est imated standard deviat ions) were 
p lo t ted vs. the S i - O - A l angle ; F i g u r e 1 reveals a general decrease of b o n d 
length w i t h increasing S i - O - A l angle ( b roken l i n e ) . T h e regression lines 
observed b y ( I ) a n d g iven i n T a b l e 2 of their paper were a d d e d u p for 
S i - O - A l types c + d ( f rameworks w i t h o u t anorthite ) a n d e + / ( a n -
o r th i t e ) , a n d are shown as so l id lines i n F i g u r e 1. O u r results thus con
firm the influence of d-p ττ-bonding (3 ) o n the S i - O a n d A l - O bonds i n 
a luminosi l i cate f ramework structures, as was first demonstrated b y B r o w n 
et al. ( I ) . O u r data appear to agree better w i t h the anorthite regression 
l ine . T h e smaller slope f o u n d b y us m a y not be significant because of 
too f ew points i n the p lot a n d / o r m a y be inf luenced b y the surrounding 
H 2 0 molecules w h i c h offer the poss ib i l i ty of f o rming hydrogen bridges. 
T h e heavy c irc le i n F i g u r e 1 represents the average S i - O - A l angle a n d 
distance sum for the 6 oxygens i n quest ion a n d matches approximate ly 
w i t h the average T - O - T angle reported i n T a b l e 3 of ( J ) (difference 
0 .9° ) a n d w i t h the observed b o n d lengths (difference 0.01 2 A ) g iven 
there. F o r comparison, the 2 Ca-coord inated oxygen atoms 0 4 a n d O g 

are represented b y open squares i n F i g u r e 1. T h e m e a n S i - O a n d A l - O 
b o n d lengths are 1.61 3 a n d 1.73 5 for those oxygens w i t h bonds to S i a n d 
A l alone, a n d 1.62 9 a n d 1.74 7 A , respectively, for 0 4 a n d O g averaged. 

T h e v i b r a t i o n ampl i tudes of the f ramework atoms appear to be quite 
n o r m a l ( T a b l e V ) . T h e average for the r.m.s. r a d i a l thermal displacement 
of the Τ a n d Ο atoms is 0.12 7 a n d 0.21 3 A , respectively. J u d g e d f r om the 
v i b r a t i o n el l ipsoids of the Τ atoms, the f ramework appears to exhibit 
some anisotropic v ibrat ions . Deta i l s of the interpretat ion of the aniso
t rop i c temperature coefficients w i l l be discussed i n a separate paper. 

Table V . R.M.S. Radial Thermal Displacements'1 in A 

Si! 0.132(2) H 2 0 ( 1 ) 0.285(5) O l 0.236(6) 
Si 2 0.128(2) H 2 0 ( 2 ) 0.300(5) o 2 0.218(5) 
A h 0.131(2) H 2 0 ( 3 ) 0.301(6) o 3 0.211(4) 
A l 2 0.115(3) 

H 2 0 ( 3 ) 
o 4 0.207(4) 

H 2 0 ( 4 ) 0.470(11) o 6 0.239(4) 
C a 0.309(1) H 2 0 ( 5 ) 0.406 Oe 0.208(4) 

H 2 0 ( 6 ) 0.530(8) o 7 0.205(4) H 2 0 ( 6 ) 
o 8 0.178(5) 

" Standard deviations as in Table III . 
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19. FISCHER AND S C H R A M M Crystal Structure of Gismondite 257 

Ca and H20 Molecules 

A t each intersect ion of the 2 channels p a r a l l e l to the a a n d b axes, a 
smal l cav i ty is formed. It is o c cup ied b y C a b o u n d to 0 4 a n d Os of the 
f ramework a n d coordinated to an average of 4.3 H 2 0 . T h e distance 
C a - H 2 0 ( 4 ) appears too short. I f one takes the " t h e r m a l " v i b r a t i o n into 
account, one obtains a revised distance of 2.23 A w h i c h m a y be tolerable. 
T h e occupancy of the C a site is r ough ly i n accordance w i t h the over -a l l 
A l content of the framework, w h i c h is not precisely determined. T h e 
populat i on densities of the C a as w e l l as of the H 2 0 molecules apparent ly 
are w e l l established, as can be seen f rom T a b l e V I . H e r e , correlat ion 
coefficients are g iven between the over -a l l scale factor s a n d the occu
pancies c for C a a n d the 6 H 2 0 sites. There exist only 2 strong correla
t ions: c ( C a ) vs. s a n d c ( H 2 0 ( 4 ) ) vs. c ( H 2 0 ( 6 ) ) . T h e first is caused 
b y the h i g h scattering power of C a ; the second can be expla ined b y the 
close "ne ighborhood" of the sites (see b e l o w ) . 

Table VI . Correlation Matrix Obtained from Last Cycle 
Computed with Data Set I 

1 
C a - 0 . 4 7 1 
H 2 0 ( 1 ) - 0 . 1 8 0.12 1 
H 2 0 ( 2 ) - 0 . 1 4 0.07 0.10 1 
H 2 0 ( 3 ) - 0 . 1 6 0.01 0.07 0.12 1 
H 2 0 ( 4 ) - 0 . 0 3 - 0 . 0 1 - 0 . 1 4 - 0 . 0 1 - 0 1 
H 2 0 ( 5 ) - 0 . 0 1 - 0 . 0 6 0.07 0.07 0.01 - 0 . 0 3 
H 2 0 ( 6 ) 0.01 - 0 . 0 4 0.10 0.03 0.07 - 0 . 3 6 

s Ca H 2 0 ( 1 ) H 2 0 ( 2 ) H 2 0 ( 3 ) H 2 0 ( 4 ) H 2 0 ( 5 ) H 2 0 ( 6 ) 
c 

A t least 2 of the distances between H 2 0 molecules are too short to be 
tolerated ( i n brackets i n T a b l e I I I ) . H o w e v e r , the distance H 2 0 ( 5 ) -
H 2 0 ( 6 ) of 2.26 A becomes 2.33 A i f independent movement of the atomic 
thermal v ibrat ions is taken into account. W e conclude that at least 2 
(or poss ibly 3 ) different types of cav i ty fillings exist: i f H 2 0 ( 4 ) is present, 
the site for neither H 2 0 ( 5 ) nor H 2 0 ( 6 ) can be occupied . T h i s is sur
pr i s ing for a f ramework w h i c h is almost f u l l y ordered. 

T h e el l ipsoids of thermal v ibrat ions of C a a n d H 2 0 ( 1 ) to (3 ) are 
of n o r m a l size a n d shape. F o r the par t ia l ly o c cup ied H 2 0 sites (no. 4 to 

Table VII. Strong "Vibrat ional " Anisotropy of Some 
HoO Molecules, R.M.S. Components in A 

Axis ri r 2 r 3 

H 2 0 ( 4 ) 0.13 0.17 0.42 
H 2 0 ( 5 ) 0.12 0.22 0.32 
H 2 0 ( 6 ) 0.08 0.23 0.47 
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258 MOLECULAR SIEVE ZEOLITES 1 

6 ) , they appear strongly elongated (cf. T a b l e V I I ) . O n e can, therefore, 
suspect that the l ong axes par t ia l l y represent pos i t ional disorder as w e l l . 
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Refinement of the Crystal Structure 

of Laumontite 

VOLKER SCHRAMM and KARL F. FISCHER 
Lehrstuhl fuer Kristallographie, University of Saarbruecken, Germany 

A published crystal structure has been refined by least
-squares based on about 8600 reflections measured with an 
automated three-circle single-crystal diffractometer. A dis
tance least-squares computation (DLS) revealed the space 
group Am (No. 8) to be the most probable one. The pub
lished structure was found to be essentially correct. The 
weighted R-factor for all reflections used is 9.4%. Further 
detailed work is in progress. 

A pr i smat ic specimen of laumontite f rom the i s land of M u l l , Great 
B r i t a i n , was investigated. Its size is 0.22 χ 0.09 X 0.08 m m 3 , a n d its 

lattice parameters are a0 = 7.549 ± 0.008 A ; b0 = 14.740 =b 0.015 A ; 
c0 = 13.072 ± 0.012 A ; y = 111.9 ± 0 . 1 ° . T h e un i t ce l l contains 4 f o rmula 
units of C a [AI2S14O12] • ( ^ 4 H 2 0 ) . A n automated Siemens s ingle-crystal 
diffractometer was used for measur ing 8584 reflections w i t h Nb- f i l t e red 
M o - K a rad iat ion . N o absorpt ion correct ion was necessary because of its 
size. D u r i n g data reduct ion , i n d i v i d u a l s tandard deviations were assigned 
to the I F o b s I. T h e purpose of this study was to examine the details of the 
laumontite structure first established b y B a r t l a n d F i s c her ( 2 ) . Based 
o n 1196 Weissenberg film reflections, they refined to Rhki = 1 2 . 6 % . T h e 
average standard dev iat ion of their atomic coordinates was reported as 

Symmetry 

L a u e - g r o u p a n d ext inct ion rules suggest A2, Am, a n d A 2 / m as the 
probable space groups. Because of the pyroelect ic behavior of the crystals 
noted b y Coombs ( 4 ) , only an acentric space group is possible. I n order 
to deduce the space group, a least-squares distance refinement us ing the 
method of M e i e r a n d V i l l i g e r (9 ) was per formed for a l l 3 space groups. 

0.03 A . 

259 
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260 MOLECULAR SIEVE ZEOLITES 1 

Table I. Atomic Parameters 

Atom x / a 0 y / b o z/co Β 

C a ( l ) - 0.7263(0) 0.2216(0) 0.5 1.69(4) 
Ca(2 ) 0.2419(3) 0.7656(2) 0.5 0.50(2) 
Si (I ) 0.3310(6) 0.2594(3) 0.3814(2) 0.75(3) 
A l ( I I ) 0.7565(6) 0.3700(3) 0.3082(2) 0.72(3) 
S i ( I I I ) 0.1638(6) 0.4169(3) 0.3833(2) 0.77(3) 
S i ( I V ) 0.8152(6) 0.5779(3) 0.3828(2) 0.73(3) 
A1(V) 0.2256(7) 0.6282(3) 0.3098(2) 0.62(3) 
S i ( V I ) 0.6465(6) 0.7361(3) 0.3823(2) 0.61(3) 

0 (1 ) 0.273(1) 0.2352(6) 0.5 1.10(10) 
0 (2 ) 0.556(1) 0.2874(6) 0.3760(6) 1.00(10) 
0 (3 ) 0.933(1) 0.3505(5) 0.3809(6) 0.92(8) 
0 (4 ) 0.281(1) 0.3511(5) 0.3417(5) 0.92(7) 
0 (5 ) 0.752(1) 0.3358(5) 0.1838(4) 1.13(7) 
0 (6 ) 0.230(1) 0.4405(5) 0.5 0.96(8) 
0 (7 ) 0.752(1) 0.4788(5) 0.3131(4) 1.30(7) 
0 (8 ) 0.201(1) 0.5040(5) 0.3063(4) 0.91(6) 
0 ( 9 ) 0.752(1) 0.5389(5) 0.5 0.82(8) 
0 (10) 0.042(1) 0.6391(6) 0.3824(7) 1.84(12) 
0 (11) 0.705(1) 0.6469(7) 0.3392(7) 1.81(12) 
0 (12) 0.215(1) 0.6656(5) 0.1845(4) 0.88(7) 
0 (13) 0.419(1) 0.7067(6) 0.3753(6) 1.50(9) 
0 (14) 0.727(1) 0.7613(6) 0.5 0.72(8) 
0 (15) 0.249(2) 0.3785(9) 0.1280(8) 5.64(23) 
0 (16) 0.835(1) 0.6194(5) 0.1079(5) 3.24(11) 

Site Occupancies 

C a ( l ) 0.90(5) Ca(2) 0.88(4) 0 (15) 0.88(10) 
' The x- and y-coordinates of Ca(l) were held constant (see text). 

Table II. Interatomic Distances in Angstroms 

C a ( l ) - 0 ( 2 ) 2.479(9) Ca(2) - 0 ( 1 0 ) 2.454(10) 
- 0 ( 3 ) 2.500(9) - 0 ( 1 3 ) 2.465(9) 
- 0 ( 1 6 ) 2.421(8) - 0 ( 1 5 ) 2.348(12) 

S i d ) - 0 ( 1 ) 1.616(5) A l ( I I ) - 0 ( 2 ) 1.783(9) 
- 0 ( 2 ) 1.595(9) - 0 ( 3 ) 1.742(8) 
- 0 ( 4 ) 1.618(8) - 0 ( 5 ) 1.699(7) 
- 0 ( 1 2 ) 1.587(7) - 0 ( 7 ) 1.617(7) 

S i ( I I I ) - 0 ( 3 ) 1.653(8) S i ( I V ) - 0 ( 7 ) 1.635(7) 
- 0 ( 4 ) 1.630(8) - 0 ( 9 ) 1.644(5) 
- 0 ( 6 ) 1.603(5) - 0 ( 1 0 ) 1.607(9) 
- 0 ( 8 ) 1.573(7) - 0 ( 1 1 ) 1.639(11) 

A1(V) - 0 ( 8 ) 1.770(7) S i ( V I ) - 0 ( 5 ) 1.634(8) 
- 0 ( 1 0 ) 1.739(10) - 0 ( 1 1 ) 1.634(10) 
- 0 ( 1 2 ) 1.741(7) - 0 ( 1 3 ) 1.607(9) 
- 0 ( 1 3 ) 1.717(9) - 0 ( 1 4 ) 1.646(5) 
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Table III. Bond Angles in Degrees; Central Atom is Vertex; 
Average Standard Deviations Ranging from 0.3 to 0.6 Degrees 

0 ( l ) - S i ( I ) - 0 ( 2 ) 106.0 0 ( 7 ) - S i ( I V ) - 0 ( 9 ) 105.0 
- 0 ( 4 ) 111.2 - 0 ( 1 0 ) 113.2 
- 0 ( 1 2 ) 108.1 - 0 ( 1 1 ) 108.4 

0 ( 2 ) - - 0 ( 4 ) 109.2 0 ( 9 ) - - 0 ( 1 0 ) 108.1 
- 0 ( 1 2 ) 113.1 - 0 ( 1 1 ) 113.0 

0 ( 4 ) - - 0 ( 1 2 ) 109.2 O ( 1 0 ) - - o ( i i ) 109.3 

0 ( 2 ) - A l ( I I ) - 0 ( 3 ) 97.0 0 ( 8 ) - A l ( V ) - 0 ( 1 0 ) 109.2 
- 0 ( 5 ) 110.8 - 0 ( 1 2 ) 107.7 
- 0 ( 7 ) 109.4 - 0 ( 1 3 ) 116.5 

0 ( 3 ) - - 0 ( 5 ) 114.0 0 ( 1 0 ) - - 0 ( 1 2 ) 110.5 
- 0 ( 7 ) 116.1 - 0 ( 1 3 ) 100.1 

0 ( 5 ) - - 0 ( 7 ) 109.0 0 ( 1 2 ) - - 0 ( 1 3 ) 112.6 

0 ( 3 ) - S i ( I I I ) - 0 ( 4 ) 109.2 0 ( 5 ) - S i ( V I ) - 0 ( 1 1 ) 110.8 
- 0 ( 6 ) 108.9 - 0 ( 1 3 ) 108.9 
- 0 ( 8 ) 107.2 - 0 ( 1 4 ) 106.0 

0 (4 ) - 0 ( 6 ) 104.6 0 ( H ) - - 0 ( 1 3 ) 110.1 
- 0 ( 8 ) 107.6 - 0 ( 1 4 ) 108.4 

0 ( 6 ) - - 0 ( 8 ) 119.1 0 ( 1 3 ) - - 0 ( 1 4 ) 112.6 

Si (I ) - 0 ( l ) - S i ( I ) 147.5 S i ( I I I ) - 0 ( 8 ) - A 1 ( V ) 138.2 
Si (I ) - 0 ( 2 ) - A l ( I I ) 138.5 S i ( I V ) - 0 ( 9 ) - S i ( I V ) 137.5 
A l ( I I ) - 0 ( 3 ) - S i ( I I I ) 128.0 S i ( IV) - O ( 1 0 ) - A l ( V ) 131.9 
Si(I ) - 0 ( 4 ) - S i ( I I I ) 137.0 S i ( I V ) - 0 ( l l ) - S i ( V I ) 137.0 
A l ( I I ) - 0 ( 5 ) - S i ( V I ) 136.2 Si(I ) - 0 ( 1 2 ) - A 1 ( V ) 135.2 
S i ( I I I ) - 0 ( 6 ) - S i ( I I I ) 144.2 A1(V) - 0 ( 1 3 ) - S i ( V I ) 139.9 
A l ( I I ) - 0 ( 7 ) - S i ( I V ) 143.3 S i ( V I ) - 0 ( 1 4 ) - S i ( V I ) 138.4 

T h e distance least-squares ( D L S ) computations (11) were in i t ia ted o n 
the atomic parameters of B a r t l a n d F i s c h e r ( 2 ) . T h e result of this c o m p u 
tat ion favors the space group Am. T h i s contradicts the assumption of 
A m i r o v et al. (1) w h o adopted the space group A2. F u r t h e r details of 
D L S - c o m p u t a t i o n s w i l l be p u b l i s h e d elsewhere. 

Refinement of the Structure 

F o r refinement, w e assumed complete ly i on i zed atoms. T h e f u l l -
matr ix least-squares program L Q J L deve loped f rom S B L Q uti l izes an 
exponentia l parameter-representation of / -curves as fo l lows (6) 

7 
F(s) = exp { X an · sn ~ x}, w i t h s = sin θ/λ 

η = 1 

T h e large set of data a l l o w e d a proper choice of p a r t i a l data sets for 
various groups of parameters to be refined, start ing w i t h the parameters 
g iven b y B a r t l a n d F i s cher ( 2 ) . F o r ref ining the scale factor a n d site 
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Figure 1. Laumontite A m , first setting, lower part of the unit cell, c-co-
ordinates from 0.0 to 0.5 

occupancies of C a a n d H 2 0 ( A - c y c l e s ) , about 130 data w i t h s in θ/λ = 
0.35 A " 1 were employed . F o r v a r y i n g coordinates a n d temperature factors 
(B-cycIes ) , w e used data sets w i t h increasing numbers of | F o b s | starting 
w i t h the strongest ones a n d proceeding to a l l measured reflections. D u r 
i n g the progress of refinement, a sequence of one A - c y c l e a n d 2 B-cycles 
was fo l l owed . W i t h i n the B-cycles , the "heavy" atoms ( C a , S i , A l ) were 
refined, keep ing the other coordinates fixed. F o r var ia t ion of coordinates 
a n d temperature factors of a l l atoms, the x- a n d [/-coordinates of C a 1 
were h e l d constant i n order to define the or ig in . S i m i l a r l y , only the 2 C a 
occupancies were var i ed together w i t h the scale factor at the beg inn ing 
of the A-cyc les . I n the subsequent A-cyc les , H 2 0 po pu la t i o n densities 
were added to the variables. T h e final we ighted R-factor i n c l u d i n g a l l 
8584 F o b s was 9 .4%. 

Description of the Structure 

Tables I , I I , a n d I I I present the refined atomic coordinates as w e l l 
as the b o n d distances a n d angles. T h e setting used (see also F i g u r e 1) 
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is the same as g iven b y B a r t l a n d F i s c h e r ( 2 ) . T h e aluminos i l i cate f rame
w o r k consists of bent 6-rings of ( S i / A l ) 0 4 - t e t r a h e d r a , w h i c h f o r m the 
asymmetr ic unit . T h e concentrat ion of the Al -atoms i n the equipoints I I 
a n d V is p r o b a b l y incomplete as judged f r om the A l - O - d i s t a n c e s . T w o 
" p u r e " S i 4 O i 2 r i n g s — a l l para l l e l to (110 )—are l i n k e d together b y 4 
isolated A l atoms f o r m i n g A l 4 S i 8 - c a g e s . E a c h cage is connected w i t h its 
neighbor b y 4 l i n k i n g oxygen atoms, resul t ing i n a c h a i n along the α-axis. 
F o u r of these chains, w h i c h are l i n k e d together b y only a f ew S i - O - A l 
bonds, surround a channe l out l ined b y substantial ly distorted 10-mem-
bered rings. T h e narrowest cross-section of this channe l is 4.6 X 6.3 A 2 , 
based o n 1.32 A ion ic radius of oxygen. T h e C a atoms are surrounded 
b y 4 Ο a n d 2 H 2 0 i n near ly pr ismat ic , s ix- fo ld coordinat ion. 

1,65. 

31,64. 

Ο 
"En λ 

Έ 1,62. 

ο 

1,60. 

137 13β 145 Κ7 β 

Si-0-Si angle 

Figure 2. Comparison of present data with that 
of Brown et al. (3) 

Based on the S m i t h a n d B a i l e y d i a g r a m (Ref . 10, F i g u r e 2 ) , a n d 
neglect ing a l l other influences on b o n d lengths, one w o u l d expect the 
f o l l ow ing approximate A l contents of the tetrahedral sites: 6 8 % i n A l ( I I ) , 
1 5 % i n S i ( I V ) , 9 4 % i n A 1 ( V ) , a n d 1 5 % i n S i ( V I ) . A s s u m i n g these 
values, one w o u l d obta in about 1.9 A l atoms per 6 tetrahedral sites, corre
sponding to about 9 4 % average occupancy of the 2 Ca-equipo ints . T h e 
C a occupancies f o u n d i n this refinement correspond to this va lue w i t h i n 
their s tandard deviations. 

T h e T - O - T angles are smaller t h a n i n s imi lar structures ( 8 ) . Three 
of the 4 oxygens b o u n d to C a atoms also have T - O - T angles be l ow aver
age, i n agreement w i t h some other structures (e.g., Ref . 7). 

T a b l e I V represents averaged T - O - T angles a n d T - O distances for 
dif ferent oxygen coordinations accord ing to T a b l e I I I of B r o w n et al. (3). 
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264 MOLECULAR SIEVE ZEOLITES 1 

Table IV. Observed Mean T - O Bond Lengths and T - O - T Angles 

Coordination 
About 

Si Al Ca Oxygens T-O-T Si-O Al-O 

2 0 0 6 140.0 1.63 — 

1 1 0 4 138.0 1.61 1.71 
1 1 1 4 134.6 1.62 1.75 

W e are i n general qual i tat ive agreement w i t h the results of these authors. 
I n d e t a i l : 

(1 ) T - O - T angle decreases w i t h a n increase of the A l - a n d C a -
coord inat ion of oxygen. 

(2 ) T - O b o n d length increases o w i n g to a n add i t i ona l coord inat ion 
of C a to an oxygen. 

(3 ) A plot of S i - O b o n d lengths vs. S i - O - S i b o n d angle s imi lar to 
B r o w n et al. (3) is shown i n F i g u r e 2. T h e distances are d r a w n 
w i t h their respective s tandard deviations. T h e f u l l l ine is the 
regression l ine of type b (see Ref . 3, T a b l e I I ) . O u r data sug
gest a steeper slope (b roken l i n e ) . T h i s must not be significant 
because the A l content of the Τ atoms is not yet w e l l k n o w n a n d 
because we have too f ew data. 

J u d g i n g these observations, one has to keep i n m i n d that the refinement 
of the structure is presently at an intermediate stage. O u r p r e l i m i n a r y 
results appear to support the ideas of B r o w n et al. (3) on d-p π b o n d i n g 
based on Cru i ckshank ' s theory (5). 

Aniso t rop i c refinement, invest igat ion of the H 2 0 sites, a n d determina
t i on of the S i / A l d i s t r ibut ion is i n progress. 
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Crystal Structures of Ultrastable Faujasites 

P. K. MAHER, F. D. HUNTER, and J. SCHERZER 
W. R. Grace & Co., Washington Research Center, Clarksville, Md. 

The crystal structures of 4 ammonium exchanged, heat
treated faujasites were determined from x-ray powder data. 
Structure I, often called "decationated Y," has lost 15 frame
work aluminum atoms and 21 framework O(1) atoms (bridg
ing oxygen atoms) per unit cell, and 15 Al(OH)2

+ ions are 
present in the sodalite cages. Structure II, called ammo
nium—aluminum Y hydrate, shows a complete rehydroxyla
tion of the vacant O(1) positions. Structure III, called ultra
stable Y, shows the same 15 framework aluminum atoms 
absent, and the removal of 25 O(3) and 13 O(4) framework 
oxygen atoms. Structure IV, which is a repetitive exchanged 
and heat-treated version of Structure III, has a mean Si-O 
bond length of 1.610 A, which indicates that little framework 
aluminum is present. 

TidTcDaniel a n d M a h e r (9 ) have reported a n e w f o r m of the zeolite 
^ f a u j a s i t e that is thermal ly stable at temperatures i n excess of 1000°C. 
T h i s stabi l i ty is i n contrast w i t h other reported hydrogen or "decat ion
ated" faujasites, w h i c h are less stable than the cation forms. A c c o r d i n g 
to these authors, the conversion of faujasite to the hydrogen form leads 
to a p a r t i a l destruction of the cat ion exchange sites w h i c h has been 
expla ined only b y an alteration i n the s i l i c a - a l u m i n a anionic f ramework. 

A m b s a n d F l a n k (2) have conc luded on the basis of l i m i t e d data 
that the thermal stabi l i ty of synthetic faujasite is dependent on ly on the 
leve l of sod ium present. T h e y further assert that no difference exists 
between decationated Y a n d ultrastable materials. 

K e r r (7 ) reported that hydrogen zeolite Y , heated 2 -4 hours at 
7 0 0 ° - 8 0 0 ° C i n an inert atmosphere where the chemica l water remains 
i n the environment of the hydrogen zeolite, y ie lds a substance of u n 
usual ly h i g h thermal stabi l i ty ( 1 0 0 0 ° C ) . H e showed that i n this zeolite 
approximately 2 5 % of the a l u m i n u m is present i n the cat ionic f orm. 

266 
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K e r r ( 8 ) also noted the r emova l of a l u m i n u m f rom s o d i u m Y zeolite 
through the use of d i lute solutions of ethylenediaminetetraacet ic ac id . 
H e observed that the remova l of u p to 5 0 % of the a l u m i n u m yields h i g h l y 
crystal l ine products of i m p r o v e d thermal stabi l i ty a n d increased sorptive 
capacity. I n a more recent art ic le , K e r r ( β ) has shown that 2 dist inct 
products can be obta ined b y the thermal decomposit ion of a m m o n i u m Y 
at 760 torr a n d 500 °C . A c c o r d i n g to this artic le , the geometry of the 
zeolite b e d d u r i n g ca lc inat ion determines the nature of the product . B e d 
geometries that impede the r emova l of ammonia f rom the b e d y i e l d an 
ultrastable product . H e f ound that u p o n cat ion exchange of this mater ia l 
us ing 0.1 Ν N a O H solution, the S i / A l ratio increased f rom 2.85 for the 
o r ig ina l mater ia l to 3.58 for the exchanged mater ia l . 

T h i s x-ray structural invest igat ion was undertaken i n an effort to 
c lar i fy the structure of the ultrastable Y zeolite. It was felt that the loss 
of f ramework a l u m i n u m , the existence of cat ionic a l u m i n u m , a n d alter
ations i n the f ramework structure c ou ld be revealed b y this technique 
even though powder data , w h i c h are inherent ly less accurate than s ingle-
crystal data, h a d to be used. 

Experimental 

I n order to understand the structural changes w h i c h occur, 4 differ
ent samples, each f r om different stages i n the preparat ion of the u l t r a -
stable mater ia l , were studied. T h e first sample was selected f r om step 
2 of Procedure " A " out l ined b y M c D a n i e l a n d M a h e r ( 9 ) . T h i s sample 
was obta ined f rom N a Y w h i c h h a d undergone a m m o n i u m sulfate ex
change to reduce the sod ium oxide content to 2 . 5 % a n d then h a d been 
ca l c ined at 540 ° C for 3 hours i n a mufHe furnace. Analyses of this sample 
showed that its uni t ce l l composit ion was N a 9 ( A 1 0 2 ) 5 3 ( S i 0 2 ) i 3 9 (Struc 
ture I ) . 

T h e second sample was chosen f rom step 3 of the procedure a n d 
consisted of a port ion of the first sample w h i c h h a d been treated twice 
w i t h a m m o n i u m sulfate so lut ion at 100 ° C a n d then oven-dr ied . T h e u n i t 
ce l l composit ion of this sample is (NH 4 ,H) 8 . 5Nao .5 (A10 2 )53 (S i0 2 ) i 3 9raH 2 ^ 
(Structure I I ) . H y d r o g e n a n d / o r a m m o n i u m ions were assumed to be 
present i n this sample to balance the charges o w i n g to uncompensated 
a l u m i n u m tetrahedra. 

T h e t h i r d sample (Structure I I I ) was the ultrastable Y mater ia l i t 
self, N a 0 5 ( A 1 0 2 ) 5 3 ( S i 0 2 ) i 3 9 . It was obta ined b y ca lc inat ion of the sec
ond sample at 870 ° C for 5 hours i n a mufHe furnace. T h e fourth sample 
studied (Structure I V ) was a por t ion of the ultrastable mater ia l w h i c h 
was subjected to 2 add i t i ona l cycles of 100 ° C a m m o n i u m sulfate treat
ment f o l l owed b y ca lc inat ion for 5 hours at 870°C. B y chemica l analysis, 
this mater ia l h a d the same s i l i ca a n d a l u m i n a content as the second a n d 
t h i r d samples. 

T h e unit ce l l values were 24.56, 24.59, 24.31, a n d 24.24 ± 0.02 A for 
structures I , I I , I I I , a n d I V , respectively. T h e space group was assumed 
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268 MOLECULAR SIEVE ZEOLITES 1 

T a b l e I . A t o m i c Coordinates 

Occupancy 
Atom Parameter X Y Ζ Τ 

Structure I 
Si,Al 0.92 (3)* -0.0529(7) 0.1228(12) 0.0364(9) 3.37(0.50) 
Ol 0.78(4) 0.0000 0.1136(16) -0.1136(16) 5.64(2.07) 
o 2 1.00 0.0012(11) 0.0012(11) 0.1447(17) 4.19(2.28) 
0 3 1.00 0.1743(11) 0.1743(11) -0.0288(15) 0.08(1.53) 
O4 1.00 0.1816(13) 0.1816(13) 0.3216(16) 2.42(1.88) 
A l l (Sn) 0.46(4) 0.0800(20) 0.0800(20) 0.0800(20) 4.02(2.51) 
OHi(^in) 1.00 0.1618(15) 0.1618(15) 0.1618(15) 6.59(2.70) 
Nai CSV) 0.32(8) 0.5000 0.5000 0.5000 5.38(11.78) 

Structure II 
Si,Al 1.00 -0.0530(8) 0.1256(10) 0.0371(7) 1.39(0.38) 
Ol 1.00 0.0000 0.1107(14) -0.1107(14) 5.04(1.51) 
o 2 1.00 -0.0017(14) -0.0017(14) 0.1404(17) 4.78(1.56) 
0 3 1.00 0.1732(12) 0.1732(12) -0.0315(15) 0.08(2.20) 
O4 1.00 0.1766(12) 0.1766(12) 0.3230(17) 0.58(1.89) 
A h (Sn) 0.42(5) 0.0899(15) 0.0899(15) 0.0899(15) 1.89(3.18) 
O H i (Sm) 0.47(7) 0.1617(43) 0.1617(43) 0.1617(43) 4.34(8.92) 
N i (Sy) 0.37(12) 0.5000 0.5000 0.5000 12.88(7.26) 

Structure III 
Si,Al 0.92(8) -0.0540(5) 0.1261(6) 0.0358(6) 2.95(0.22) 
Ol 1.00 0.0000 0.1058(7) -0.1058(7) 2.76(0.81) 
Oo 1.00 -0.0044(8) -0.0044(8) 0.1476(10) 3.50(0.79) 
0 3 0.74(7) 0.1752(9) 0.1752(9) -0.0416(15) 0.60(1.3) 
O4 0.86(8) 0.1861(11) 0.1861(11) 0.3195(14) 5.51(1.2) 
A h (Su) 0.46(4) 0.0913(18) 0.0913(18) 0.0913(18) 20.74(4.0) 

Structure IV 
Si,Al 1.00 -0.0532(4) 0.1262(4) 0.0359(4) 1.90(0.15) 
Oi 1.00 0.0000 0.1061(6) -0.1061(6) 3.44(0.89) 
o 2 1.00 -0.0041(7) -0.0041(7) 0.1464(8) 3.14(0.96) 
0 3 0.87(9) 0.1745(6) 0.1745(6) -0.0366(11) 2.50(0.87) 
04 1.00 0.1809(6) 0.1809(6) 0.3200(8) 0.84(0.83) 
Al l 0.23(3) 0.0806(22) 0.0806(22) 0.0806(22) 8.08(3.6) 

α The values in parentheses are the estimated standard deviations. 

to be Fd3m i n a l l cases. T h e x-ray intensity data were co l lected on a 
Nore l co p o w d e r diffractometer e q u i p p e d w i t h a H a m n e r so l id state de
tect ion system u t i l i z i n g a sc int i l lat ion detector a n d pulse height analyzer . 
T h e data for the first 2 structures were col lected under a n i trogen atmos
phere, a n d that for the latter 2 were col lected under a p a r t i a l v a c u u m 
of 88 m m of H g . T h e areas of the x-ray peaks were obta ined b y the use 
of a p lanimeter . Three -d imens iona l F o u r i e r techniques a n d least-squares 
refinement procedures s imi lar to those out l ined b y Shoemaker et al. (3 , 
12) were employed i n the structure determinations. 

Results 

T h e pos i t ional a n d thermal parameters for a l l 4 structures are g iven 
i n T a b l e I . T h e standard deviations g iven i n this table were ca lcu lated 
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Table II. Summary of Framework and Nonframework Positions 

Position Structure I Structure II Structure III Structure IV 

Si,Al 0.92, 176.6 1.00, 192.0 0.92, 176.6 1.00, 192 
0.78, 74.9 1.00, 96 1.00, 96 1.00, 96 

OCD 1.00, 96 1.00, 96 1.00, 96 1.00, 96 
0<3, 1.00, 96 1.00, 96 0.74, 71.0 0.87, 83.5 
0(4) 1.00, 96 1.00, 96 0.86, 82.6 1.00, 96 
Su 0.46, 14.7 Al3+ 0.42, 13.4 A l 3 + 0.46, 4.9 AIO(OH) 0.23, 2.4 AIO(OH) 
$111 1.00, 32 O H - 0.47, 15.0 O H -
Sy 0.32, 5.1 Na+ 0.37, 5.9 N H 4

+ 

i n the usua l manner f r om the residuals a n d are p r o b a b l y unreal is t i ca l ly 
smal l . Tables of observed a n d ca lculated intensities are ava i lab le f r o m 
the authors u p o n request. I n T a b l e I I , a summary of the site occupancy 
numbers for a l l the structures s tud ied is presented. T h e R(I) values for 
the 4 structures are 0.168, 0.172, 0.128, a n d 0.089 for Structures I , I I , I I I , 
a n d I V , respectively. R(I) is defined as [%w(Iohs. — i ca i c . ) 2 / Sw( W ) 2 ] 1 / 2 > 
where w is the weight , a n d 7 o b s . a n d J c a i c . are the observed a n d ca lcu lated 
intensities. 

F o r Structure I , w h i c h w i l l be termed s o d i u m - a l u m i n u m Y b y us 
a n d has been termed "decat ionated" Y b y R a b o a n d others ( 11, 13), an 
occupancy factor of 0.92 for the f ramework S i , A l sites indicates the loss 

Figure 1. Projection of the sodalite cage for 
faujasite showing the avaihble nonframework 
sites. Site 5 is in the center of the 12-membered 

ring and is not shown here. 
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270 MOLECULAR SIEVE ZEOLITES 1 

of 15.4 a l u m i n u m ions f r o m the framework. T h i s n u m b e r agrees w e l l 
w i t h the 14.7 a l u m i n u m cations per unit c e l l f o u n d to occupy S n sites 
(see F i g u r e 1 for a def init ion of the sites) . A l s o , 21 0 { 1 ) oxygen atoms 
per uni t ce l l have been removed f r om the f ramework b y the 540 ° C ca l 
c inat ion. Site S m is o c cup ied complete ly b y h y d r o x y l groups. T h e 5.1 
atoms per un i t ce l l res id ing i n S v sites were assumed to be sod ium ions. 
T h e a l u m i n u m cations located i n S n sites are coordinated to 3 hydroxyls 
at 2.03 A a n d 3 f ramework 0 ( 3 ) oxygens at 2.68 A to f o r m a distorted 
octahedral complex. O f the 3 h y d r o x y l groups coordinated to each a l u 
m i n u m i on i n S n sites, 2 are shared w i t h another S n a l u m i n u m i on a n d 
the other is not shared. 

Table III. Metal to Oxygen Bond Distances, A 

Atom Set Structure I Structure II Structure III Structure IV 

S i , A l - 0 ( i ) 1.75(4) 1.73(3) 1.61(3) 1.62(2) 
S i , A l - 0 ( 2 ) 1.67(4) 1.62(4) 1.64(2) 1.61(2) 
S i , A l - 0 ( 3 ) 1.62(4) 1.63(4) 1.60(3) 1.61(2) 
S i , A l - 0 ( 4 ) 1.71(4) 1.62(4) 1.65(3) 1.60(2) 
M e a n V a l u e 1.69 1.65 1.62 1.61 
A l ( 1 ) - 0 ( 3 ) 2.68(6) 3.02(5) 3.28(6) 2.85(3) 
A l ( 1 ) - O H ( 1 ) 2.03(6) 1.77(11) 

As seen i n T a b l e I I I , the mean S i , A l - 0 b o n d distance of 1.69 A is 
re lat ive ly l ong compared to the values of 1.635 a n d 1.644 A obta ined b y 
Eulenberger et al. (3) for N a Y a n d O l s o n a n d D e m p s e y (10) for h y d r o 
gen faujasite. B o t h of these materials h a d somewhat lower s i l ica-to-
a l u m i n a ratios than our s o d i u m - a l u m i n u m Y sieve. A project ion of the 
sodalite cage for this structure ( F i g u r e 2) shows that the cage is dis 
torted as compared w i t h the projections obta ined for the other structures 
( F i g u r e 3 ) . T h e re lat ive ly l ong S i , A l - 0 b o n d lengths, the distort ion of 
the sodalite cage, and the loss of 2 2 % of the b r i d g i n g 0 ( D oxygen atoms 
expla in the instabi l i ty of this mater ia l at higher temperatures. 

I n Structure I I , w h i c h we ca l l a m m o n i u m - a l u m i n u m Y hydrate , the 
occupancy factors for a l l the f ramework positions were uni ty . Site S n is 
occup ied b y 13.4 a l u m i n u m ions, a n d S i n sites are filled b y 15.0 h y d r o x y l 
groups per unit ce l l . T h e 5.9 ions located i n S v sites are thought to be 
a m m o n i u m ions. T h e (approx imate ly ) 2 a l u m i n u m ions present per 
sodalite cage are coordinated to the same 2 h y d r o x y l groups f r o m S m 
sites at a distance of 1.77 A . T h e nearest f ramework oxygens are 3 0 ( 3 ) 

oxygens at 3.02 A . T h e mean S i , A l - 0 b o n d length is 1.65 A . 

T h e occupancy parameters for ultrastable Y , Structure I I I , show the 
absence of the same 15.4 a l u m i n u m ions as i n Structure I, but 25.0 0 ( 3 ) 
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21. MAHER ET AL. Ultrastable Faujasites 271 

Figure 2. Projection of the sodalite cage for sodium-alumi
num Y (Structure I) 

a n d 13.4 0 ( 4 ) oxygen atoms rather than the 21 0 ( υ atoms are miss ing 
f rom the framework. T h e loss of a total of 38.4 oxygen atoms per u n i t 
c e l l represents the r emova l of 10% of the f ramework oxygen atoms pres
ent i n the faujasite structure. Sites S n are filled b y 14.7 atoms per un i t 
ce l l w h i c h , as d i sp layed b y the h i g h thermal parameter obta ined a n d 
the elongated peak i n the electron density map , seem to be d i sp laced 
f rom the three- fo ld axis. W h e n a pos i t ion off this axis was assumed for 
these atoms, a more reasonable temperature parameter a n d a distance of 
1.91 A corresponding to an a l u m i n u m - o x y g e n species are obtained. 

I n Structure I V , w h i c h is termed h igh -s i l i ca Y , the f ramework occu 
pancy factors show that the repeated ca lc inat ion a n d b o i l i n g a m m o n i u m 
sulfate treatment has restored a l l the f ramework atoms except for 12.5 
of the Ο ( 3 ) oxygen atoms. Sites S n are o c cup ied b y 7.4 ions per un i t ce l l . 
These ions, whose ident i ty is not certain, have 3 f ramework 0 ( 3 ) oxygens 
as nearest neighbors at a distance of 2.85 A . T h e mean S i , A l - 0 b o n d 
distance of 1.610 (8) A is on ly 1 σ greater than the value of 1.603 A 
reported b y Jones for a pure S i - O b o n d length (5). 
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272 MOLECULAR SIEVE ZEOLITES 1 

•1 01 Ql 01 

Figure 3. Projection of the sodalite cage for high-silica Y 
(Structure IV) 

Discussion 

T h e structure obta ined for the s o d i u m - a l u m i n u m Y sieve is i n good 
agreement w i t h other exper imental results w h i c h have been reported. 
T h i s mater ia l was made under the prescr ibed condit ions for p r o d u c i n g 
"decat ionated" Y . H o w e v e r , as our data have shown, this mater ia l con
tains a l u m i n u m cations w h i c h were der ived f rom the f ramework a l u m i 
n u m . H e n c e , i t is apparent w h y w e prefer the name s o d i u m - a l u m i n u m Y 
to "decat ionated" Y . M c D a n i e l a n d M a h e r (9 ) reported a decrease i n 
the i o n exchange capac i ty of "decat ionated" Y sieves. I n v i e w of our 
results, this decrease p r o b a b l y results f r om the r e m o v a l of f ramework 
a l u m i n u m , w h i c h was subsequently ion-exchanged b y the sod ium or 
s i lver ions used i n their experiments. T h e l o w e r i n g of the amount of 
f ramework a l u m i n u m w o u l d result i n fewer a l u m i n u m tetrahedra whose 
negative charges must be ba lanced a n d hence a decrease i n the i on 
exchange capacity . 

K e r r (6) has shown that d u r i n g the thermal decomposit ion of a m 
m o n i u m Y zeol ite at 500°C there is a loss of a l u m i n u m i f a "deep b e d " 
geometry is employed . I n the par t i cu lar mater ia l that K e r r s tudied , 
s od ium hydrox ide treatment of the "deep b e d " sample l e d to the increase 
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21. MAHER ET AL. Ultrastable Faujasites 273 

of the S i / A l rat io f r om 2.85 i n the or ig ina l a m m o n i u m zeolite to 3.58. 
S o d i u m hydrox ide treatment of our s o d i u m - a l u m i n u m Y sample resulted 
i n a n e w S i / A l rat io of 3.19 accord ing to c h e m i c a l analyses. T h i s n u m b e r 
is somewhat smaller than the ratio of 3.62 w h i c h w e get f r om the x-ray 
results i f w e take into account the remova l of 15 f ramework a l u m i n u m 
atoms, bu t is considerably h igher than the ratio of 2.62 i n the or ig ina l 
mater ia l . 

Kerr ' s postulat ion of the format ion of A l ( O H ) 2
+ species as part of 

the mechanism for a l u m i n u m remova l agrees w i t h our x-ray findings. 

/ , ! v 

Si AI Si 

+ NH Θ A STE 

% 
S r AI Si 

/ v \ y \ 
ft Oj 

H,0 

\ / 
Si 

,°ΓΗ 

\ / 
Si 

/> 
Al Si 

+ NH3 

B 

2 Η,Ο 

C STEP 3 

/ 

J χ . 

+ Al (OH)| 

V 
Si 

(NH4)2 S0« 
H,0 

\ / 
Si 

/ >> 

Si 4 V 

C 2 Al (OH)® J O O ^ A + Η,Ο + 2 Al ( O H ) ® 

HE Si X\ Si 

+ NH 
STEP 1 

ΑΚΟΗ) I© 
9 ^ 

Si Al Si 

+ A I -O w + 2 H20 

G 

A l - O ® > AIO(OH) + 

STEP 3 
Al Si , S i 0 

Figure 4. Proposed mechanism for the structures studied; 
percentages are based on the total aluminum content 

Structure I « 60% A + 11% C + 28% D 
Structure II ^ 72% A + 28% Ε 
Structure III « 49% A + 28% G + 23% H 
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H o w e v e r , i n v i e w of the loss of 2 2 % of the f ramework 0 ( D oxygen atoms 
w h i c h w e observed, we feel that the mechanism for a l u m i n u m remova l 
m a y be somewhat different f rom that g iven b y K e r r . T h e mechanism as 
w e envis ion i t is g iven i n React ion I of F i g u r e 4 a n d depends u p o n the 
reaction of a m m o n i u m ions w i t h the f ramework 0 ( D oxygens w h i c h are 
convent ional ly the b r i d g i n g oxygens. U p o n heat ing to h igher tempera
tures, protonat ion a n d the subsequent remova l of these oxygen atoms as 
water occur. These steps leave the a l u m i n u m ions accessible to attack 
b y steam. H e n c e , accord ing to this react ion a n d our x-ray results, the 
structure of s o d i u m - a l u m i n u m Y contains 21 S i 0 3

+ , 15 A l ( O H ) 2 \ a n d 
9 N a + ( to ta l of 45) species or ions per un i t ce l l to balance the 15 S i 0 4 " 
a n d 32 A 1 0 4 ~ ( tota l 47) groups. T h e r e m a i n i n g 6 a l u m i n u m atoms per 
un i t ce l l w o u l d be i n v o l v e d i n neutra l A 1 0 3 groups. 

M c D a n i e l a n d M a h e r have f ound that Step 3 of their procedure for 
m a k i n g ultrastable Y is extremely important . T h e y noted that treatment 
of the 540°C ca lc ined , l ow-sod ium oxide mater ia l ( 3 % N a 2 0 ) w i t h a 
solut ion of a m m o n i u m sulfate at 100°C for a pro longed p e r i o d was essen
t i a l to the s tabi l izat ion step. I n repeated experiments i n w h i c h this m a 
ter ia l was subjected to only 2 cycles of 15 to 20 minutes each of b o i l i n g 
a m m o n i u m sulfate treatment, the molecular sieve co l lapsed u p o n h i g h -
temperature (810° to 9 2 7 ° C ) ca lc inat ion ( 9 ) . 

O u r s tructural results on the a m m o n i u m - a l u m i n u m Y ( Structure I I ) 
mater ia l are i n complete agreement w i t h the above findings. T h e com
plete occupancy of a l l Ο ( D positions indicates that the a m m o n i u m sulfate 
treatment serves not on ly to remove the r e m a i n i n g sod ium ions b u t also 
to rehydroxylate ( F i g u r e 4, React ion I I , Step 1 ) the t r i - coord inated s i l i 
con atoms. E v i d e n t l y this react ion is difficult to affect, a n d the 15-minute 
treatments are not sufficient to rehydroxylate the mater ia l . Since the 0 ( u 
oxygens are the p r i s m or b r i d g i n g oxygens, it is understandable that h i g h -
temperature ca lc inat ion w o u l d result i n the loss of the structure w h e n 
2 2 % of them are absent. W e have repeated M c D a n i e l a n d Maher ' s ex
per iment a n d f ound that the s o d i u m - a l u m i n u m Y (Structure I ) sieve 
w h i c h has undergone only two 15-20 minute treatments i n b o i l i n g a m 
m o n i u m sulfate has a surface area of 300 m 2 / g r a m at 810 ° C a n d less than 
10 m V g r a m at 927 ° C i n spite of almost complete remova l of s od ium 
oxide. These values are i n s t r ik ing contrast to the 700 m 2 / g r a m w h i c h 
is t y p i c a l of the ultrastable Y sieve. W e hope that future x-ray studies 
of the sieve, w h i c h has undergone only two 15-minute a m m o n i u m su l 
fate treatments, w i l l ver i fy that the vacant 0 ( ι> sites have not been filled 
i n this mater ia l . 

Since the structure of ultrastable Y (Structure I I I ) shows the loss 
of 15 a l u m i n u m atoms, i t is thought that the lack of vacancies i n the 
S i , A l sites i n the a m m o n i u m - a l u m i n u m Y ( Structure I I ) sieve is o w i n g to 
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21. MAHER ET AL. Ultrastable Faujasites 275 

water molecules or a m m o n i u m ions o c cupy ing positions near these holes. 
I n the structure of a m m o n i u m - a l u m i n u m Y , there are 13 A l ( O H ) 2 + ions 
per u n i t ce l l . B a s e d on the 38 f ramework a l u m i n u m atoms f o u n d i n 
Structure I I I , a charge balance ca lculat ion for Structure I I shows that 
there are on ly 12 negative charges w h i c h must be compensated. These 
r e m a i n i n g 12 negative charges w o u l d be ba lanced b y 12 a m m o n i u m ions. 
Six of these a m m o n i u m ions are located i n S v sites. U p o n heat ing this 
sample, the loss of a m m o n i a w o u l d result i n the eventual protonat ion of 
12 more 0 ( 3 ) atoms ( F i g u r e 4, Step I of React ion I I I ) . Protonat ion of 
Ο ( 3) rather than any of the other oxygen atoms w o u l d be pre ferred since 
O l s o n a n d D e m p s e y have conc luded that i n hydrogen faujasite (JO) 32 
protons are located on 0 ( 3 ) atoms a n d the remainder on 0 ( D atoms. 

S u c h protonat ion easily w o u l d expla in the results obta ined for u l t r a -
stable Y (Structure I I I ) . H igh - temperature ca lc inat ion of the a m m o 
n i u m - a l u m i n u m sieve results i n the dehydroxy lat ion of the s i lano l groups 
to f o rm water a n d h y d r o x y l groups w h i c h cou ld react w i t h the A l ( O H ) 2 + 

species to f o rm amorphous a l u m i n a as suggested b y Reac t i on I I I , Steps 2 
a n d 3, of F i g u r e 4. T h u s , approx imate ly 27 0 ( 3 ) atoms a n d 15 0 ( 4 ) atoms 
per un i t ce l l w o u l d be lost on the basis of the proposed mechanisms. T h e 
exper imental results show the r emova l of 25 0 ( 3 ) a n d 13 0 ( 4 ) atoms. 

Interpretat ion of these results shows that for the ultrastable Y sieve, 
l i t t le or no cat ionic species are needed to balance the f ramework charges. 
T h e above reactions ( F i g u r e 4, Steps 2 a n d 3 of React ion I I I ) w o u l d 
result i n 15 S i 0 4 " a n d 26 A 1 0 4 " groups i n the f ramework w h i c h w o u l d 
be ba lanced b y the 42 S i 0 3

+ groups per unit ce l l created b y the loss of 
the 42 oxygen atoms. T h i s mater ia l w o u l d have more of a L e w i s a c i d 
surface rather than a Bronsted a c i d type a n d rehydroxy lat ion is not 
achieved easily. T h e format ion of p redominant ly L e w i s a c i d a n d base 
sites w o u l d exp la in the l o w i on exchangeabi l i ty observed b y M c D a n i e l 
a n d M a h e r i n this mater ia l . 

B y repeated a m m o n i u m sulfate treatments at 100 ° C a n d h igh - t em
perature ca lc inat ion at 870 ° C , i t is conceivable that eventual ly a major i ty 
of the a l u m i n u m can be removed. H o w e v e r , to give stabi l i ty to the struc
ture, i t is l og i ca l that transport of s i l i ca f rom another port ion of the sam
ple should occur. T h e results of these 2 phenomena are dep i c ted b y the 
structure f ou n d for the h igh -s i l i ca Y sample s tud ied (Structure I V ) . T h e 
absence of approx imate ly 12 0 ( 3 ) atoms means that 12 S i 0 3

+ groups must 
be present. H e n c e , it is possible that there are s t i l l approx imate ly 12 
a l u m i n u m atoms per un i t c e l l present i n the framework. T h e close agree
ment of the average ( S i , A l ) - 0 b o n d of 1.610 (8 ) A to the value of 1.603 
A g iven b y Jones for a pure S i - O b o n d supports the remova l of a m a 
jority of the f ramework a l u m i n u m . T h e occupancy factor of u n i t y for 
the f ramework tetrahedral sites indicates that these sites must have been 
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ref i l led b y s i l i con atoms. Since these reactions were per formed under 
h y d r o t h e r m a l condit ions w h i c h fac i l i tate the transport of s i l i ca (14), 
these suppositions are qui te reasonable. C h e m i c a l analyses show that 
the ultrastable Y mater ia l , h igh -s i l i ca Y , a n d a m m o n i u m - a l u m i n u m Y a l l 
have essentially the same s i l i ca a n d a l u m i n a content. T h i s indicates that 
the t h e r m a l treatments have caused the removed a l u m i n u m to f o r m some 
type of inso luble , p o l y m e r i c a l u m i n a c o m p o u n d w h i c h w o u l d not be 
removed b y the a m m o n i u m sulfate treatments at 100 ° C . 
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Discussion 

Hans Villiger ( M a r t i n s w e r k G m b H , B e r g h e i m , G e r m a n y ) : I a m 
rather p u z z l e d b y the s m a l l temperature factor of 0 3 w h i c h is persistent 
throughout Structures I—III. C o u l d y o u comment on this situation? 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

02
1

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 
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F . D . Hunter: I don't r e ca l l that i t was a lways the 0 3 temperature 
factor w h i c h was l ow. I do remember that i n each structure there was 
one oxygen whose temperature factor was unusua l ly l ow. Genera l l y , i n 
the structures, the first five observations h a d measured values w h i c h were 
lower than the ca lcu lated ones. T h i s is p r o b a b l y o w i n g to ext inct ion a n d 
absorpt ion. I f the data were corrected for these two factors, a l l the t e m 
perature factors p r o b a b l y w o u l d have refined into the expected values. 

D . H . Olson ( 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.) : 
T h e results reported here are the best s tructura l data to date per ta in ing 
to the s tructura l transformations o c curr ing d u r i n g the preparat ion of u l t r a -
stable faujasite. H o w e v e r , I feel the w a r n i n g presented earl ier b y J . V . 
S m i t h should be kept i n m i n d . T h e large s tandard deviations of the p o p u 
lat ion parameters w h i c h give site occupancies a n d vacancies should be 
considered w h i l e d e r i v i n g a mechanist ic p i c ture f r om the s tructural data. 

D . J . C . Yates (Esso Research C o . , L i n d e n , N . J . 07036) : T h e term 
" ca l c ina t i on " is usual ly taken to mean heat ing i n air but i t c ou ld be i m 
portant to k n o w i f static air or m o v i n g air is used. F o r instance, i f static 
air is used, then one is heat ing the zeolite i n a mixture of a m m o n i a a n d 
water w h i c h were in t roduced into the zeolite b y the a m m o n i u m sulfate 
exchange. 

F . D . Hunter : T h e heat ing was done i n a mufHe furnace. W e th ink 
that w e are s imulat ing the deep-bed condit ions descr ibed b y K e r r . 

P. K. Maher: W e have examined the ca lc inat ion treatment under 
contro l led atmospheres a n d have f ound that this static mufHe treatment 
is the same as treatment i n l o w p a r t i a l pressure steam. 

J . B. Uytterhoeven ( U n i v e r s i t y L e u v e n , 3030 Hever lee , B e l g i u m ) : 
I n Structures I a n d I I , the presence of hydroxyls on S-III positions is 
postulated; i n Structures I I I a n d I V , hydroxyls be long ing to A I O ( O H ) 
on Site I I are shown. D o y o u have in frared or other data w h i c h demon
strate a different nature for these hydroxyls? 

J . Scherzer: Since we can expect that O H groups attached to n o n -
f ramework a l u m i n u m w i U absorb i n the same general reg ion of the I R 
spectrum where absorpt ion bands of s tructural h y d r o x y l groups of f a u 
jasite-type zeolites occur, their identi f icat ion w o u l d be diff icult because 
of possible b a n d over lapping . T h i s is true especial ly for materials w i t h 
Structure I I I a n d I V since we have f ound that their I R spectra show a 
rather b r o a d b a n d i n the 3600 c m " 1 region. 

G . T . Kerr ( 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 . ) : 
I n your paper y o u said, " M c D a n i e l a n d M a h e r reported a decrease i n 
the i o n exchange capaci ty of 'decationated ' Y sieves. I n v i e w of our re 
sults, this decrease p r o b a b l y results f rom the r emova l of f ramework a l u 
m i n u m , w h i c h was subsequently ion-exchanged b y the sod ium or si lver 
ions used i n their experiments ." I can find no th ing i n the M c D a n i e l a n d 
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M a h e r paper where they showed remova l of a l u m i n u m f rom the zeolite 
b y i on exchange. Please c lar i fy this point . 

F . D . Hunter : I th ink w e said " p r o b a b l y " this occurred. H o w e v e r , 
w e th ink that our Structure I I I provides the answer to the l o w ion-ex
changeabi l i ty w h i c h M c D a n i e l a n d M a h e r observed. 

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) : A m b s 
a n d F l a n k were somewhat misquoted i n your paper w h e n i t stated that 
faujasite stabi l i ty was c l a i m e d b y us to be dependent only on sod ium 
leve l . W e c l a i m e d that a continuous d i s t r ibut ion of materials existed 
whose relat ive properties are a funct ion of sod ium level . T h i s v i e w was 
more c learly def ined a n d discussed i n an exchange of letters i n a recent 
issue of / . Catalysis. W e recognize the existence of differences i n degree 
rather than differences i n k i n d . 

Structure I ( N a , A l Y ) is c l a i m e d unstable at h igher temperatures. 
W e prepared a number of samples of this type a n d f ound them to be 
general ly qui te stable, w i t h collapse temperatures higher than 950°C. 
W e d idn ' t use "Step 3" at a l l . Perhaps you get degradat ion at 8 1 0 ° -
927° because y o u used a p a r t i a l "Step 3" compr is ing br ie f exchange. 

S i l i ca transport under hydro thermal conditions is c i ted to support 
some mechanist ic postulations regard ing Structure I V . W h y should the 
explanat ion for the occupancy factor i n Structure I V be qual i tat ive ly 
different than for Structure I I , since Structure I V only rece ived an i n 
tensification of the treatment g iven Structure II? T h e type of h y d r o -
thermal environment present can have an important bear ing on this s i l i ca 
transport phenomenon. I n v i e w of your use of a m m o n i u m sulfate, d i d 
y o u i n fact achieve the conditions for transport c i ted b y W y a r t and 
Sabatier? R e s i d u a l sulfate w o u l d be expected to be quite persistent i n 
such a system. A further po int regard ing Structure I V is that we have 
f o u n d that the latt ice parameter is a smooth funct ion of the degree of 
calc inat ion severity, so that i t might be expected to be smaller than the 
lattice parameter for Structure I I I on that basis alone. 

F . D . Hunter : Y o u have several questions w h i c h I w i l l t ry to answer. 
I th ink y o u are compar ing Structure I I a n d Structure I V . These structures 
are quite different. Structure I I resulted f rom a 540 ° C ca lc inat ion a n d 
then a rehydrat ion o w i n g to the a m m o n i u m sulfate treatment. Structure 
I V resulted f rom repeated 100 ° C a m m o n i u m sulfate exchanges a n d c a l 
c inat ion at 870 °C . Hence , y o u are t r y i n g to compare a hydra ted sieve to 
a ca l c ined or dehydrated one. A l so , since the f ramework a luminums are 
st i l l miss ing i n Structure I I I , they should be miss ing i n I I . 
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Zeolites in Sedimentary Deposits of 

the United States—A Review 

RICHARD A. SHEPPARD 
U. S. Geological Survey, Federal Center, Denver, Colo. 80225 

Zeolites are among the most common authigenic silicate 
minerals in sedimentary deposits, occurring in rocks that are 
diverse in age, lithology, and depositional environment. 
Zeolites are particularly common in those sedimentary rocks 
that originally contained abundant silicic vitric material. Of 
the more than 30 naturally occurring zeolites, only 6 com
monly occur in bedded deposits: analcime, chabazite, cli
noptilolite, erionite, mordenite, and phillipsite. Most zeolites 
in sedimentary rocks formed during diagenesis by reaction 
of vitric material with interstitial water. The formation of 
zeolites is favored by a relatively high pH and high activities 
of alkali ions in the interstitial water. The zeolites, except 
analcime, formed directly from the silicic glass by a solu
tion-precipitation mechanism. Most analcime formed dur
ing later diagenesis from alkalic, silicic zeolite precursors. 

*~Teolites are among the most c o m m o n authigenic sil icate minerals that 
^ occur i n sedimentary rocks. T h e y have f o rmed i n rocks that are d i 
verse i n l i thology , age, a n d deposi t ional environment, as s u m m a r i z e d b y 
H a y (48). A u t h i g e n i c zeolites are especial ly c o m m o n i n those Cenozo i c 
sedimentary rocks that or ig ina l ly contained s i l i c i c v i t r i c mater ia l . N e a r l y 
monominera l i c beds of zeolite are k n o w n f r o m m a n y areas of the U n i t e d 
States, but most zeol i t i c sedimentary rocks consist of 2 or more zeolites 
as w e l l as c lay minerals , s i l i ca minerals , feldspars, a n d searlesite of a u t h i 
genic or ig in . Zeo l i t i c rocks also c o m m o n l y conta in re l i c t v i t r i c m a t e r i a l 
a n d pyrogenic or detr i ta l grains. 

Zeolites have been recognized i n sedimentary deposits since 1891, 
w h e n M u r r a y a n d R e n a r d (89) descr ibed ph i l l ips i t e i n deep-sea deposits. 
H o w e v e r , p r i o r to the early 1950's, most zeolite occurrences were re 
por ted f rom fracture- a n d vesicle-f i l l ings i n igneous rocks, par t i cu lar ly 

279 
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280 MOLECULAR SIEVE ZEOLITES 1 

T a b l e I . Occurrences of 

Locality 
No., 

Figure 1 Locality 

1 N e a r V a u g h n , Cascade 
C o u n t y , M o n t . 

2 N e a r T w i n Creek , B e a r 
L a k e C o u n t y , Idaho 

3 N e a r Gros Ventre R i v e r , 
T e t o n C o u n t y , W y o . 

4 N e a r D u b o i s , F r e m o n t 
C o u n t y , W y o . 

5 N e a r L a n d e r , F r e m o n t 
C o u n t y , W y o . 

6 N e a r Thermopo l i s , H o t 
Springs C o u n t y , W y o . 

7 N e a r H y a t t v i l l e , B i g H o r n 
C o u n t y , W y o . 

8 S o u t h F o r k of the Powder R i v e r , 
N a t r o n a C o u n t y , W y o . 

9 N e a r Casper , N a t r o n a 
C o u n t y , W y o . 

10 N e a r L y s i t e M o u n t a i n , H o t 
Springs C o u n t y , W y o . 

11 Beaver R i m , F r e m o n t 
C o u n t y , W y o . 

12 N e a r Green R i v e r , Sweetwater 
C o u n t y , W y o . 

13 N e a r L u d l o w , H a r d i n g 
C o u n t y , S. D . 

14 C a t h e d r a l B lu f f s , R i o B l a n c o 
C o u n t y , C o l o . 

15 N e a r Piceance Creek , R i o 
B l a n c o C o u n t y , Co l o . 

16 A n v i l Po in ts , Gar f ie ld 
C o u n t y , Co l o . 

17 A l o n g Piceance Creek , about 
20 miles west of M e e k e r , 
R i o B l a n c o C o u n t y , C o l o . 

18 L o n e Tree M e s a , M o n t r o s e 
C o u n t y , Co l o . 

19 N e a r S l i ck R o c k , S a n M i g u e l 
C o u n t y , C o l o . 

20 N e a r V e r n a l , U i n t a h 
C o u n t y , U t a h 
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22. SHEPPARD Zeolites in Sedimentary Deposits 281 

A n a l c i m e i n Sed imentary R o c k s 

Occurrence References 

Siltstone a n d sandstone i n the T a f t H i l l M e m b e r of (146) 
the B lack lea f F o r m a t i o n of Cretaceous age a n d 
tuff i n the Bootlegger M e m b e r of the B lack lea f 
F o r m a t i o n of Cretaceous age 

Tuf f i n the T w i n Creek Limestone of Jurassic age W) 

Ocher ool it ic beds i n the Popo Ag ie M e m b e r of (66) 
the Chugwater F o r m a t i o n of Tr iass ic age 

Ocher ool it ic beds i n the Popo Ag ie M e m b e r of (57, 66) 
the Chugwater F o r m a t i o n of Tr iass ic age 

Ocher ool it ic beds i n the Popo Ag ie M e m b e r of (57, 66) 
the Chugwater F o r m a t i o n of Tr iass ic age 

P u r p l e a n d ocher un i t s of the Popo Ag ie M e m b e r (57) 
of the Chugwater F o r m a t i o n of Tr iass i c age 

Benton i t e i n the M o w r y Shale of Cretaceous age (128) 

Benton i te i n the M o w r y F o r m a t i o n of Cretaceous (128) 

age 
Benton i te i n the M o w r y F o r m a t i o n of Cretaceous (128) 

age 
Tuf f i n the Tepee T r a i l F o r m a t i o n of Eocene (W) 

age 
Tuf f i n the W a g o n B e d F o r m a t i o n of Eocene (7) 

age 
(10, 61) Tuf f i n the Green R i v e r F o r m a t i o n of Eocene (10, 61) 

age 
L i g n i t e i n the upper member of the Tongue (104) 

R i v e r F o r m a t i o n of Paleocene age 
Tuf f i n the Green R i v e r F o r m a t i o n of Eocene (9) 

age 
(131, 132) O i l shale i n the G r een R i v e r F o r m a t i o n of (131, 132) 

Eocene age 
O i l shale i n the Green R i v e r F o r m a t i o n of (50) 

Eocene age 
Tuf f i n the Parachute Creek M e m b e r of the (m 

Green R i v e r F o r m a t i o n of Eocene age 

Tuffaceous mudstone i n the B r u s h y B a s i n M e m b e r (68) 
of the M o r r i s o n F o r m a t i o n of Jurassic age 

Tuffaceous mudstone i n the B r u s h y B a s i n M e m b e r (US) 
of the M o r r i s o n F o r m a t i o n of Jurassic age 

Ocher ool it ic beds i n the C h i n l e F o r m a t i o n of (67) 
Triass i c age 
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282 MOLECULAR SIEVE ZEOLITES 1 

T a b l e I . 

Locality 
No., 

Figure 1 Locality 

21 W h i t e R i v e r C a n y o n , U i n t a h 
C o u n t y , U t a h 

22 N e a r T w o W a t e r Creek , 
U i n t a h C o u n t y , U t a h 

23 N e a r Duchesne, Duchesne 
C o u n t y , U t a h 

24 N e a r C u r r a n t , N y e 
C o u n t y , N e v . 

25 N e v a d a Test Si te , N y e 
C o u n t y , N e v . 

26 Teels M a r s h , M i n e r a l 
C o u n t y , N e v . 

27 N e a r S i lver Peak , E s m e r a l d a 
C o u n t y , N e v . 

28 Deep Springs L a k e , Inyo 
C o u n t y , C a l i f . 

29 Saline V a l l e y , I n y o 
C o u n t y , C a l i f . 

30 Owens L a k e , I n y o C o u n t y , 
C a l i f . 

31 L a k e Tecopa , I n y o 
C o u n t y , C a l i f . 

32 Searles L a k e , S a n Bernard ino 
C o u n t y , C a l i f . 

33 M o j a v e Desert , eastern K e r n 
C o u n t y and S a n Bernard ino 
C o u n t y , C a l i f . 

34 N e a r De lano , K e r n 
C o u n t y , C a l i f . 

35 N e a r W i k i e u p , M o h a v e 
C o u n t y , A r i z . 

36 M a g g i e C a n y o n , M o h a v e 
C o u n t y , A r i z . 

37 N e a r Horseshoe Reservo ir , 
M a r i c o p a C o u n t y , A r i z . 

38 N e a r E l o y , P i n a l C o u n t y , 
A r i z . 

39 W i l l c o x P l a y a , Cochise 
C o u n t y , A r i z . 

40 A l o n g San S i m o n Creek , 
Cochise and G r a h a m 
Count ies , A r i z . 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

02
2

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



22. SHEPPARD Zeolites in Sedimentary Deposits 283 

C o n t i n u e d 

Occurrence References 

Tuf f i n the Green R i v e r F o r m a t i o n of Eocene (9) 
age 

Tuf f i n the Parachute Creek M e m b e r of the Green (13) 
R i v e r F o r m a t i o n of Eocene age 

D o l o m i t i c o i l shale of the G r e e n R i v e r F o r m a t i o n (80) 
of Eocene age 

Tuf f i n Horse C a m p F o r m a t i o n of Miocene and (86) 
Pliocene age 

Tuf f a n d l a p i l l i tuff of T e r t i a r y age (58, 59, 60) 

Tuf f i n lacustrine deposit of Quaternary age (16, 47, 48) 

Tuf f i n the E s m e r a l d a F o r m a t i o n of M i o c e n e and (82, 100) 
Pliocene age 

Sal ine crusts of Holocene age (62) 

M u d of Holocene age (44) 

Tuf f a n d tuffaceous sediments of Pleistocene age (47, 48) 

Tuf f i n lacustrine rocks of Pleistocene age (120) 

Tuf f and mudstone of Quaternary age (49} 130) 

Tuf f a n d mudstone of late T e r t i a r y and (2, 27, 90, 
Quaternary age 118, 129) 

P o n d series soil (4) 

Tuf f i n u n n a m e d lacustrine format ion of Pl iocene 002, 103, 
age 116) 

Sandstone of the C h a p i n W a s h F o r m a t i o n of (73) 
Pliocene (?) age 

Tuf f i n the Verde F o r m a t i o n of Pliocene(?) or (117) 
Pleistocene age 

S i l t y c lay stone of late T e r t i a r y age (6) 

M u d s t o n e of Pleistocene age (92) 

Tuf f i n unnamed lacustrine f ormat ion of late (96, 107) 
Cenozoic age 
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284 MOLECULAR SIEVE ZEOLITES 1 

T a b l e I . 

Locality 
No., 

Figure 1 Locality 

41 N e a r N u t r i o s o , Apache 
C o u n t y , A r i z . 

42 N e a r R e d W a s h , S a n J u a n 
C o u n t y , Ν. M . 

43 A b o u t 2.5 miles southeast 
of Senorito , Sandova l 
C o u n t y , Ν. M . 

44 W i c h i t a M o u n t a i n s , K i o w a 
C o u n t y , O k l a . 

45 N e a r T e r l i n g u a , Brewster 
C o u n t y , T e x . 

46 N e a r Y a r d l e y , B u c k s 
C o u n t y , P a . 

47 N e a r F r e n c h t o w n , H u n t e r d o n 
C o u n t y , N . J . 

48 N e a r Pursg love , M o n o n g a l i a 
C o u n t y , W . V a . 

basalt ic rocks. O f the more than 350 p u b l i s h e d reports that describe 
zeolites i n sedimentary rocks throughout the w o r l d , about 7 5 % were 
p u b l i s h e d i n the 1960s. T h e factors chiefly responsible for this recent 
surge of reports are : (1 ) the w idespread use of x-ray p o w d e r di f fract ion 
techniques i n the study of fine-grained sedimentary rocks, ( 2 ) the ex
p lorat ion for zeol ite deposits suitable for c o m m e r c i a l use, a n d (3 ) the 
r ev i ew papers b y C o o m b s a n d others (18) a n d Deffeyes (22), b o t h of 
w h i c h emphas ized the w idespread a n d re lat ive ly c o m m o n occurrences 
of zeolites i n sedimentary rocks. 

T h i s report summarizes the chemistry a n d p h y s i c a l properties of 
those zeolites f r om sedimentary deposits of the conterminous U n i t e d 
States a n d brief ly describes the ir occurrence a n d or ig in . E x c l u d e d f r o m 
this discussion are those zeolites i n sedimentary rocks that resul ted f r o m 
low-grade metamorph i sm (17) or h y d r o t h e r m a l ac t iv i ty (29, 136). 

Description and Occurrence of Authigenic Zeolites 

O f the more than 30 n a t u r a l zeolites, on ly 6 c ommonly occur i n sedi 
mentary deposits. These are analc ime, chabazite , c l inopt i lo l i te , erionite, 
mordenite , a n d ph i l l ips i te . T h e zeolites are very finely crystal l ine a n d 
have s imi lar op t i ca l a n d p h y s i c a l propert ies ; therefore, x-ray p o w d e r 
di f fract ion techniques general ly are used for the ir identi f ication. 
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22. SHEPPARD Zeolites in Sedimentary Deposits 285 

Continued 

Occurrence References 

Sandstone i n u n n a m e d format ion of T e r t i a r y age (155) 

Tuffaceous mudstone of the B r u s h y B a s i n M e m b e r (68) 
of the M o r r i s o n F o r m a t i o n of Jurassic age 

Sil iceous tuff i n the B r u s h y B a s i n M e m b e r of the (109) 
M o r r i s o n F o r m a t i o n of Jurassic age 

A r k o s e i n the Tepee Creek F o r m a t i o n of P e r m i a n (δ, 77, 78) 
age 

B l a c k t a r r y shale of late Mesozo ic or early (79) 
T e r t i a r y age 

A r g i l l i t e i n the L o c k a t o n g F o r m a t i o n of Tr iass i c (14®, 143, 
age 145) 

A r g i l l i t e i n the L o c k a t o n g F o r m a t i o n of Tr iass i c (141 > 14®, 
age 143, 145) 

Concre t i on i n the P i t t s b u r g h coal bed of the (33) 
M o n o n g a h e l a F o r m a t i o n of P e n n s y l v a n i a n age 

Analcime. A n a l c i m e is one of the more abundant zeolites o ccurr ing 
i n sedimentary rocks. A n a l c i m e has an i d e a l f o r m u l a of N a A l S i 2 0 6 · H 2 0 , 
but the analc ime of sedimentary rocks is general ly more siliceous. M o s t 
analc ime i n sedimentary rocks is unsuitable for c h e m i c a l analysis because 
of abundant inclusions of c lay minerals , fe ldspar, or opal . T h e compos i 
t ion of these analcimes can, however , be in ferred f r om their index of 
refract ion or c e l l d imens ion , u t i l i z i n g the data of Saha (105, 106) for 
synthetic analcimes. B o t h the index of refract ion a n d the a c e l l d imens ion 
decrease w i t h increasing S i / A l ratio . Coombs a n d W h e t t e n ( 19 ) s tudied 
analcimes f r om v a r ^ s sedimentary rock units throughout the w o r l d a n d 
determined a range i n S i / A l ratio of about 2.0-2.8. Subsequent studies 
have shown a s imi lar range i n composi t ion for analcimes i n certain 
lacustrine formations of the western U n i t e d States. F o r example, analc ime 
i n tuffs of the M i o c e n e Bars tow F o r m a t i o n of southeastern C a l i f o r n i a 
shows a range i n S i / A l ratio of about 2.2-2.8 (123), a n d analc ime i n tuffs 
of the Eocene G r e e n R i v e r F o r m a t i o n of southwestern W y o m i n g shows 
a range of about 2.0-2.9 (61). T h e meager chemica l data suggest that 
analc ime f r o m sedimentary rocks contains only minor amounts of cations 
other than sod ium. 

Since the discovery of analc ime i n the G r e e n R i v e r F o r m a t i o n (8) 
a n d i n lacustrine tuffs near W i k i e u p , A r i z . (102), analc ime has been 
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286 MOLECULAR SIEVE ZEOLITES 1 

reported i n sedimentary rocks that are diverse i n age, l i thology , a n d 
sedimentary environment ( T a b l e I , F i g u r e 1 ) . A n a l c i m e occurs i n rocks 
that range i n age f r om Pennsy lvan ian to Ho locene , but i t is especial ly 
c o m m o n relat ive to other zeolites i n rocks of Mesozo i c age, p a r t i c u l a r l y 
those older than Cretaceous. Sal ine lacustrine deposits, regardless of age, 
very c ommonly contain analc ime. E x c e p t for occurrences i n the Tr iass ic 
L o c k a t o n g F o r m a t i o n of N e w Jersey a n d Pennsy lvan ia (145) a n d the 
Pennsy lvan ian M o n o n g a h e l a F o r m a t i o n of W e s t V i r g i n i a (33), analc ime 
is restr icted to sedimentary rocks of the western U n i t e d States. A n a l c i m e , 
u n l i k e other zeolites i n sedimentary rocks, does occur i n rocks that lack 
evidence of vo l canic mater ia l . A n a l c i m e is apparent ly a c o m m o n con
stituent of saline, a lkal ine soils such as those of southern C a l i f o r n i a ( 4 ) . 

C h a b a z i t e . C h a b a z i t e has an i d e a l f o rmula of C a 2 A l 4 S i 8 0 2 4 " 1 2 H 2 0 , 
but natura l chabazites s h o w considerable var ia t ion i n cat ion content a n d 
S i / A l + F e 3 + rat io ( F i g u r e 2 ) . Idea l chabazite has a S i / A l + F e 3 + rat io 
of 2, but chabazite f r om sedimentary rocks has a S i / A l + F e 3 + rat io of 
about 3.2-3.8. C h a b a z i t e a n d herschelite ( a sodic var ie ty of chabaz i te ) 
f r om mafic vo l can ic rocks general ly have a S i / A l + F e 3 + rat io near 2. 
T h e sedimentary chabazites general ly have alkalis i n excess of a lkal ine 
earths a n d sod ium greatly i n excess of potassium. Regis a n d Sand (96), 
however , have descr ibed a calc ic sedimentary chabazite f r o m south
eastern A r i z o n a . A l t h o u g h some workers have t e rmed these sodic a n d 
siliceous sedimentary chabazites "herschel ite , " the name herschelite 
should p r o b a b l y be restr icted to sodic chabazites that have a S i / A l + F e 3 + 

ratio near 2. W h a t distinguishes the sedimentary chabazites f r om chaba-

Figure 1. Map showing the occurrences of analcime in sedimentary rocks 
in the United States. Data for localities are given in Table I. 
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0.75h 

0 .50h 

0.25h 

Figure 2. Plot showing the composi
tional variation of chabazite 

Φ Chabazite (and herschelite) from mafic 
igneous rocks 

Ο Chabazite from tuff in the lacustrine 
Barstow Formation. 

zite a n d herschelite of igneous rocks is not the cat ion content b u t the h i g h 
S i / A l + F e 3 + rat io ( 40 ) . 

Indices of refract ion a n d ce l l dimensions of chabazite f r om sedi 
mentary rocks are lower than those for chabazite f r om nonsedimentary 
rocks. Sedimentary chabazite commonly shows a range i n the mean 
index of refract ion of about 1.46-1.47, whereas chabazite a n d herschelite 
f rom igneous rocks show a range of about 1.47—1.49. A siliceous chaba 
zite f r om a lacustrine tuff i n the B a r s t o w F o r m a t i o n of C a l i f o r n i a (40) 
has re lat ive ly s m a l l c e l l dimensions that g ive a c e l l vo lume about 2 - 3 % 
smaller than t y p i c a l a luminous chabazite . T h u s , the l o w indices of re 
fract ion a n d smal l ce l l dimensions of sedimentary chabazite seem to 
correlate w i t h its h i g h s i l i con content. 

C h a b a z i t e was u n k n o w n f r o m sedimentary deposits p r i o r to its d is 
covery b y H a y (47) i n tuffs a n d tuffaceous clays at O l d u v a i Gorge , 
T a n z a n i a . Since then, authigenic chabazite has been recognized i n s i l i c i c 
tuffs f rom A r i z o n a , C a l i f o r n i a , N e v a d a , a n d W y o m i n g ( T a b l e I I , F i g u r e 
3 ) . M o s t of the occurrences are i n lacustrine rocks of late C e n o z o i c age. 
There are no reported occurrences of chabazite i n rocks older t h a n 
Eocene i n the U n i t e d States. M o n o m i n e r a l i c beds of chabazite are rare , 
but extensive a n d near ly pure beds have been reported f r o m lacustrine 
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Locality 
No., 

Figure 3 

2 

3 

4 

6 

7 

8 

9 

10 

11 
12 

13 

14 

15 

16 

17 

Table II. Occurrences of Chabazite, Erionite, 

Locality Zeolites 

N e a r Bearbones M o u n t a i n , M o r d e n i t e 
L a n e C o u n t y , Ore. 

V i c i n i t y of Stein 's P i l l a r , M o r d e n i t e 
C r o o k C o u n t y , Ore . 

N e a r D u r k e e , B a k e r C o u n t y , E r i o n i t e 
Ore . 

N e a r R o m e , M a l h e u r C o u n t y , E r i o n i t e , 
Ore . mordenite , 

phi l l ips i te 
Wes t face of H a r t M o u n t a i n , M o r d e n i t e , 

L a k e C o u n t y , Ore . phi l l ips i te 

N e a r H a r n e y L a k e , H a r n e y E r i o n i t e , 
C o u n t y , Ore . phi l l ips i te 

Beaver R i m , F r e m o n t Chabaz i te , 
C o u n t y , W y o . erionite, 

phi l l ips i te 
N e a r S p l i t R o c k , N a t r o n a P h i l l i p s i t e 

C o u n t y , W y o . 
N e a r Green R i v e r , Sweetwater M o r d e n i t e 

C o u n t y , W y o . 

N e a r M u d B u t t e s , B u t t e Ph i l l i ps i t e 
C o u n t y , S. D . 

Sheep M o u n t a i n T a b l e , E r i o n i t e 
Shannon C o u n t y , S. D . 

N e a r Creede, M i n e r a l M o r d e n i t e 
C o u n t y , C o l o . 

P i n e V a l l e y , E u r e k a E r i o n i t e , 
C o u n t y , N e v . phi l l ips i te 

W e s t flank of the Shoshone E r i o n i t e 
Range , L a n d e r C o u n t y , 
N e v . 

Reese R i v e r , L a n d e r C o u n t y , E r i o n i t e 
N e v . 

Jersey V a l l e y , Persh ing E r i o n i t e , 
C o u n t y , N e v . phi l l ips i te 

N e a r Love lock , Persh ing M o r d e n i t e 
C o u n t y , N e v . 
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22. SHEPPARD Zeolites in Sedimentary Deposits 289 

M o r d e n i t e , a n d P h i l l i p s i t e i n Sed imentary R o c k s 

Occurrence References 

Tuf f a n d l a p i l l i tuff i n the (85, 91) 
L i t t l e B u t t e Vo l can i c Series 
of Oligocène and M i o c e n e age 

Tuf f i n the J o h n D a y F o r m a t i o n (150) 
of Oligocène a n d M i o c e n e age 

Tuf f of T e r t i a r y age (24, 135) 

Tuf f a n d tuffaceous sandstone (26, 95, 
i n a n unnamed lacustrine 121, 137) 
f o rmat ion of Pl iocene age 

Tuf f a n d tuffaceous sedimentar j ' (148) 
rocks of late Oligocène or 
early Miocene age 

Tuf f a n d tuffaceous sedimentary (14$) 
rocks i n the D a n f o r t h F o r m a t i o n 
of Pl iocene age 

Tuf f i n the W a g o n B e d F o r m a t i o n (7, 144) 
of Eocene age 

Tuf f i n the Moonstone F o r m a t i o n (74) 
of Pl iocene age 

Tuf f i n the T i p t o n Shale M e m b e r (38) 
of the Green R i v e r F o r m a t i o n 
of Eocene age 

Benton i te i n the G a m m o n (112) 
Ferruginous M e m b e r of the 
Pierre Shale of Cretaceous age 

Tuf f i n the A r i k a r e e F o r m a t i o n (22) 
of Miocene age 

Tuf f i n the W i n d y G u l c h M e m b e r (94) 
of the Bachelor M o u n t a i n 
R h y o l i t e of Oligocène age 

Tuf f i n the H a y R a n c h F o r m a t i o n (22, 97) 
of Pl iocene a n d Pleistocene age 

Tuf f i n u n n a m e d lacustrine (23) 
f o rmat ion of Pl iocene age 

Tuf f i n unnamed lacustrine (23) 
f o rmat ion of Pl iocene age 

Tuf f i n u n n a m e d lacustr ine (23) 
f o rmat ion of Pl iocene age 

Tuf f i n unnamed lacustrine (108) 
f o rmat ion of late T e r t i a r y age 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

02
2

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



290 MOLECULAR SIEVE ZEOLITES—I 

T a b l e I I . 

Locality 
No., 

Figure 3 Locality Zeolites 

18 N e a r Copper V a l l e y , M o r d e n i t e 
C h u r c h i l l C o u n t y , N e v . 

19 N e a r Eastgate , C h u r c h i l l E r i o n i t e 
C o u n t y , N e v . 

20 Teels M a r s h , M i n e r a l P h i l l i p s i t e 
C o u n t y , N e v . 

21 N e a r S i lver Peak , E s m e r a l d a M o r d e n i t e , 
C o u n t y , N e v . phi l l ips i te 

22 N e v a d a Test S i te , N y e Chabaz i t e , 
C o u n t y , N e v . mordenite 

23 Owens L a k e , Inyo C o u n t y , E r i o n i t e , 
C a l i f . phi l l ips i te 

24 L a k e Tecopa , I n y o C o u n t y , Chabaz i te , 
C a l i f . erionite, 

phi l l ips i te 
25 Searles L a k e , S a n Bernard ino Ph i l l i p s i t e 

C o u n t y , C a l i f . 
26 M o j a v e Desert , eastern K e r n Chabaz i te , 

C o u n t y and S a n Bernard ino erionite, 
C o u n t y , C a l i f . mordenite. 

phi l l ips i te 
27 N e a r N i p o m o , S a n L u i s M o r d e n i t e 

Obispo C o u n t y , C a l i f . 
28 U n i o n Pass, M o h a v e C o u n t y , M o r d e n i t e 

A r i z . 

29 N e a r W i k i e u p , M o h a v e Chabaz i te , 
C o u n t y , A r i z . erionite, 

phi l l ips i te 
30 N e a r Horseshoe Reservoir , E r i o n i t e , 

M a r i c o p a C o u n t y , A r i z . phi l l ips i te 

31 N e a r M o r e n c i , Greenlee M o r d e n i t e 
C o u n t y , A r i z . 

32 N e a r B e a r Springs, G r a h a m Chabaz i te , 
C o u n t y , A r i z . erionite, 

phi l l ips i te 
33 A l o n g S a n S i m o n Creek , Chabaz i te , 

Cochise and G r a h a m erionite 
Count ies , A r i z . 
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22. SHEPPARD Zeolites in Sedimentary Deposits 291 

C o n t i n u e d 

Occurrence References 

Tuf f i n unnamed lacustrine (117) 
f o rmat ion of late T e r t i a r y age 

Tuf f i n unnamed lacustrine (122) 
f ormat ion of late T e r t i a r y age 

Tuf f i n lacustrine deposit of (16, 47, 48) 
Quarternary age 

Tuf f i n the E s m e r a l d a F o r m a t i o n (82, 83, 
of M i o c e n e and Pliocene age 100) 

Tuf f a n d l a p i l l i tuff of T e r t i a r y (58, 59, 60) 
age 

Tuf f a n d tuffaceous sediments (47, 48) 
of Pleistocene age 

Tuf f and tuffaceous rocks of (120) 
Pleistocene age 

Tuf f of Quaternary age (49, 130) 

Tuf f a n d tuffaceous rocks of late (40,118, 
T e r t i a r y and Quaternary age 123) 

Tuf f i n the Obispo F o r m a t i o n of (42, 138) 
M i o c e n e age 

Tuf f a n d l a p i l l i tuff i n the (39) 
Golden D o o r Vo lcanics of 
T e r t i a r y age 

Tuf f i n unnamed lacustrine (116) 
f o rmat ion of Pl iocene age 

Tuf f i n the Yerde F o r m a t i o n of (117) 
Pliocene (?) or Pleistocene age 

Tuf f a n d l a p i l l i tuff i n unnamed (116) 
f o rmat ion of T e r t i a r y age 

Tuf f i n unnamed lacustrine (117) 
f o rmat ion of late Cenozoic age 

Tuf f i n unnamed lacustrine (96, 107) 
f o rmat ion of late Cenozoic age 
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292 MOLECULAR SIEVE ZEOLITES 1 

Figure 3. Map showing occurrences of chabazite, erionite, mordenite, and 
phillipsite in sedimentary rocks in the United States. Data for localities are 

given in Table II. 

tuffs a long the San S i m o n C r e e k i n southeastern A r i z o n a (96) a n d near 
W i k i e u p i n northwestern A r i z o n a (116). 

C l i n o p t i l o l i t e . C l i n o p t i l o l i t e is a member of the heulandite struc
t u r a l group. A l t h o u g h there is s t i l l some disagreement on the d ist inct ion 
between these closely re lated zeolites, most workers agree that c l inopt i l o 
l i te is the S i - r i c h ( 56, 88 ) a n d a l k a l i - r i c h ( 76 ) member . T h e compositions 
of c l inopt i lo l i te a n d heulandi te f r om various rock types are represented 
i n F i g u r e 4. E x c e p t for s l ight over lap i n the S i / A l + F e 3 + a n d N a + K / 
N a + Κ + C a + M g ratios, plots of the compositions cluster into 2 
groups. H e u l a n d i t e character ist ical ly has a N a + K / N a + Κ + C a + M g 
ratio less than 0.5 a n d a S i / A l + F e 3 + rat io near 3. M o s t c l inopti lo l i tes 
have a N a + K / N a + Κ + C a + M g rat io greater than 0.6 a n d range i n 
S i / A l + F e 3 + rat io f r o m about 4.0 to 5.0. T h e c l inopti lo l i tes f r om sedi 
mentary rocks show a range i n S i / A l + F e 3 + rat io of about 4.1-5.6. 
S o d i u m is the predominant cat ion i n most c l inopt i lo l i tes ; however , potassic 
c l inopt i lo l i tes are k n o w n f r o m C a h f o r n i a (124) a n d Japan (81). T h e few 
c l inopt i lo l i tes that have a N a + K / N a + K + C a + M g ratio less than 
0.6 are ca lc i c specimens f r o m vo lcanic rocks i n B u l g a r i a (71) a n d 
I ta ly (1). 

Indices of re fract ion a n d t h e r m a l treatment have been used to d is 
t inguish c l inopt i lo l i te f r om heulandite . M a s o n a n d S a n d (76) suggested 
that c l inopt i lo l i te can be ident i f ied b y a β index of re fract ion of 1.485 or 
l ower a n d that heulandi te can be ident i f ied b y a β index of 1.488 or 
h igher . H e u l a n d i t e is thermal ly unstable above about 250°C, whereas 
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22. SHEPPARD Zeolites in Sedimentary Deposits 293 

c l inopt i lo l i te is stable to 750°C or h igher (88, 115) . H o w e v e r , some 
members of the heulandite s t ructura l group f r om sedimentary rocks 
d isp lay anomalous op t i ca l properties a n d t h e r m a l behavior a n d cannot 
be classified convenient ly as c l inopt i lo l i te or heulandi te (46,114). 

T h e o r i g ina l descr ipt ion of chnopt i lo l i te is of mater ia l f r o m a m y g 
dales i n a basalt ic rock f r om W y o m i n g (93, 110). Subsequent occur
rences of c l inopt i lo l i te have been reported chiefly f r o m sedimentary 
rocks, especial ly those or ig ina l ly r i c h i n s i l i c i c v i t r i c mater ia l . C l i n o p t i l o 
l i te is the zeolite most often reported f rom sedimentary rocks i n recent 
years, a n d i t occurs i n m a n y rock types f r om lacustrine, fluviatile, a n d 
mar ine environments ( T a b l e I I I , F i g u r e 5 ) . A l t h o u g h c l inopt i lo l i te is 
most abundant i n rocks of Cenozo i c age, i t has been reported f r o m rocks 
as o l d as Cretaceous i n M o n t a n a , South D a k o t a , a n d W y o m i n g . O c c u r 
rences of chnopt i lo l i te are especial ly c o m m o n i n the western U n i t e d 
States. C l i n o p t i l o l i t e is also a c o m m o n and , l oca l ly , abundant constituent 
i n the T e r t i a r y sedimentary rocks of the Coas ta l P l a i n f r o m southeastern 
Texas to N o r t h C a r o l i n a a n d n o r t h w a r d to western K e n t u c k y ( F i g u r e 5 ) . 

E r i o n i t e . E r i o n i t e is general ly a lka l i c a n d has a S i / A l + F e 3 + rat io of 
about 2.9-3.7. M o s t ana lyzed specimens show a re lat ive ly h i g h content 
of potassium, a l though erionites w i t h s od ium i n excess of potassium are 
reported (122). T h e only ca lc i c erionite reported is a spec imen f r o m 

Si/AI + F e + 3 

Figure 4. Plot showing the compositional variation 
of clinoptilolite and heulandite 

Ο Clinoptilolite from sedimentary rocks 
A Clinoptilolite from volcanic rocks 
# Heulandite from igneous rocks 
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294 MOLECULAR SIEVE ZEOLITES—I 

Table III. Occurrences of 

Locality 
No., 

Figure 5 Locality 

1 N e a r V a u g h n , Cascade 
C o u n t y , M o n t . 

2a N e a r L i v i n g s t o n , P a r k 
C o u n t y , M o n t . 

3 N e a r Preston , F r a n k l i n 
C o u n t y , Idaho 

4 N e a r R e n t o n , K i n g 
C o u n t y , W a s h . 

5 N e a r Bearbones M o u n t a i n , 
L a n e C o u n t y , Ore . 

6 N e a r Stein 's P i l l a r , C r o o k 
C o u n t y , Ore. 

7 N e a r Deep Creek , Wheeler 
C o u n t y , Ore . 

8 N e a r the P a i n t e d H i l l s , 
Wheeler C o u n t y , Ore. 

9 Sucker Creek, M a l h e u r 
C o u n t y , Ore. 

10 N e a r Sheavi l le , M a l h e u r 
C o u n t y , Ore . 

11 N e a r R o m e , M a l h e u r 
C o u n t y , Ore. 

12 E a s t face of Steens M o u n t a i n , 
H a r n e y C o u n t y , Ore . 

13 N e a r H a r n e y L a k e , H a r n e y 
C o u n t y , Ore . 

14 West face of H a r t M o u n t a i n , 
L a k e C o u n t y , Ore. 

15 N e a r Pedro , W e s t o n C o u n t y , 
W y o . 

16 N e a r L y s i t e M o u n t a i n , H o t 
Springs C o u n t y , W y o . 

yja Snake R i v e r C a n y o n , L i n c o l n 
C o u n t y , W y o . 

18 Beaver R i m , F r e m o n t C o u n t y , 
W y o . 

19 N e a r C a m e r o n Spr ing on 
Beaver R i m , F r e m o n t 
C o u n t y , W y o . 

20 N e a r Sp l i t R o c k , N a t r o n a 
C o u n t y , W y o . 
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Clinoptilolite in Sedimentary Rocks 

Occurrence References 

Tuf f a n d tuffaceous siltstone and sandstone i n (15, 34, 
the T a f t H i l l , V a u g h n , and Bootlegger M e m b e r s 
of the B lack lea f F o r m a t i o n of Cretaceous age 

Tuffaceous mudstone, si ltstone, and sandstone i n (99, 127) 
the L i v i n g s t o n G r o u p of Cretaceous age 

Tuf f i n the Salt L a k e G r o u p of late T e r t i a r y age (22) 

Sandstone a n d conglomerate i n unnamed mar ine (87) 
f ormat ion of Oligocène age 

Tuf f a n d l a p i l l i tuff i n the L i t t l e B u t t e Vo l can i c (85, 91) 
Series of Oligocène and M i o c e n e age 

Tuf f i n the J o h n D a y F o r m a t i o n of Oligocène (150) 
and Miocene age 

Tuf f i n the lower par t of the J o h n D a y F o r m a t i o n (31, 32, 
of Oligocène a n d Miocene age 154) 

Tuf f and claystone i n the lower par t of the J o h n (45, 46) 
D a y F o r m a t i o n of Oligocène and Miocene age 

Tuf f and tuffaceous sandstone i n the Sucker (72) 
Creek F o r m a t i o n of Miocene age 

Tuf f probab ly equivalent to part of the Sucker (125) 
Creek F o r m a t i o n of Miocene age 

T u f f a n d tuffaceous sandstone i n unnamed (95, 121, 
lacustrine f ormat ion of Pl iocene age 137) 

Tuf f i n the P i k e Creek F o r m a t i o n of Oligocène (?) (147) 
and Miocene age 

Tuf f and tuffaceous sedimentary rocks i n the (148) 
D a n f o r t h F o r m a t i o n of Pliocene age 

Tuf f and tuffaceous sedimentary rocks of late (149) 
Oligocène or early Miocene age 

Benton i te i n the Pierre Shale of Cretaceous age (11) 

Tuf f i n the Tepee T r a i l F o r m a t i o n of Eocene 
age 

Shale i n the A s p e n F o r m a t i o n of Cretaceous age 

(74) Tuf f i n the Tepee T r a i l F o r m a t i o n of Eocene 
age 

Shale i n the A s p e n F o r m a t i o n of Cretaceous age (51) 

Tuf f i n the W a g o n B e d F o r m a t i o n of Eocene age (7, 144) 

Tuffaceous sandstone i n the W h i t e R i v e r (144) 
F o r m a t i o n of Oligocène age 

Tuf f i n the Moonstone F o r m a t i o n of Pl iocene age (74) 
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T a b l e I I I . 

Locality 
No., 

Figure δ Locality 

21 N e a r Green R i v e r , Sweetwater 
C o u n t y , W y o . 

22 N e a r T w i n B u t t e s , Sweetwater 
C o u n t y , W y o . 

23 N e a r C h a m b e r l a i n , Buf fa lo 
C o u n t y , S. D . 

24 Sheep M o u n t a i n T a b l e , 
Shannon C o u n t y , S. D . 

25 N e a r V e r m i l l i o n Cl i f f s , 
M o f f a t C o u n t y , C o l o . 

26 N e a r Creede, M i n e r a l 
C o u n t y , C o l o . 

27 N e a r M o u n t a i n Green , 
M o r g a n C o u n t y , U t a h 

28 N o r t h e r n par t of the 
M a r k a g u n t P l a t e a u , 
I r o n C o u n t y , U t a h 

29 N e a r E l k o , E l k o C o u n t y , 
N e v . 

30 N e a r C a r l i n , E u r e k a 
C o u n t y , N e v . 

31 West flank of the Shoshone 
Range , L a n d e r C o u n t y , 
N e v . 

32 Reese R i v e r , L a n d e r 
C o u n t y , N e v . 

33 Jersey V a l l e y , Persh ing 
C o u n t y , N e v . 

34 N e a r Love lo ck , Persh ing 
C o u n t y , N e v . 

35 N e a r Eastgate , C h u r c h i l l 
C o u n t y , N e v . 

36 Teels M a r s h , M i n e r a l 
C o u n t y , N e v . 

37 N e a r S i lver P e a k , E s m e r a l d a 
C o u n t y , N e v . 

38 N e a r Go ld f i e ld , E s m e r a l d a 
C o u n t y , N e v . 

39 N e v a d a Test Site , N y e 
C o u n t y , N e v . 
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C o n t i n u e d 

Occurrence References 

Tuf f i n the T i p t o n Shale M e m b e r of the Gre en (38) 
R i v e r F o r m a t i o n of Eocene age 

Tuf f a n d tuffaceous sandstone i n the B r i d g e r (117) 
F o r m a t i o n of Eocene age 

Benton i te i n the Sharon Springs M e m b e r of the (112) 
Pierre Shale of Cretaceous age 

Tuf f i n the A r i k a r e e F o r m a t i o n of Miocene age (111) 

Tuf f i n the B r i d g e r F o r m a t i o n of Eocene age (39) 

Tuf f i n the W i n d y G u l c h M e m b e r of the Bache lor (94) 
M o u n t a i n R h y o l i t e of Oligocène age 

Tuf f i n the Sal t L a k e G r o u p of T e r t i a r y age (117) 

Tuffaceous sandstone of Oligocène and M i o c e n e (?) (8) 
age 

O i l shale i n unnamed format ion of Oligocène age (22) 

Tuf f i n the Safford C a n y o n F o r m a t i o n of (22, 97) 
01igocene(?) or Miocene(?) age and the 
C a r l i n F o r m a t i o n of Pl iocene age 

Tuf f i n unnamed lacustrine f ormat ion of Pl iocene (23) 
age 

Tuf f i n unnamed lacustrine format ion of Pl iocene (23) 
age 

Tuf f i n unnamed lacustrine format ion of Pl iocene (23) 
age 

Tuf f i n u n n a m e d lacustrine f ormat ion of late (117) 
T e r t i a r y age 

Tuf f i n unnamed lacustrine f ormat ion of late (117) 
T e r t i a r y age 

Tuf f i n lacustrine deposit of Quaternary age (16, 47, 48) 

Tuf f i n the E s m e r a l d a F o r m a t i o n of Miocene (82, 83, 
a n d Pliocene age 100) 

Tuffaceous sandstone i n the Siebert F o r m a t i o n (84) 
of Miocene (?) age 

Tuf f a n d l a p i l l i tuff of T e r t i a r y age (20, 36, 58, 
59, 60) 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

02
2

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



298 MOLECULAR SIEVE ZEOLITES 1 

T a b l e I I I . 

Locality 
No., 

Figure δ Locality 

40 N e a r B u l l f r o g H i l l s , N y e 
C o u n t y , N e v . 

41 D e a t h V a l l e y , I n y o 
C o u n t y , C a l i f . 

42 L a k e Tecopa , I n y o 
C o u n t y , C a l i f . 

43 Owens L a k e , Inyo 
C o u n t y , C a l i f . 

44 M o j a v e Desert , eastern K e r n 
C o u n t y a n d S a n Bernard ino 
C o u n t y , C a l i f . 

45 N e a r Branc i for te Creek , 
S a n t a C r u z C o u n t y , C a l i f . 

46 N e a r N i p o m o , S a n L u i s Obispo 
C o u n t y , C a l i f . 

47* N e a r O a k v i e w , V e n t u r a 
C o u n t y , C a l i f . 

48 N e a r San Pedro , L o s Angeles 
C o u n t y , C a l i f . 

49 N e a r W i k i e u p , M o h a v e 
C o u n t y , A r i z . 

50 N e a r D o m e , Y u m a C o u n t y , 
A r i z . 

51 N e a r Horseshoe Reservoir , 
M a r i c o p a C o u n t y , A r i z . 

52 N e a r N u t r i o s o , Apache 
C o u n t y , A r i z . 

53 N e a r M o r e n c i , Greenlee 
C o u n t y , A r i z . 

54 A l o n g San S i m o n Creek, 
Cochise and G r a h a m 
Count ies , A r i z . 

55 N e a r B a y a r d , G r a n t C o u n t y , 
Ν. M . 

56 N e a r C o y C i t y , K a r n e s 
C o u n t y , T e x . 

57 N e a r T i l d e n , M c M u l l e n 
C o u n t y , T e x . 

58 N e a r M e r i d i a n , Lauderda le 
C o u n t y , M i s s . 

59 N e a r Net t l eboro , C l a r k e 
C o u n t y , A l a . 
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C o n t i n u e d 

Occurrence References 

Tuf f of T e r t i a r y age (20) 

Tuf f i n the Furnace Creek F o r m a t i o n of Pl iocene (75) 
age 

Tuf f i n lacustrine rocks of Pleistocene age (120) 

Tuf f a n d tuffaceous sediments of Pleistocene age (47, 48) 

Tuf f a n d tuffaceous rocks i n numerous formations (2, 70, 
of late T e r t i a r y a n d Quaternary age 118, 119, 

123) 
Tuffaceous sandstone i n the S a n t a M a r g a r i t a (37) 

F o r m a t i o n of M i o c e n e age 
Tuf f i n the Obispo F o r m a t i o n of M i o c e n e age (11, 138) 

Benton i te i n the M o d e l o F o r m a t i o n of M i o c e n e (69) 
age 

D o l o m i t i c sandstone i n the M o n t e r e y F o r m a t i o n (134) 
of Miocene age 

Tuf f i n unnamed lacustrine format ion of Pl iocene (116) 
age 

Benton i te of Ter t iary ( ? ) age (11) 

Tuf f i n the Verde F o r m a t i o n of Pliocene(?) or (117) 
Pleistocene age 

Tuf f and sandstone i n unnamed format ion of (155) 
T e r t i a r y age 

Tuf f a n d l a p i l l i tuff i n unnamed format ion of (116) 
T e r t i a r y age 

Tuf f i n unnamed lacustrine format ion of late (96, 107) 
Cenozoic age 

Tuf f i n the Sugar lump Tuf f of Oligocène age (65) 

Tuf f a n d tuffaceous sandstone i n the Jackson (151, 152) 
G r o u p of Eocene age 

Tuf f i n the Jackson G r o u p of Eocene age (25) 

Tuffaceous sandstone i n the M e r i d i a n S a n d of (153) 
Eocene age 

Tuffaceous sandstone i n the M e r i d i a n S a n d of (153) 
Eocene age 
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T a b l e I I I . 

Locality 
No., 

Figure 5 Locality 

60 N e a r M c K e n z i e , B u t l e r 
C o u n t y , A l a . 

61 N e a r P a d u c a h , M c C r a c k e n 
C o u n t y , K y . 

6 2 a N e a r Jackson , M a d i s o n 
C o u n t y , T e n n . 

6 3 a N e a r C a r y v i l l e , W a s h i n g t o n 
C o u n t y , F l a . 

64 N e a r Coosawhatchie , Jasper 
C o u n t y , S. C . 

65 C e n t r a l S. C . 

66 N e a r Ε w a r d , Beaufor t 
C o u n t y , N . C . 

Figure 5. Map showing the occurrences of clinoptilolite in sedimentary 
rocks in the United States. Data for hcalities are given in Table III. 

basalt near M a z e , Japan (43). F e r r i c i r on seems to substitute for a l u m i 
n u m i n some sedimentary erionites, as w e l l as i n other zeolites f r o m 
sedimentary rocks. A n analysis of erionite f r om lacustrine tuff near 
Rome , O r e g o n (26), suggests that ferr ic i r o n can substitute for as m u c h 
as 1 5 % of the a l u m i n u m . 
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Continued 

Occurrence References 

Tuf f and tuffaceous c lay stone i n the T a l l a h a t t a (98) 
F o r m a t i o n of Eocene age 

C lays tone i n the C l a y t o n (?) F o r m a t i o n of (30, 133) 
Paleocene age and c lay i n the Porters Creek 
C l a y of Paleocene age 

Fossi l i ferous rock of Paleocene age (139) 

Suwanee L imestone of Oligocène age (139) 

C l a y i n the H a w t h o r n F o r m a t i o n of Miocene age (55) 
and the Santee L imestone of Eocene age 

M u d s t o n e i n the B l a c k M i n g o F o r m a t i o n of (54) 
Paleocene a n d Eocene age 

Phosphor i te i n the Pungo R i v e r F o r m a t i o n of (14, 101) 
Miocene age 

a Zeolite was identified as heulandite. 

A decrease i n the indices of refract ion a n d c e l l dimensions of erionite 
can be correlated w i t h an increase i n the S i / A l + F e 3 + rat io (122). I n 
dices of refract ion show a range of about 1.46-1.48, but most erionites 
f rom sedimentary deposits have indices i n the lower part of the range. 
E r i o n i t e shows about a 1% decrease i n ce l l vo lume f rom the most a l u m i 
nous ana lyzed spec imen to the most siliceous specimen. 

E r i o n i t e was considered an extremely rare m i n e r a l pr i o r to the w o r k 
of Deffeyes (22, 23) a n d Régnier (97), w h o showed it to be a c o m m o n 
authigenic zeolite i n the altered s i l i c i c tuffs of lacustrine deposits i n 
north-central N e v a d a . Since then, erionite has been recognized i n s i l i c i c 
b e d d e d tuffs f rom m a n y western states ( T a b l e I I , F i g u r e 3 ) . E r i o n i t e , 
l ike chabazite , has not been reported f rom sedimentary rocks older than 
Eocene . M o s t occurrences of erionite are i n upper Cenozo i c lacustrine 
deposits. Extens ive a n d re lat ive ly pure beds of erionite occur i n south
eastern Oregon , southeastern C a l i f o r n i a , a n d north-central N e v a d a . 

Mordenite. M o r d e n i t e has been confused w i t h c l inopt i lo l i te or heu 
landite i n sedimentary rocks because of the s imi lar i ty i n chemistry a n d 
indices of refract ion (18, 126). X - r a y diffractometer techniques, f o r tu 
nately, are adequate for posit ive identi f ication. Mordeni tes f r om non -
sedimentary rocks show a range i n S i / A l -f- F e 3 + ratio of about 4.3-5.3 
a n d general ly show an excess of alkal is over a lkal ine earths. S o d i u m is 
general ly greatly i n excess of potassium. T h e re lat ive ly l o w potass ium 
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302 MOLECULAR SIEVE ZEOLITES 1 

content is about the only chemica l parameter that distinguishes mordenite 
f r om c l inopt i lo l i te . T h e only reported analyzed mordenite f r om a sedi 
mentary rock is f r o m a s i l i c i c tuff i n the Bars tow F o r m a t i o n of C a l i f o r n i a 
(123) . T h i s mordenite is t y p i c a l l y sodic a n d has a S i / A l - j - F e 3 + rat io 
of about 4.7. 

Indices of re fract ion for nonsedimentary mordenites range f r om 
about 1.47 to 1.49 (21 ) . T h e mordenites f rom sedimentary rocks c o m 
m o n l y have indices i n the l ower part of this range. 

M o r d e n i t e was recognized only recently as a rock - forming const i tu
ent of sedimentary deposits i n the U n i t e d States. I n 1964, mordenite was 
reported f r om tuffaceous rocks of C a l i f o r n i a (118) a n d N e v a d a (83 ) . 
Since then, occurrences of mordenite have been recorded f rom Cenozo i c 
tuffs i n m a n y of the western states ( T a b l e I I , F i g u r e 3 ) . A l t h o u g h 
mordenite occurs i n lacustrine rocks, most occurrences are i n rocks f rom 
other depos i t ional environments. C l i n o p t i l o l i t e a n d o p a l are c ommonly 
associated w i t h mordenite i n the sedimentary deposits. 

P h i l l i p s i t e . Ph i l l i p s i t e shows a w i d e var iat ion i n S i / A l + F e 3 + rat io 
a n d cat ion content, a l though i t is consistently h i g h i n potassium content. 
T h e compositions of ph i l l ips i te f r om various rock types are represented i n 
F i g u r e 6. O n the basis of S i / A l + F e 3 + rat io , the phi l l ips i tes can be 
classed into 3 groups that show some overlap. T h e least siliceous group 
is f r om nonsedimentary rocks a n d is character ized b y a S i / A l + F e 3 + 

ratio of 1.3-2.4. Phi l l ips i tes of this group general ly contain a h igher 
percentage of a lkal ine earths than those of the other 2 groups; some 
specimens have a lkal ine earths (chief ly c a l c i u m ) i n excess of a lkal is . A n 
intermediate group has a S i / A l -f- F e 3 + rat io of 1.9-2.8, but most speci 
mens are i n the range of 2.4-2.8. These phi l l ips i tes are f rom deep-sea 
sediments a n d are characterist ical ly r i c h i n alkal is . T h e most siliceous 
group has a S i / A l - f F e 3 + ratio of 2.6-3.4, but most specimens have a 
S i / A l + F e 3 + rat io greater t h a n 3.0. These phi l l ips i tes are f r o m tuffs i n 
saline lacustrine deposits. L i k e the mar ine phi l l ips i tes , these lacustrine 
phi l l ips i tes are r i c h i n a lkal is ; however , the 2 groups differ i n the pre 
dominant a l k a l i . M a r i n e phi l l ips i tes general ly have potassium i n excess 
of sod ium, whereas lacustrine phi l l ips i tes have sod ium i n excess of 
potassium. H a y (47) has suggested that ferr ic i r o n m a y substitute for 
about 5 % of the a l u m i n u m i n ph i l l ips i te f rom lacustrine deposits. 

Indices of refract ion for ph i l l ips i te range f r om about 1.44 to 1.51 a n d 
seem to v a r y inversely w i t h the S i / A l + F e 3 + ratio (47). Indices of the 
re lat ive ly a luminous nonsedimentary phi l l ips i tes are 1.48—1.51 (21); 
indices of the intermediate mar ine phi l l ips i tes are 1.48-1.49; a n d indices 
of the siliceous lacustrine phi l l ips i tes are 1.44-1.48. Ph i l l i p s i t e f r o m 
lacustrine sedimentary rocks is c ommonly zoned a n d shows a difference 
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Figure 6. Plot showing the composi
tional variation of phillipsite 

Ο Phillipsite from saline lacustrine deposits 
+ Phillipsite from deep-sea deposits 
# Phillipsite from mafic igneous rocks 

i n index of refract ion of as m u c h as 0.02 between the interior a n d m a r g i n a l 
parts of crystals. 

P h i l l i p s i t e was f o u n d long ago i n deposits on the sea floor ( 89 ) . 
Since the discovery b y Deffeyes (22) of ph i l l ips i t e i n lacustrine tuffs of 
N e v a d a , this zeolite has been reported c ommonly as a rock - f o rming con
stituent i n tuffaceous rocks of the western U n i t e d States ( T a b l e I I , 
F i g u r e 3 ). Ph i l l i p s i t e occurs i n sedimentary rocks that range i n age f r o m 
Cretaceous to Holocene , but it is especial ly c o m m o n i n lacustr ine deposits 
of late Cenozo i c age, par t i cu lar ly those deposits of sal ine, a lka l ine lakes. 
Extensive a n d re lat ive ly pure beds of ph i l l ips i t e are reported f r o m south
eastern Oregon , southeastern C a l i f o r n i a , a n d N e v a d a . 

Genesis of Zeolites 

M o s t zeolites i n sedimentary rocks f o rmed d u r i n g diagenesis b y the 
react ion of a luminos i l i cate materials w i t h the pore water . S i l i c i c v o l 
canic glass is the a luminos i l i cate mater ia l that most c o m m o n l y served 
as a precursor for the zeolites, a l though materials such as c lay 
minerals , plagioclase, leucite , a n d nephel ine also have reacted l oca l ly to 
f o rm zeolites (48). So lut ion of s i l i c i c glass b y the pore water p r o v i d e d 
the constituents necessary for the format ion of the zeolites. Deffeyes 
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(22) emphas ized that zeolites f o rmed d u r i n g diagenesis—not b y de
v i tr i f i cat ion of the glass i n the so l id state but b y solut ion of the glass a n d 
subsequent prec ip i ta t ion of zeolites f r o m the solution. E x c e p t for ana l 
c ime, a l l the zeolites i n sedimentary deposits that have not been deeply 
b u r i e d or exposed to h y d r o t h e r m a l solutions seem to have f o rmed d irec t ly 
f r o m v i t r i c matr ia l . T h e genesis of analc ime may invo lve an intermediate 
step, as descr ibed i n the f o l l o w i n g discussion. 

E x p e r i m e n t a l w o r k b y others indicates that the act iv i ty rat io of 
a l k a l i ions to hydrogen ions a n d the act iv i ty of s i l i ca are the major c h e m i 
c a l parameters of the pore water that contro l whether c lay minerals , 
zeolites, or feldspars w i l l f o rm at condit ions that approximate surface 
temperatures a n d pressures (35, 52, 53). T h e format ion of zeolites a n d 
feldspars is favored over c lay minerals b y re lat ive ly h i g h a l k a l i i on to 
hydrogen i on act iv i ty ratios a n d b y re lat ive ly h i g h s i l i ca activit ies. 

T h e h i g h a l k a l i i on to hydrogen i on act iv i ty rat io necessary for the 
format ion of zeolites i n a s i l i c i c v i t r i c tuff or tuffaceous sediment can be 
s i m p l y characterist ic of the o r ig ina l water t rapped d u r i n g sedimentat ion 
i n a saline, a lkal ine lake. B r i n e of s o d i u m carbonate -b i carbonate compo
sit ion seems to have been par t i cu lar ly effective i n the alteration of s i l i c i c 
glass to zeolites. These brines c ommonly have a p H of 9 -10 ( 63, 64), 
w h i c h p r o b a b l y accounts for the re lat ive ly h i g h so lub i l i ty of the glass as 
w e l l as the re lat ive ly fast rate of solut ion of the glass (47). F r o m a study 
of v i t r i c tuffs i n Teels M a r s h , Nev . , H a y (48) c onc luded that zeolites i n 
the uppermost tuff f o rmed i n less than 1000 years. 

Studies of tuffs deposited i n re lat ive ly y o u n g saline lakes where 
water analyses are avai lable have s h o w n a strong correlat ion between 
sal in i ty a n d the authigenic si l icate minera logy (47, 48). Tuffaceous 
sediments deposited i n fresh lakes contain unaltered glass or glass altered 
to c lay minerals , chiefly montmor i l l on i te . Those tuffaceous sediments 
deposited i n saline lakes are altered a n d n o w contain zeolites, potassium 
feldspar, a n d searlesite. T h e occurrence of authigenic fe ldspar a n d 
searlesite correlates w i t h waters of the highest salinities. 

O l d e r lacustrine deposits that contain in terbedded saline minerals 
also show a correlat ion between the in ferred sa l in i ty of the deposit ional 
environment a n d the authigenic minera logy of tuffaceous sediments. I n 
the Pleistocene deposits of L a k e Tecopa , C a l i f . (120), glass is unal tered 
i n tuff deposited i n fresh water near the lake shore a n d inlets ; however , 
the tuffs consist chiefly of ph i l l ips i te , c l inopt i lo l i te , a n d erionite where 
deposited i n moderate ly saline water a n d of potassium feldspar a n d 
searlesite where deposited i n the h i g h l y saline water of the centra l part 
of the basin . I n d i v i d u a l tuffs show a lateral gradat ion i n a b a s i n w a r d 
d irect ion of unaltered glass to zeolites a n d then to potassium feldspar 
w i t h searlesite. A s imi lar correlat ion between sal inity a n d authigenic 
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sil icate minera logy has been demonstrated for M i o c e n e Bars tow F o r m a 
t ion of C a l i f o r n i a (123) a n d the Eocene G r e e n R i v e r F o r m a t i o n of 
W y o m i n g (38,48). 

Pore water i n tuffs a n d tuffaceous sediments of deposi t ional env i ron 
ments other than saline, a lkal ine lakes can attain a h i g h a l k a l i i o n to 
hydrogen i on act iv i ty rat io after b u r i a l through solution a n d hydrolys is 
of the v i t r i c mater ia l b y subsurface water. H a y (46) proposed solution 
a n d hydrolys is of rhyo l i t i c a n d dac i t i c glass b y subsurface water to 
account for the format ion of c l inopt i lo l i te i n tuff a n d tuffaceous claystone 
i n the lower part of the John D a y F o r m a t i o n i n central Oregon . T h e 
upper part of the format ion contains unal tered glass or montmori l loni te . 
T h e subsurface water , w h i c h or ig inated f rom meteoric water , increased 
i n p H a n d concentration of alkal is as i t m o v e d d o w n w a r d through the 
formation. T h u s , c l inopt i lo l i te f o rmed at the depth i n the f ormat ion 
where the a l k a l i i on to hydrogen i on act iv i ty rat io was highest. I n zeo l i t i c 
rocks of the John D a y F o r m a t i o n a n d i n s imi lar zeolite deposits, mont 
mor i l l on i te p robab ly crysta l l i zed before the zeolite. T h e early alterat ion 
of glass to montmori l lon i te w o u l d probab ly increase the p H a n d concen
trat ion of alkal is i n the pore water , thereby p r o v i d i n g a chemica l env iron
ment more favorable for the format ion of zeolites. H a y (48) suggested 
that this early alteration of glass to montmor i l lon i te is an important factor 
for the subsequent crysta l l i zat ion of zeolites i n tuffs deposited i n mar ine 
a n d fresh-water environments. 

Zeol ite deposits that f o rmed b y the above mechanism commonly 
show a ver t i ca l zonat ion of authigenic si l icate minerals s imi lar to that i n 
the John D a y F o r m a t i o n . T e r t i a r y tuffs at the N e v a d a Test Site i n 
southern N e v a d a were altered after b u r i a l b y subsurface water (59 ) , but 
the authigenic m i n e r a l zonat ion is more complex than that i n the John 
D a y F o r m a t i o n . T h e upper zone consists of unaltered glass w i t h l o ca l 
concentrations of chabazite or c lay minerals . Zeo l i t i c tuff continues 
d o w n w a r d for as m u c h as 6000 feet. A zone r i c h i n c l inopt i lo l i te under 
lies the zone of unal tered glass a n d is succeeded d o w n w a r d b y zones 
r i c h i n mordenite a n d analc ime, respectively. 

E v e r since the discovery of analc ime i n tuffaceous rocks, most w o r k 
ers have assumed that the analc ime formed d irec t ly f rom v i t r i c mater ia l . 
T h e presence of v i troc last ic texture a n d pyrogenic crystals i n some ana l -
c i m i c tuffs seemed sufficient evidence; however , these cr i ter ia do not 
necessarily prove that the glass altered d i rec t ly to analc ime. H a y (48) 
a n d Sheppard a n d G u d e ( 123 ) c onc luded f rom a study of tuffs i n sal ine-
lake deposits that analc ime commonly f o rmed f rom a lka l i c , s i l i c i c zeolite 
precursors. F o r m a t i o n of analc ime f rom c l inopt i lo l i te a n d ph i l l ips i te was 
documented i n tuffs of the M i o c e n e Barstow F o r m a t i o n . Re l i c t fresh 
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glass has not been conf irmed i n ana l c imic tuffs f r o m any area; thus, there 
is doubt that analc ime ever has f o rmed d irec t ly f r om glass. 

T h e a lka l i c , s i l i c i c zeolites that occur i n tuffaceous sedimentary rocks 
w o u l d seem to be par t i cu lar ly susceptible to alteration i n the diagenetic 
environment because of their open structure. C h e m i c a l factors that favor 
the react ion of ear ly - formed a lka l i c , s i l i c i c zeolites to analc ime are a h i g h 
N a + / H + rat io , re lat ive ly l o w act iv i ty of H 2 0 , re lat ive ly l o w act iv i ty of 
S i O o , a n d h i g h p H . Studies of zeol i t i c tuffs i n sal ine-lake deposits such 
as the Eocene G r e e n R i v e r F o r m a t i o n (38, 48) a n d the M i o c e n e Bars tow 
F o r m a t i o n (123) suggest that a moderate ly to h i g h l y saline pore water 
facilitates the conversion of a lka l i c , s i l i c i c zeolites to analc ime d u r i n g 
later diagenesis. A re lat ive ly h i g h sa l in i ty w o u l d reduce the act iv i ty of 
H o O a n d favor the format ion of a m i n e r a l less hydrous than c l inopt i lo l i te 
or ph i l l ips i t e (48,123) . 

A n a l c i m e i n some nontuffaceous saline-lake deposits p r o b a b l y f o rmed 
b y direct prec ip i ta t ion f r om the lake water . T h e analc ime i n the Tr iass ic 
L o c k a t o n g F o r m a t i o n either prec ip i tated d i rec t ly or f o rmed at an early 
stage of diagenesis f rom a co l l o ida l precursor or aluminosi l i cate m i n e r a l 
(141, 145). A t L a k e N a t r o n , K e n y a , analc ime i n Quaternary nontuffa-
ceous clays was prec ip i tated f r om a sod ium carbonate br ine ( 48 ) . A 
sod ium aluminosi l i cate ge l was recently f ound at L a k e M a g a d i , K e n y a 
(28). A n a l c i m e cou ld f o rm d u r i n g diagenesis b y crysta l l i zat ion of such 
a gel. A n a l c i m e i n other nontuff aceous lacustrine rocks apparent ly f o rmed 
d u r i n g diagenesis b y react ion of plagioclase, montmor i l l on i te , or kaol in i te 
w i t h the pore water (49, 92). 
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Discussion 

L . B. Sand (Worcester Po ly technic Institute, Worcester , Mass . 01609) : 
Please define authigenic as used relevant to the or ig in of zeolites i n these 
deposits. 

R. A . Sheppard: A u t h i g e n i c refers to those minerals that crysta l l i zed 
i n sedimentary rocks after deposit ion of the or ig ina l detr i ta l grains. G e n 
eral ly , the zeolites c rysta l l i zed after b u r i a l of the enclosing rock. T h e 
d e p t h of b u r i a l p r o b a b l y ranged f rom mi l l imeters to several thousand feet. 
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Clinoptilolite from Japan 

HIDEO MINATO and MINORU UTADA 

Institute of Earth Science and Astronomy, College of General Education, 
University of Tokyo, Komaba, Megro-ku, Tokyo, Japan 

In Japan, clinoptilolite is the commonest zeolite formed from 
altered pyroclastics. Four modes of occurrence have been 
found, replacement of vitric materials and precipitation in 
interstitial voids being predominant. By chemical analyses, 
clinoptilolite is classified into 3 types, Ca-, Νa-, and K-type. 
In a ternary diagram of Ca(Mg), Na, and K, the field of 
clinoptilolite is not overlapped by that of heulandite. The 
x-ray powder profiles of clinoptilolites resemble that of 
heulandite, but their thermal behavior differs. When heated 
to 250°C, heulandite changes to heulandite-B; this transition 
is not observed in clinoptilolite. Furthermore, the thermal 
behavior of Ca-clinoptilolite differs from alkali-clinoptilolite. 
This may be attributed to the difference of dehydration be
tween Ca-clinoptilolite and alkali-clinoptilolite, which seems 
to depend on the atomic ratio of Ca and alkalies. 

Clinoptilolite was named by Schaller (6) as a new mineral of the 
mordenite group, but Hey and Bannister (I) concluded that "cli

noptilolite" was merely high-silica heulandite. Recently, Mumpton (5) 
redefined clinoptilolite as a high-silica member of the heulandite group. 
Mason and Sand (2), however, contend that the differences between 
clinoptilolite and heulandite do not lie in the content of Si, but of Na 
and K. We describe the mode of occurrence of clinoptilolite in Tertiary 
acidic tuffs in Japan and discuss the difference between clinoptilolite and 
heulandite on the basis of several mineralogical studies. 

As shown in Figure 1, clinoptilolite seems to be concentrated in the 
Greeii Tuff Region, which is so named because of the green-color altered 
pyroclastics. In the Paleo-Setouchi Region, clinoptilolite is recognized 
commonly. Apart from these Neogene systems, some occurrences of this 
zeolite have been reported from the Paleogene through Cretaceous 
systems. 
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Figure I . Distribution of clinoptilolite in 
Japan 

T h e f o l l o w i n g 4 modes of occurrence have been found , w i t h (a ) 
be ing predominant . 

( a ) Rep lacement of v i t r i c materials a n d prec ip i ta t ion i n interst i t ia l 
spaces. V i t r i c materials rep laced b y c l inopt i lo l i te are most f requent ly 
rhyo l i t i c through dac i t i c , a l though sometimes they are andesitic . There 
are cases of complete replacement, a n d other cases i n w h i c h unal tered 
v i t r i c materials r e m a i n , w i t h m a n y intermediate stages. O n the other 
h a n d , as is observed t y p i c a l l y i n the Paleo-Setouchi sediments, some oc
currences show layers of zeo l i t i zed tuff a n d fresh tuff alternately over
l a p p e d i n the ver t i ca l d irect ion . T h e o r ig ina l texture is preserved i n large 
measure, but the extent of preservation depends o n the degree of zeo-
l i t i za t i on . W h e r e c l inopt i lo l i te replaces v i t r i c materials , microcrysta l l ine 
or cryptocrysta l l ine aggregates general ly are f ound , w i t h wel l -preserved 
texture. 

( b ) C e m e n t a t i o n of elastics. T h i s does not appear to be different 
f r om prec ip i ta t i on i n interst i t ia l spaces i n terms of or ig in . E v e n i f no 
v i t r i c materials can be detected, there is no deny ing , as far as the geology 
of J a p a n is concerned, the re lat ion to the o r ig ina l v i t r i c materials . 
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Table I. Chemical Analyses of Clinoptilolites 

Shizuma (S) Itaya (I) Futatsui (F) 

Wt. Mol. Wt. Mol. Wt. Mol. 
% prop. % prop. % prop. 

S i 0 2 65.17 1.085 66.68 1.110 67.08 1.116 
T i 0 2 0.16 0.002 0.16 0.002 0.26 0.003 
A 1 2 0 3 13.38 0.131 11.30 0.110 12.00 0.118 
F e 2 0 3 1.06 0.007 0.89 0.006 0.68 0.004 
M n O none — trace — none — M g O 0.53 0.013 1.14 0.028 0.80 0.020 
C a O 3.22 0.057 1.86 0.033 0.80 0.014 
K 2 0 2.82 0.030 4.25 0.045 3.21 0.033 
N a 2 0 1.62 0.026 0.43 0.007 2.14 0.035 
H 2 0 ( + ) 6.48 0.360 9.48 0.526 8.21 0.456 
H 2 0 ( - ) 4.95 0.275 4.53 0.251 5.60 0.311 

T o t a l 99.39 100.72 100.74 

( c ) Replacement of plagioclase. G e n e r a l l y speaking, i t is rare that 
plagioclase a n d other phenocrysta l minerals contained i n zeol i te -bearing 
rocks suffer alteration. Zeo l i t i zat ion is seen, however , a long the crystal 
margins , or cleavage of plagioclase on ly i n the case of advanced zeo
l i t i zat ion . 

( d ) Segregation veins. T h o u g h i n re lat ive ly rare cases, "segregation 
ve ins" consisting of c l inopt i lo l i te are f ound , f requent ly accompanied b y 
no other coexisting minerals . N o h y d r o t h e r m a l veins have been reported. 

T h e chemica l composi t ion of c l inopt i lo l i te resembles that of h e u 
landite , b u t i t m a y be character ized as compared w i t h that of heulandite 
b y h i g h a l k a l i a n d S i content a n d l o w C a a n d A l content. T a b l e I shows 

Na 

Figure 2. Ca(+Mg)-, Να-, and K-ratios of 
clinoptilolite. Η = field of heulandite 
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314 MOLECULAR SIEVE ZEOLITES 1 

the c h e m i c a l composi t ion of specimens of c l inopt i lo l i tes f r o m J a p a n 
w h i c h are assumed to be of h i g h pur i ty . I n a ternary d i a g r a m of the 
atomic proport ions among C a ( - f - M g ) , N a , a n d K , the field of c l inopt i lo l i te 
is not over lapped b y that of heulandite , as shown i n F i g u r e 2. 

Fur thermore , x-ray p o w d e r profiles of c l inopt i lo l i te resemble those 
of heulandite , but their thermal behavior differs. H e u l a n d i t e changes 
to heu land i te -B b y heat ing 4 hours at 250°C, a n d this transi t ion is easi ly 
detected b y the changes of the pos i t ion of the (020) reflection pattern. 
T h e change appears as a shrinkage of this reflection f r o m about 8.9 to 
8.6A, a transi t ion not observed i n any c l inopt i lo l i te . 

B y c h e m i c a l analyses, as shown i n T a b l e I , c l inopt i lo l i te m a y be 
classified into 3 types, C a - , N a - , a n d K - t y p e ; N a - t y p e c l inopt i lo l i te is the 
commonest. K - t y p e c l inopt i lo l i te was first descr ibed b y M i n a t o a n d 

10 20 30 40 
2Θ 

Figure 3. X-ray powder profiles 
(Cu Ka radiation) of untreated 
clinoptilolite from Shizuma (S) 

and treated materials (Sj-SJ 
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T a k a n o (3 ) (1964) , a n d C a - t y p e c l inopt i lo l i te b y M i n a t o a n d U t a d a (4 ) 
(1968) . A N a - t y p e spec imen f r o m F u t a t s u i ( F ) , a K - t y p e one f rom Itaya 
( I ) a n d a C a - t y p e one f rom S h i z u m a ( S ) are p lo t ted i n the ternary 
d i a g r a m of C a ( + M g ) , N a , a n d Κ ( F i g u r e 2 ) . 

A difference i n thermal behavior is observed between the C a - t y p e 
c l inopt i lo l i te a n d the N a - a n d K-types . T h e temperature for the destruc
t i on of crysta l structure b y heat ing is lower i n the C a - t y p e than i n the 
N a - a n d K-types . T h e intensity of the x-ray p o w d e r patterns of the C a -
type is reduced almost to n i l b y 4-hour heat ing at 4 0 0 ° - 4 5 0 ° C , w h i l e 
w i t h the N a - a n d K - t y p e the pattern is reduced to n i l b y 4-hour heat ing 
at 700°C. 

B y immers ion i n N a C l solut ion, C a - t y p e c l inopt i lo l i te is easily changed 
to Na - type . P o w d e r e d C a - t y p e c l inopt i lo l i te w i t h smal l amounts of quartz 
a n d plagioclase f r o m S h i z u m a ( S ) was treated for 24 hours at r oom 
temperature w i t h a 5 % N a C l solution. T h e product (Si) was a N a - t y p e 
c l inopt i lo l i te . Si can be reverted to the C a - t y p e b y s imi lar treatment 
w i t h a 5 % C a C l 2 solution. T h i s product ( S 2 ) was a C a - t y p e c l inopt i lo l i te . 
T h e same treatments were repeated a n d 2 more p r o d u c t s — S 3 ( N a - t y p e ) 
a n d S 4 ( C a - t y p e ) — w e r e obta ined . T h e atomic proport ions of C a ( + M g ) , 
N a , a n d Κ i n these products Si, S 2 , S 3 , a n d S 4 are p lo t ted i n F i g u r e 2. N o 
change takes place i n the x-ray p o w d e r patterns because of these treat
ments. U n t r e a t e d mater ia l ( S ) a n d 4 treated materials (S i -S 4 ) were 
tested b y the heat ing procedures ment ioned above. X - r a y p o w d e r profiles 
of S, Si, S 2 , S 3 , a n d S 4 after 4-hour heat ing at 450 ° C are shown i n F i g u r e 
3. T h e profiles of S, S 2 , a n d S 4 are those of C a - t y p e c l inopt i lo l i te a n d Si 
a n d S 3 are Na - type . 

Fur thermore , endothermic peaks i n di f ferential t h e r m a l analyses of 
c l inopt i lo l i tes show that the dehydrat ion of C a - t y p e c l inopt i lo l i te is c o m 
p le ted at lower temperature than that of N a - a n d K-types . T h e difference 
i n the destruct ion of crystals b y heat ing m a y reflect the difference i n the 
behavior on dehydrat ion of the c l inopti lo l i tes . F r o m these facts, the 
atomic rat io of C a a n d alkalies m a y be re lated to behavior o n dehydrat i on 
a n d to the destruct ion of the crystal structure. 
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Discussion 

F. A . Mumpton (State U n i v e r s i t y Co l l ege at Brockpor t , N . Y . ) : I 
w o u l d l ike to compl iment our Japanese colleagues on the fine nature a n d 
amount of research w h i c h they have carr ied out i n recent years on sedi 
mentary zeolites, especial ly i n the area of u t i l i za t i on for w h i c h they are 
w e l l k n o w n . I hope that our indus t r ia l friends i n U n i o n C a r b i d e , W . R. 
Grace , M o b i l , a n d N o r t o n Companies take note of the size a n d scale of 
the zeol ite m i n i n g operations w h i c h y o u showed i n your slide. 

I bel ieve y o u stated that w h e n y o u sodium-exchanged heulandite , it 
showed the same t h e r m a l behavior as the n o r m a l m i n e r a l ; a n d w h e n y o u 
ca l c ium-exchanged chnopt i lo l i te , i t d i d not show a heu land i t e -heu land i t e 
Β transformation but mere ly a somewhat lower stabi l i ty than n o r m a l 
c l inopt i lo l i te . Is this correct? 

Hideo Minato: Zeol ite p roduc t i on i n Japan is 5000-6000 t / m o n t h , 
1000-1500 t f r o m F u t a t s u i a n d 4000-4500 t f r om Itaya. A f e w other 
workers p roduce 100-500 t / m o n t h . 

C h e m i c a l treatment of heulandite is the same as that of C a - c l i n o p 
t i lo l i te , a n d the s tabi l i ty of heulandite i n heat ing is lower than that of 
c l inopt i lo l i te . 

D . B. Hawkins ( U n i v e r s i t y of A l a s k a , Co l l ege , A l a s k a ) : M y observa
t i on of the h y d r o t h e r m a l behavior of exchanged c l inopt i lo l i te is perhaps 
pert inent to yours on thermal behavior . I find that c l inopt i lo l i te can be 
transformed to a B a f o r m b y exchange at 80°C . T h e hydro thermal be
hav ior of Ba - c l inopt i l o l i t e differs f r om that of the natura l c l inopt i lo l i te 
i n that the latter transforms to mordeni te at — 3 2 0 ° C a n d 15,000 ps i , 
whereas the B a f o r m does not. T h u s , the h y d r o t h e r m a l a n d t h e r m a l be
havior of c l inopt i lo l i te is pro foundly affected b y exchangeable cations. 

H . Minato: I agree w i t h you . Fur thermore , I th ink there is some 
relat ionship between the behavior of exchangeable cat ion a n d H 2 0 a n d 
( O H ) . 
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Present Status of the Zeolite Facies 

DOUGLAS S. COOMBS 

Geology Department, University of Otago, Dunedin, Ν. Z. 

Zeolite sequences originating under diagenetic, burial meta
morphic, and hydrothermal conditions are reviewed briefly. 
Some of the assemblages appear to represent equilibrium. 
The zeolite facies concept is discussed, and some possible 
mineral assemblages are analyzed. Mordenite, heulandite, 
laumontite, and wairakite facies of Seki are treated as sub
facies of a more comprehensive zeolite facies. Probable 
maximum temperatures for these and contiguous low-grade 
mineral facies when ΡH2O = Ptotal are shown on a P-T grid. 
Under other conditions, the boundaries are displaced, some
times drastically, to lower temperatures. Distinct facies 
series, depending on P / T ratios, are recognizable. Zeolites 
and other calcium aluminosilicates can be suppressed and 
replaced by clay-carbonate assemblages when μCO2 is suffi
ciently high. 

* " p h e general pattern of d i s t r ibut i on of zeolites i n several types of geo-
logic s i tuation is n o w reasonably w e l l k n o w n a n d occurrences i n 

sedimentary rocks have been rev iewed recently w i t h a large b ib l i ography 
(21). Occurrences i n joints a n d other miscel laneous situations w i l l not 
be discussed here. Important cases are: 

( 1 ) I n sediments f rom the deep ocean basins. 
(2 ) A s products of diagenesis i n nonmarine beds, i n part the product 

of react ion between glassy tuffs a n d a lka l i c groundwater (22, 25, 40) 
a n d i n part of react ion be tween h i g h l y a lka l i c lake waters a n d sediments, 
b o t h tuffaceous a n d nontuffaceous. D iagenet i c zeolites inc lude erionite, 
chabazite , ph i l l ips i te , natrol i te , mordenite , c l inopt i lo l i te , a n d analc ime. 
I n m a n y cases, the m i n e r a l assemblages do not appear to represent ther
m o d y n a m i c e q u i l i b r i u m , a n d analc ime tends to replace the other phases 
d u r i n g ag ing (21). I n some cases, laumontite is reported (4, 48). 

(3 ) I n b u r i a l metamorphic sequences, i n c l u d i n g products of " e p i -
genesis" of Russ ian writers , often very th i ck , a n d usual ly mar ine (6, 8,13, 
26, 30, 34, 49). I n the upper members of such sequences, analc ime m a y 
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co-exist w i t h quartz , a n d members of the cl inopti lol ite—heulandite group 
are common. M o r d e n i t e is f o u n d occasionally . A t greater depth , the 
characterist ic assemblage is quartz -a lb i te—laumont i te - ch lor i te , laumonti te 
eventual ly g i v ing w a y to the less hydrous nonzeol i t ic c a l c i u m a l u m i n o -
silicates, prehnite , pumpe l ly i t e , epidote, a n d sometimes lawsonite . T h e 
zeolites i n part replace glass of v i t r i c tuffs, a n d i n part they occur as 
cement a n d as products of metamorphic reactions. L a u m o n t i t e a n d a lb i te 
replace detr i ta l calc ic plagioclase. L a u m o n t i t e also par t ia l l y replaces 
fossi l shel l mater ia l (8, 27) or inorganic calcite, presumably b y react ion 
w i t h a luminous c lay minerals . I n regions in ferred to have h a d a h i g h 
geothermal gradient, a zone of wa irak i te m a y intervene between, or over
lap , zones character ized b y laumonti te a n d b y p r e h n i t e - p u m p e l l y i t e (19, 
37, 43). Gross over lapp ing of zones is characteristic . T h u s , i n T a r i n g a -
tura , southern N e w Zealand , re l i c t heulandite persists i n t ight ly cemented, 
impermeable beds deep i n the laumont i te zone; a lterat ion of detr i ta l 
plagioclase to laumont i te plus albite , p r o d u c i n g a characterist ic color 
mot t l ing on a scale of a f ew mi l l imeters (as i n the "facies moucheté" of 
the A l p s , Ref. 31, 32; cf. 24) occurs spasmodical ly i n coarser-grained sand
stones at least 7 k m higher i n the section than the lowest heulandite . 

(4 ) A s products of h y d r o t h e r m a l metamorphism i n geothermal fields, 
such as W a i r a k e i (10, 42), Pauzhetsk (39), a n d O n i k o b e (38 ) . I n these, 
a general ized d o w n w a r d sequence w i t h increasing temperature is mor 
denite w i t h or w i thout analc ime, rare heulandite , laumont i te , wa i rak i te , 
less hydrous phases. 

(5 ) Perhaps least w e l l systematized are the occurrences of zeolites 
i n vo lcanic rocks a n d breccias, the source of so m a n y handsome show-case 
specimens. W a l k e r (44, 45) has descr ibed a low-temperature depth zona
t i on transect ing vo lcanic strat igraphy i n the lava piles of N o r t h e r n I re land 
a n d I ce land ; crude correlat ion between zeolite species a n d s i l ica-saturation 
of host lavas can also be detected (10). 

Definition of the Zeolite Facies 

A c c o r d i n g to F y f e a n d T u r n e r (17), " A metamorphic facies is a set 
of m i n e r a l assemblages, repeatedly associated i n space a n d t ime, such that 
there is a constant a n d therefore predic table re lat ion between m i n e r a l 
composi t ion a n d chemica l composi t ion . " I n his o r ig ina l definitions, E s k o l a 
(14,16) s t ipulated that such assemblages represent c h e m i c a l e q u i l i b r i u m . 
L a t e r ( 15 ) , he abandoned the requirement of e q u i l i b r i u m , demonstrat ion 
of this i n a rigorous sense be ing impract i cab le . Nevertheless, i f the p h y s i 
ca l condit ions of metamorph ism are to be in ferred f r om laboratory studies 
of m i n e r a l e q u i l i b r i a , the assumption that m i n e r a l facies represent c hemi 
ca l e q u i l i b r i a is normal ly requ i red . 

O n the basis of observations i n southern N e w Z e a l a n d ( 9 ) , T u r n e r 
(18) defined a zeol i t ic facies to inc lude only reg ional ly deve loped assem
blages, i n c l u d i n g l a u m o n t i t e - a l b i t e - q u a r t z , "that large ly replace the pre 
exist ing rocks a n d conform to the minera log i ca l a n d chemica l requ i re -
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24. COOMBS Present Status of Zeolite Facies 319 

merits of a metamorphic facies . . ." A n a l c i m e a n d heulandi te assem
blages were exc luded as be ing diagenet ic rather than metamorphic . 

L a r g e l y to a v o i d invo lvement i n definitions of metamorph ism, a n d i n 
the bel ief that assemblages of minerals reflect the phys i co - chemica l c o n d i 
tions of their f ormat ion whether they be metamorphic , hydro thermal , or 
diagenetic , C o o m b s et al. (8 ,10) treated zeo l i t i c assemblages i n terms of 
Eskola 's m i n e r a l facies concept (15) a n d broadened Turner ' s def init ion 
of the zeolite facies "to i n c l u d e at least a l l those assemblages" p r o d u c e d 
under condit ions i n w h i c h q u a r t z - a n a l c i m e , q u a r t z - h e u l a n d i t e , a n d 
q u a r t z - l a u m o n t i t e commonly are formed. 

W i n k l e r (46) restr icted the zeol i t i c facies, his " laumont i te—prehnite -
quar tz facies" (cf. F i g u r e I d ) , to supposedly metamorphic , nondiagenetic 
assemblages conta in ing laumont i te as the c r i t i ca l phase. H a y (21) ques
t ioned the v a l i d i t y of the concept o n the grounds that zeo l i t i c m i n e r a l 
assemblages vary as a funct ion of age, a n d m a y represent incomplete 
replacement of one m i n e r a l b y another, neither of these feaures be ing 
compat ib le w i t h s tandard definitions of metamorphic facies. T h i s m a y be 
true of the very low-temperature assemblages referred to under ( 2 ) above. 
H o w e v e r , l a u m o n t i t e - a l b i t e - q u a r t z , a n a l c i m e - q u a r t z , a n d less certainly 
h e u l a n d i t e - q u a r t z are n o w w e l l k n o w n i n rocks f r om m a n y regions a n d 
environments, a n d of ages extending w e l l back into the Paleozoic . There 
is n o w reasonably good exper imental evidence (2 ,5 ,23 ) , as w e l l as textural 
evidence, that a n a l c i m e - q u a r t z has a low-temperature field of stabi l i ty 
relative to albite . L i o u and E r n s t (28, 29) have successfully reversed 
reactions between laumontite , wa i rak i te , a n d anorthite , showing that each 
has its o w n stabi l i ty field re lat ive to the others i n the presence of water 
a n d quartz . T e x t u r a l evidence is as u n e q u i v o c a l as i t can be that i n the 
laumonti te zone, l a u m o n t i t e - a l b i t e is stable re lat ive bo th to heulandi te 
a n d to calc ic plagioclase. W h e t h e r heulandite has a true stabi l i ty field 
relat ive to laumonti te is not clear yet. T h e reservations of H a y can 
n o w be put aside, at least i n the case of certain q u a r t z - a n a l c i m e a n d 
laumonti te assemblages. 

Wairakite, Mordenite, Heulandite, and Laumontite Facies 

I n 1966, Seki (36) proposed a n e w facies, the wa i rak i t e facies, char
acter ized b y the occurrence of wairakite—quartz w i t h c lay minerals , i n 
the absence of prehnite or pumpe l ly i t e . O n field, exper imental , a n d 
thermodynamic grounds, this proposed facies ev ident ly represents, at 
least for condit ions where P H 2 o = Pfiuid, h igher temperatures than the 
laumont i te assemblages, a n d re lat ive ly l o w pressure. Subsequently , S e k i 
(35) in t roduced separate mordenite , heulandite , a n d laumont i te facies. 
O u r earlier def init ion of the zeol ite facies was in tended to be b r o a d 
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320 MOLECULAR SIEVE ZEOLITES 1 

enough to a l l ow extension to accommodate such assemblages. I f Seki's 
4 facies are g iven independent status, the zeolite facies should be dropped . 
A l t e rnat ive ly , a n d accept ing for the moment that the heulandi te a n d 
mordeni te assemblages are sufficiently reproduc ib le i n place a n d t ime to 
accord w i t h definitions of facies, a l l 4 become subfacies of a broadened 
zeolite facies. T h e choice between these alternatives is one of personal 
preference, but the second probab ly best serves the needs of the greater 
n u m b e r of geologists, a n d is adopted here. 

Analysis of Zeolite Facies Assemblages 

Some possible suites of assemblages i n the zeolite facies are repre
sented b y diagrams a to g i n F i g u r e 1. A l l these suites are represented, for 
example, i n Tr iass ic sediments of the M u r i h i k u Supergroup of N e w 
Zea land (cf. 6). T h e arrows represent dehydrat i on or decarbonat ion 
reactions, a n d hence convent ional ly increasing metamorphic grade. A 
possible earl ier react ion is : 

c l inopt i lo l i te = heulandite + albite a n d / o r adu lar ia + 
quartz + water 

It is to be noted : 
(1 ) H e u l a n d i t e ( F i g u r e l b ) can co-exist, apparent ly stably, w i t h 

prehnite (3 , J O ) . 
(2 ) There are alternative routes f r om the suite of assemblages repre

sented b y F i g u r e l a to those represented b y F igures I d a n d l g . T h e 
route f o l l owed w i l l be contro l led b y μοο2-

(3 ) Before the stabi l i ty l i m i t of laumontite is reached, a react ion 
such as 

laumont i te + chlorite = pumpel ly i te + c lay minera l + 
H 2 0 (Figure 1 g —> h) 

w i l l greatly restrict the range of whole -rock composi t ion i n w h i c h l a u m o n 
tite w i l l occur. T y p i c a l volcanogenic sediments w i l l be represented b y 
assemblages such as prehnite—pumpel ly i te—chlor i te -quartz -a lb i te . A t this 
stage, i t m a y not be pract i cable to d is t inguish the assemblages observed 
i n most rocks f r o m those of the prehnite—pumpellyite group of facies ( 7, 
8, I I , 20) into w h i c h F i g u r e l h represents a passage. 

(4 ) A change of m i n e r a l facies cannot be established w i t h certainty 
unless m i n e r a l aggregates of s imi lar b u l k composi t ion w i t h respect to 
nonmobi le components are compared . I n pract ice , boundaries between 
the lower-grade m i n e r a l facies are defined for b u l k compositions project
i n g onto the Ca -zeo l i t e - ch lo r i t e jo in i n the A l 2 0 3 - C a O - ( M g , F e ) 0 d i a 
g ram (cf. F i g u r e 1) or somewhat to the A l 2 0 3 - p o o r side of this jo in. 
M a n y vo lcanic rocks, volcanogenic sediments, a n d greywackes project 
into this region. 

(5 ) C a l c i c zeolites, prehnite , pumpe l ly i t e , a n d pistac i t ic epidote are 
not m u t u a l l y exclusive, but are re lated b y a series of reactions such as 
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24. COOMBS Present Status of Zeolite Facies 321 

Figure 1. Some zeolite facies assemblages 

cc: calcite; chl: chlorite; heu: heulandite; kao: kaolinite; law. 
laumontite; mont: montmorillonite; pr: prehnite; pu: pumpelly
ite. Further study of the aluminous clay minerals appropriate to 
Figures e to h is required. The joins calcite-dolomite and dolo-
mite-chlorite presumably will be stable, but are not observed 

commonly in zeolite facies assemblages. 
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those i m p l i e d b y F i g u r e 1. It m a y be possible loca l ly to recognize sub-
facies corresponding to the i n d i v i d u a l assemblage diagrams of F i g u r e 1. 

(6 ) C a l c i t e - c h l o r i t e , ca l c i t e -p rehn i t e - ch l o r i t e , a n d ca l c i t e -prehni te 
are not f u l l y diagnostic assemblages; they are stable b o t h i n the zeolite 
facies a n d i n the p r e h n i t e - p u m p e l l y i t e facies. C a l c i t e - c h l o r i t e is stable 
over a s t i l l w i d e r range of facies. Parts of the same b e d of greywacke or 
fe ldspathic sandstone c ommonly contain assemblages such as l a u m o n t i t e -
chlor i te , ca l c i te - ch lor i te , a n d prehn i te - ch lor i t e (12, 31). S u c h occur
rences do not i m p l y a mixture of facies; they m a y result f r om subtle 
differences i n b u l k chemistry, either p r i m a r y or the result of the minor 
metasomatic changes that are so characteristic of l o w metamorphic grades 
(7,9,45). 

(7 ) W a i r a k i t e - b e a r i n g assemblages s imi lar ly often conta in prehnite 
a n d / o r pumpe l ly i t e (37, 43), i m p l y i n g the existence of reactions analogous 
to those invo lved i n F i g u r e 1. T h e zeolite facies i n the b road sense, as 
w e l l as the heulandite , laumonti te , a n d wairak i te subfacies, are ev ident ly 
b r o a d groupings of suites of assemblages, conta in ing key zeol ite species 
where the b u l k chemica l composi t ion is appropriate , but h i g h l y dependent 
i n deta i l on subtle phys i co - chemica l controls. 

The Role of C 0 2 and H20 

Zen (50) po inted out that zeolite a n d c lay - carbonate or "green-
schist" assemblages can be re lated under isothermal , isobaric condit ions 
as a funct ion of di f fering values of /XH2O, MCO2- A more complete chemo-
graphic analysis ( F i g u r e 2, cf. 1,11, 47) i l lustrates a possible progression 
through the zeolite facies, p r e h n i t e - p u m p e l l y i t e facies, a n d greenschist 
facies, as μ Η 2 ο is reduced at (Τ, P) constant, /x Co 2 be ing low. A t h igher 
values of μ^θ2, each of these facies gives w a y to c lay - carbonate or pyro -
phy l l i t e - carbonate assemblages. A c lay - carbonate assemblage h a r d l y can 
be regarded as be long ing to the zeolite, p r e h n i t e - p u m p e l l y i t e , or green-
schist facies, a n d perhaps should be regarded as def ining a further m i n e r a l 
facies (11) stable at l o w temperatures, μ€ο2 be ing re lat ive ly h igh . T h e 
d iagram applies to isobaric , i sothermal condit ions, but the sequences of 
assemblages shown f rom top to bot tom a n d r ight to left are also sequences 
that w i l l be encountered w i t h progressively increasing temperature. A n 
excellent natura l example of low-temperature h y d r o t h e r m a l metamor
p h i s m at re lat ive ly h i g h /*Co 2 is p r o v i d e d b y the Salton Sea field, where 
c lay - carbonate assemblages pass d i rec t ly into epidote -bear ing green-
schist facies assemblages at temperatures of about 300° , w i thout the pr ior 
f ormat ion of zeolites, prehnite , or pumpe l l y i t e (33). 

T h e chemica l potent ia l of water i n f lu id phases is reduced as sal inity , 
or C 0 2 content, is increased. Increasing sal inity of intrastratal waters at 
depth thus w i l l have the same effect as increasing temperature i n pro 
m o t i n g a downwards zonat ion f rom more hydrous to less hydrous phases 
(22). Fur thermore , differences i n pressure, sal inity , C 0 2 content of 
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Î 
/ U H 2 0 

/tco 2 > 

Figure 2. Schematic μΗ2ο~Ιχοθ2 diagram for part of the system 
Al2Os-CaO in the presence of excess quartz, at some arbitrary 
value of Τ and total P. The precise position of the kaolinite-
pyrophyllite reaction, relative to the other reactions shown, is 

uncertain. 

C: calcite; G: grossular; H: heulandite; K: kaolinite; L: laumontite; 
P: prehnite; FY: pyrophyllite; Z : zoisite. 

In any divariant assemblage, 2 of these phases can co-exist as indicated 
by adjacent symbols in the phase compatibility diagrams. For example, 
in the uppermost field, i.e., above the univariant lines 2, 1, and 8, the 
phases kaolinite, heulandite, and calcite are stable where the ratio of 
AU03:CaO is 1:0, 1:1, and 0:1, respectively. Kaolinite and heulandite 
co-exist for finite ratios of AhOa:CaO > 1:1; hevdandite and calcite co

exist for finite ratios AUOs:CaO < 1:1. 

waters w i t h i n different beds of the one sedimentary sequence, a n d osmotic 
effects can account for the seemingly b e w i l d e r i n g overlap of zeolite sub-
facies. T h u s , i t has been ca l cu lated (5 ) that the react ion analc ime + 
quartz = albite + water , at e q u i l i b r i u m for pure water at about 190 ° C , 
or somewhat lower , m a y be d i sp laced to about 100° i n saturated N a C l 
solution, or even lower i n other salt solutions. 

Throughout its discontinuous l ength of outcrop, the Taveyanne sand
stone of the western A l p s varies i n grade f r o m laumonti te , to p r e h n i t e -
pumpe l ly i t e , to p u m p e l l y i t e - a c t i n o l i t e schist facies (12, 32). A feature 
of the laumonti te rocks is the occurrence of dehydrat i on zones a long 
joints a n d minor faults, i n w h i c h laumonti te has been rep laced b y prehnite 
a n d pumpe l ly i t e , or epidote. A n attractive explanat ion of this phenome
non is that whereas P H 2 o i n the country rock approx imated l i thostatic 
pressure ( contro l led b y overr id ing nappes ) , solutions i n open joints a n d 
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324 MOLECULAR SIEVE ZEOLITES 1 

faults m a y have been able to communicate w i t h m u c h h igher s tructura l 
levels, thus approach ing hydrostat ic pressure. I n such a case, e q u i l i b r i u m 
is l i k e l y to be d i sp laced towards less hydrous assemblages. 

A Problem in Redefinition of the Zeolite Facies 

I n spite of statements sometimes made to the contrary, prehnite , 
pumpe l l y i t e , a n d lawsonite emphat i ca l ly are not zeolites, a n d are not 
diagnost ic of the zeolite facies. T h e zeolite facies m i g h t be def ined as 
that set of m i n e r a l assemblages that is character ized b y the association 
c a l c i u m z e o l i t e - c h l o r i t e - q u a r t z i n rocks of favorable b u l k composit ion. 
I n this w a y , attention w o u l d be concentrated on b u l k composit ions t y p i c a l 
o f m a n y volcanogenic sediments. A coro l lary w o u l d be the separate 
recognit ion of a c lay - carbonate facies, as ind i ca ted above. U n d e r such a 
restr icted def init ion, the assemblage s o d i u m - z e o l i t e - q u a r t z ( n o r m a l l y 

TEMPERATURE °C 

Figure 3. Possible P - T fields for low-grade mineral facies 
and subfactes, calibrated for the laumontite-wairakite and 
analcime + quartz-albite reactions (21, 3 ) . Where PH.l0 

< Ptotah boundaries are displaced to the left. Arrows rep
resent facies series as follows, slightly modified from Seki 

(35) . 
(1) High pressure, low temperature 
(2) Intermediate 
(3) Low pressure intermediate 
(4) Lowest pressure 
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24. COOMBS Present Status of Zeolite Facies 325 

a n a l c i m e - q u a r t z ) w o u l d no longer be restr icted to the zeolite facies 
since, i n some sedimentary environments, i t appears to be stable a long 
w i t h a luminous c lay minerals , do lomite , a n d calc ite , an assemblage that 
w o u l d be diagnostic of the c lay - carbonate facies. 

M a n y workers p robab ly w i l l prefer a loosely def ined zeol ite facies 
w h i c h includes a l l m i n e r a l assemblages character ized i n rocks of appro 
priate composi t ion b y zeolites other than the analc ime of si l ica-deficient 
environments. T h e latter can persist to magmat i c or near magmat i c 
temperatures. 

Zeolite Facies Petrogenetic Grid and Facies Series 

F i g u r e 3 (cf. 28) shows possible P - T fields for zeolite subfacies and 
contiguous facies. T h e figure is ca l ibrated for the laumontite—wairakite 
(29) a n d analc ime -f- q u a r t z - a l b i t e (5 ) e q u i l i b r i a ; the other fields are 
d r a w n to be compat ib le w i t h field observations. A s has been po inted out 
b y S e k i ( 3 5 ) , a spread of facies series c a n be recognized rang ing f r o m 
high-pressure, low-temperature types ( curve 1) typi f ied b y parts of the 
K a n t o M o u n t a i n s , Japan , the F r a n c i s c a n of C a l i f o r n i a , a n d the B r y n e i r a 
G r o u p i n southern N e w Zea land , where loca l ly there is a direct passage 
f rom laumonti te to lawsonite assemblages (27), through intermediate 
types ( curve 2 ) such as i n m u c h of the southern a n d western sections of 
the N e w Zea land Geosync l ine a n d K i i Penninsu la , Japan , to low-pressure 
intermediate ( curve 3 ) as i n T a n z a w a M o u n t a i n s , Japan , a n d lowest 
pressure ( curve 4 ) as i n active geothermal fields. 

T h e temperatures shown are estimated m a x i m a for the facies i n d i 
cated; whenever P H 2 o is less than P t o t a i , or whenever the chemica l poten
t i a l of water is l owered b y the presence of solutes, the boundaries w i l l be 
disp laced , perhaps drast ica l ly , towards lower temperatures. 
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Discussion 

L. B . Sand (Worcester Po ly technic Institute, Worcester , Mass . 10609 ) : 
W h y can't we extend your facies concept to inc lude the sediments, par 
t i cu lar ly pyroclastics , a l tered to zeolites i n the lowest grade metamor
p h i s m category f o l l o w i n g the d iagenic phase? 

D . S. Coombs: I have t r i ed to demonstrate that the cr it ic isms leve l led 
against the zeolite facies are rather certa inly i n v a l i d i n the case of q u a r t z -
laumonti te a n d certain other assemblages. Some writers w o u l d restrict 
the zeolite facies to rocks conta in ing these. Personal ly , I w o u l d extend 
the facies i n a b r o a d w a y to inc lude a l l the low-temperature zeo l i t i c 
assemblages, though I w o u l d recognize that some of the low-temperature 
assemblages probab ly do not represent strict e q u i l i b r i u m . W h e n opa l or 
cristobal ite is present, for example, this fact is obvious. Nevertheless, w e 
m a y s t i l l have a metastable e q u i l i b r i u m between such cristobalite a n d a 
s i l i ca - r i ch hydrous zeolite. 

V . C. Juan ( N a t i o n a l T a i w a n Univers i ty , T a i p e i , T a i w a n ) : Since i t 
is diff icult to differentiate zeolite facies b y diagenesis f r om those b y meta 
morph i sm, an understanding of zeolite facies i n the sense of m i n e r a l 
facies w o u l d be appropriate . H o w e v e r , prehnite a n d p u m p e l l y i t e are 
closely associated w i t h hydro thermal ly f o rmed zeolites a n d w h e n /x Co 2 

increases i n the fluid phase, i n m a n y cases we found no zeolite facies 
under the greenschist facies. Therefore , i t m i g h t be possible to p u t the 
p r e h n i t e - p u m p e l l y i t e as a subfacies under the zeolite facies. 

D . S. Coombs: W e both emphasize that the prehnite a n d p u m p e l l y i t e 
fields overlap those of zeolites. H o w e v e r , rocks m a p p e d i n the p r e h n i t e -
pumpe l ly i t e facies ( l a c k i n g zeol ites) o c cupy an intermediate pos i t ion 
between zeolite facies a n d p u m p e l l y i t e - a c t i n o l i t e or greenschist facies 
i n m a n y terrains. I n m a n y parts of the c i r cum-Pac i f i c region, rocks of the 
p r e h n i t e - p u m p e l l y i t e facies occupy a larger area than those of con
tiguous facies. I n geological terms, the concept of a p r e h n i t e - p u m p e l l y i t e 
facies is useful . Fur thermore , as the p r e h n i t e - p u m p e l l y i t e facies is de
fined on the absence of zeolites a n d the presence of these other phases 
i n rocks of appropr iate composi t ion , i t w o u l d be qui te inappropr iate 
minera log i ca l ly to classify i t as a subfacies of the zeolite facies. 
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Graphical Analysis of Zeolite Mineral 

Assemblages from the Bay of Fundy 

Area, Nova Scotia 

ALDEN B. CARPENTER 

Department of Geology, University of Missouri, Columbia, Mo. 65201 

Zeolites occur in consistent combinations throughout a 
wide area in the Bay of Fundy region. Three-phase zeolite-
bearing assemblages observed include quartz-analcite-
heulandite, analcite-mesolite-thomsonite, heulandite-meso-
lite—thomsonite, analcite—chabazite-heulandite, and anal-
cite-natrolite-stilbite. The stability fields of these minerals 
can be represented conveniently on activity-activity dia
grams. These facts indicate that the appropriate experimen
tal work can provide data which may be used for making 
quantitative estimates of the conditions under which these 
zeolites form. 

'Hphe chemica l compositions of the natura l l y o ccurr ing s o d i u m - c a l c i u m 
A zeolites can be expressed i n terms of the four-component system 

N a A l S i 0 4 - C a A l 2 S i 2 0 8 - S i 0 2 - H 2 0 . T h i s system m a y be represented 
graph i ca l ly on tr iangular coordinate paper , us ing the first 3 components 
a n d pro ject ing a l l compositions f rom H 2 0 to this plane. T h e general 
range of var ia t ion i n the chemica l composit ion of the c ommon sod ium 
c a l c i u m zeolites is shown b y this project ion i n F i g u r e 1. 

Zeol ite occurrences i n the B a y of F u n d y area, N o v a Scotia, are re 
por ted here for 2 localit ies. T h e m i n e r a l assemblages i n the altered 
basalts at C a p e B l o m i d o n inc lude (1 ) heu land i te - laumont i t e , (2 ) ana l -
c i t e -heu land i t e , (3 ) q u a r t z - a n a l c i t e - h e u l a n d i t e , (4 ) a n a l c i t e - m e s o l i t e -
thomsonite, a n d (5 ) heu landi te -meso l i t e - thomsoni te . These data are 
s u m m a r i z e d i n F i g u r e 2. 

T h e spat ia l relationships of the minerals i n assemblages 2, 4, a n d 5 
indicate that a l l of the zeolites i n each of these assemblages were g r o w i n g 
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NaAISi04 CoAI2Si208 

Figure 1. General range of variation in 
the chemical composition of the common 

sodium-calcium zeolites 

Q = quartz 
H = heulandite 
S = stilbite 
A = analcite 
C = chabazite 
L = laumontite 
Ν = natrolite 

Ms = mesolite 
Τ = thomsonite 

Se = scolecite 

NaAISi04 CaAlgSigOg 

Figure 2. Common zeolite mineral as
semblages at Cape Blomidon, Nova 

Scotia 

X = observed three-phase assemblage 
x = observed two-phase assemblage 
Other abbreviations as in Figure 1 

contemporaneously at some po int i n t ime. I n assemblage 3, the quartz 
is present as euhedra l crystals but appears to be older than the h e u l a n d 
ite a n d analcite. Since the quartz does not show evidence of corrosion, 
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330 MOLECULAR SIEVE ZEOLITES 1 

the q u a r t z - a n a l c i t e - h e u l a n d i t e is regarded tentat ively as an e q u i l i b r i u m 
assemblage. T h e assemblages analc i te -natro l i te , natrohte - thomsonite , 
a n d thomsoni te - laumont i te are in ferred f r o m the geometry of the phase 
d iagram. 

T h e m i n e r a l assemblages at Wasson's Bluf f are ( 1 ) h e u l a n d i t e - s t i l -
b ite , (2 ) chabaz i te - s t i lb i te , (3 ) chabaz i te -natro l i te ( 3 ) , (4 ) a n a l c i t e -
chabaz i t e -heu land i te , (5 ) ana l c i t e -nat ro l i t e - s t i l b i t e , a n d (6 ) g m e h n i t e -
s t i l b i t e - q u a r t z . These data are s u m m a r i z e d i n F igures 3 a n d 4. 

T h e spat ia l relationships of the minerals i n assemblages 3, 4, a n d 5 
indicate that a l l of the zeolites i n each of these assemblages were g r o w i n g 
contemporaneously at some point i n t ime. I n a l l of the h e u l a n d i t e -
st i lb i te specimens, the sti lbite appears to be younger than the heulandi te 
a n d there does not appear to be any good ind i ca t i on of a p e r i o d of con -

NaAISiQj CaAlgSigOg 

Figure 3. Early minerals and mineral 
assemblages at Wassons Bluff, Nova 

Scotia 

SiCL 

AQ 

NaAISi04 CaAlgSLjOg 

Figure 4. Stilbite-bearing mineral as
semblages at Wassons Bluff, Nova Scotia 
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temporaneous growth . H e u l a n d i t e a n d st i lbite f r o m throughout the B a y 
of F u n d y area have very s imi lar or ident i ca l N a / C a a n d A l / S i ratios. 
These minerals are thus re lated , i n this part i cu lar region, b y the react ion 

Nao.33Ko.08Cao.97Al2.35SÎ6.650i8 · 6 H 2 0 + H 2 0 —-> 

Nao.33Ko.08Cao.97Al2.35Sl6.650l8 · 7 H 2 0 

heulandite + water —• st i lb i te 

F r o m this re lat ionship a n d assuming that the zeolites f o rmed d u r i n g a 
p e r i o d of f a l l i n g temperatures, one w o u l d expect the 2 minerals to coexist 
i n e q u i l i b r i u m for on ly a short t ime a n d that st i lbite shou ld be the 
younger minera l . F o r this reason a n d because sti lbite i n fact does appear 
to be younger than heulandite , it is assumed that s t i lb i te -bear ing assem
blages f o rmed later a n d at l ower temperatures than heulandi te -bear ing 
assemblages. 

T h e occurrence of gmel ini te (assemblage 6 ) presents some problems 
i n interpretat ion. I n the one spec imen avai lable for study, the gmel in i te 
crystals were deposited on top of fine-grained euhedra l quartz , a n d b o t h 
of these minerals are par t ia l l y coated b y st i lbite . T h e gmel in i te crystals 
are somewhat corroded , but this m a y be the result of exposure to r a i n 
water. G m e l i n i t e f r om F i v e Islands ( 3 ) , near Wasson's Bluff , is very 
near ly a pure ly sodic zeolite a n d the refractive index of the Wasson's 
Bluf f sample ( n 0 = 1.463) indicates that i t is also very sodic. S o d i u m 
gmel ini te is chemica l ly re lated to analcite b y the react ion 

N a A l S i 2 0 6 · H 2 0 + 2 H 2 0 -> N a A l S i 2 0 6 · 3 H 2 0 

analcite + water—• gmelinite 

T h e abundance of analcite i n certain types of sedimentary rocks a n d the 
general rar i ty of gmel ini te suggests that sodic gmel ini te is general ly 
unstable w i t h respect to analcite plus water . 

Coombs et al. (1) have po inted out that the sequence of minerals 
at a loca l i ty m a y be a funct ion of the chang ing chemica l composi t ion of 
the deposi t ing solutions or chang ing P - T condit ions or both . T h e con
struct ion of qual i tat ive a c t i v i t y - a c t i v i t y d iagrams, s imi lar i n appearance 
to the chemica l potent ia l diagrams used b y K o r z h i n s k i i ( 2 ) , is useful for 
obta in ing some insight into the re lat ionship between minera logy a n d 
solut ion composit ion. T h e d i a g r a m i n F i g u r e 5 is based on the m i n e r a l 
compositions a n d m i n e r a l assemblages at C a p e B l o m i d o n s u m m a r i z e d i n 
F i g u r e 2 a n d should be v a l i d for the temperature range i m p l i e d b y that 
set of data. T h i s d i a g r a m also indicates that an e q u i l i b r i u m assemblage 
of 3 zeolites i n the system N a A l S i 0 4 - C a A l 2 S i 2 0 8 - S i 0 2 - H 2 0 coexists 
w i t h an aqueous solut ion of un ique chemica l composit ion. 
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Quartz Saturation-^ 

Log <2 C a /2^ Q -> 

Figure 5. Qualitative activity-activ
ity diagram for a portion of the sys
tem NaAlSiOA-CaAl2Si208-Si02-H20 for 
temperatures and pressures, mineral com

positions implied by Figure 2 

Phase e q u i h b r i u m studies on the stabil it ies of the three-phase m i n 
e r a l assemblages l i s ted above a n d determinations of the chemica l compo
s i t ion of aqueous solutions i n e q u i l i b r i u m w i t h these assemblages w i l l 
p rov ide data w h i c h can be used for a quant i tat ive assessment of the 
condit ions under w h i c h these a n d other comparable zeol ite occurrences 
have formed. 
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Discussion 

V . C. Juan ( N a t i o n a l T a i w a n Univers i ty , T a i p e i , T a i w a n ) : Zeolites 
a n d low-temperature plagioclase can be closely correlated. W e have done 
w o r k w i t h thomsonite dehydrated into anorthite , analc ime into a lb i te , 
a n d i n between w i t h intermediate plagioclase into an association of ana l 
c ime, garronite , a n d thomsonite. T h e divis ions between different zeolites 
are also correlated w i t h the s tructural d iv i s i on of plagioclase. 

A . B . Carpenter: T h a n k y o u for your comments. Y o u r remarks again 
i l lustrate the va lue of a g raph i ca l method w h i c h can show the re la t i on 
ships between zeolites a n d plagioclase feldspars. 
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Composition and Origin of Clinoptilolite in 
the Nakanosawa Tuff of Rumoi, Hokkaido 

AZUMA IIJIMA 

Geological Institute, University of Tokyo, Hongo, Tokyo, Japan 

Clinoptilolite occurs as an alteration product of rhyolitic 
glass in the Upper Cretaceous Nakanosawa tuff, forming the 
uppermost zeolitic zone of diagenetic alteration of the Cre
taceous geosynclinal deposits in north-central Hokkaido. 
The clinoptilolite contains abundant alkalies in which Κ 
predominates over Na. Two modes of occurrence were dis
tinguished; clinoptilolite replaces glass shards and it fills 
vesicles within the zeolitized glass. The vesicles probably 
were filled after the shards were replaced. From the electron 
probe analyses, the 2 clinoptilolites have small but sig
nificantly different chemical compositions. Crystals filling 
the vesicles are more aluminous than those replacing glass, 
whereas the Ca:Na:K ratios are almost the same. This sug
gests substitution of the type Ca 2(Na,K), instead of 
CaAl (Na,K)Si. 

T i J " i g r a t i o n of some c h e m i c a l elements takes place extensively d u r i n g 
zeo l i t i c alteration of vo l can ic glass. A b u n d a n t S i a n d A l as w e l l as 

alkal ies a n d alkal i -earths i n nephel in i te a n d a l k a l i basalt glass are d is 
so lved b y perco la t ing groundwater i n palogonite tuffs on O a h u , H a w a i i . 
M o s t of these elements, especial ly S i , A l , a n d K , prec ip i tate as authigenic 
zeolites on the pa lagon i t i zed glass partic les (6). F e l s i c glass i n v i t r i c 
tuffs f requent ly reacts w i t h interst i t ia l so lut ion to f o r m zeolites. C l i n o p 
t i lo l i te is character ist ical ly an alterat ion product of vo lcanic , especial ly 
felsic, glass at rather l o w temperature. It is f o u n d i n the Cenozo i c deep-
sea sediments (7, 16) a n d i n a l tered v i t r i c tuffs i n a lkal i -sa l ine lake 
deposits (5, 18). I n the th i ck sequence of zeo l i t i zed mar ine a n d n o n -
mar ine deposits, c l inopt i lo l i te forms the uppermost zeol i t i c zone of a l tera
t i o n (9, 10). C h e m i c a l change of felsic glass to c l inopt i lo l i te , however , 
has not necessarily been c lar i f ied. 

334 
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26. π j IMA Clinoptilolite in the Nakanosawa Tuf 335 

Table I. Mineralogical Composition of the Nakanosawa Tuff 
Collected From a Railroad Cut on the North Side of the 

Washing Plant of the Chikubetsu Coal Mine 

Mineral Vol% 

M o n t m o r i l l o n i t e a n d o p a l a 60.0 
C l i n o p t i l o l i t e " 37.2 
Ce ladon i t e a 0.2 
Leucoxene a 0.1 
Plagioclase 1.2 
Quar tz 1.0 
B i o t i t e 0.1 
Si l ic i f ied wood fragment 0.2 

100.0 

° Authigenic mineral. 

Rela t i ve ly coarse crystals of authigenic c l inopt i lo l i te were f o u n d i n the 
U p p e r Cretaceous N a k a n o s a w a tuff, 40 meters th ick , w h i c h is d i s t r ibuted 
i n the C h i k u b e t s u A n t i c l i n e of R u m o i , north-centra l H o k k a i d o (3 , 4). 
T h o u g h i t has undergone zeol i t i c a n d argi l laceous alterat ion, the v i t r i c 
tuff is rather fr iable a n d porous. R h y o l i t i c glass alters complete ly to a n 
aggregate of montmor i l l on i te , c l inopt i lo l i te , opa l , a n d m u c h less ce lado-
nite. P r i m a r y crystals of plagioclase (An 2 o -43) , quartz , a n d b iot i te r e m a i n 
unal tered , a n d the v i troc last ic texture is w e l l preserved. T h e minera l og i 
c a l composi t ion of the tuff is s h o w n i n T a b l e I . 

T h e N a k a n o s a w a c l inopt i lo l i te forms the uppermost zone of zeo l i t i c 
diagenesis of the 6500-meter-thick Cretaceous géosynclinal mar ine sedi 
ments i n the R u m o i distr ict . There was overburden about 3500 meters 
th ick of the Younger T e r t i a r y deposits at the e n d of the T e r t i a r y p e r i o d 
(13 ) . T h e geothermal gradient of the area at that t ime is est imated to 
have been about 2 0 ° C / k m f rom the g ibbs i te -d iaspore ( I I ) a n d the 
a n a l c i m e - a l b i t e ( 9 ) t rans i t ion temperatures. Consequent ly , the c l i n o p 
t i lo l i te f o rmed at temperatures be l ow 80 ° C , p r o v i d e d that the surface 
temperature averaged 10 ° C a n d that the gradient h a d not increased 
since the L a t e Cretaceous per iod . I n this area, no specific source of heat, 
such as intrusive bodies of grani t i c rocks, vo l can ism, etc., has been noted. 

There are 2 modes of occurrence of chnopt i l o l i t e : r ep lac ing glass 
shards a n d filling smal l vesicles w i t h i n the zeo l i t i zed glass ( F i g u r e s 1, 2 ) . 
Slender crystals, as m u c h as 0.1 m m i n length , fill the pores w h i c h were 
f o rmed b y complete d isso lut ion of glass shards. T h e y grow on , a n d 
perpend i cu lar to, r ims of o p a l a n d montmor i l l on i te w h i c h l ine the pseudo-
morphs of glass shards. Some v o i d space f requent ly remains , as seen i n 
F i g u r e 2, strongly suggesting that the chnopt i lo l i te prec ip i ta ted f r om a n 
interst i t ia l so lut ion w h i c h h a d filled the pores. 
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336 MOLECULAR SIEVE ZEOLITES 1 

Figure 1. Microscopic photograph of zeolitized Naka
nosawa rhyolitic vitric tuff. Clinoptilolite replaces glass 

shards and fills vesicles within the ghss. 

Figure 2. Slender crystals of clinoptilolite in pseudo-
morphic pore of a glass shard which is fringed by mont
morillonite and opal. Some void (grey-black) remains. 

T h e N a k a n o s a w a c l inopt i lo l i te has very l o w refractive indices a n d 
b ire fr ingence : « — 1.447 ± 0.002, y = 1.479 db 0.002, a n d y-a = 0.002. 
It shows para l l e l ext inct ion a n d is length-fast. N o difference i n opt i ca l 
characters was f o u n d between the 2 types, a n d z o n a l structure is not 
observed microscopica l ly . T h e x-ray p o w d e r di f fract ion pattern agrees 
w i t h that of the Patagonia c l inopt i lo l i te ( 12 ) . T h e N a k a n o s a w a c l inop 
t i lo l i te was unchanged u p to 700°C, thus fitting M u m p t o n ' s cr i ter ion 
(15 ) . It was not destroyed b y hot 62V H C 1 i n 2 hours. 
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26. n j i M A Clinoptilolite in the Nakanosawa Tuff 337 

C h e m i c a l compositions of the N a k a n o s a w a tuff a n d chnopt i lo l i te 
f rom it are g iven i n T a b l e I I . T h e c l inopt i lo l i te is character ized b y a h i g h 
content of alkalies i n w h i c h Κ exceeds N a . It contains an apprec iable 
amount of Sr. T h e b u l k analysis of tuff indicates that Sr is concentrated 
selectively b y the c l inopt i lo l i te . 

T h e contents of S i , A l , C a , N a , a n d Κ of c l inopt i lo l i te were measured 
on the po l i shed t h i n section b y the electron microprobe analyzer , us ing 

Table II. Chemical Composition" of the Nakanosawa Tuff 
and Clinoptilolite 

Bulk Clinoptilolite Corrected Mole 
%h %d Ratio Atoms per Unit Cell 

S i 0 2 68.20 67.55 66.16 1.1016 S i 29.83 
T i 0 2 0.09 0.04 0.04 0.0005 T i 0.01 
A 1 2 0 3 11.77 11.13 11.70 0.2296 A l 6.22 
F e 2 0 3 0.75 0.15 0.16 0.0020 Fe 3 + 0.05 
F e O 0.22 0.12 0.13 0.0018 Fe 2 + 0.05 
M n O 0.08 0.08 0.08 0.0011 M n 0.03 
M g O 0.52 0.45 0.47 0.0117 M g 0.32 
C a O 1.44 1.70 1.79 0.0319 C a 0.86 
S r O 0.05 0.16 0.17 0.0016 Sr 0.04 
N a 2 0 1.75 1.47 1.55 0.0500 N a 1.35 
K 2 0 2.57 2.94 3.09 0.0656 Κ 1.78 
H 2 0 ( + ) 7.28 8.55 8.98 0.4985 0 72.00 
H 2 0 ( - ) 4.88 5.38 5.65 0.3136 H 2 0 22.23 
P 2 0 6 0.05 0.03 0.03 0.0004 

99.65 99.75 100.00 
° Analyst: H . Haramura. 
b Bulk of zeolitized rhyolite vitric tuff of the Nakanosawa tuff; the same sample as 

listed in Table I. 
c Clinoptilolite from tuff, including 4.6% excess silica as opal, detected by x-ray 

and calculated from the Si:Al ratio by electron microprobe analyses. 
d Clinoptilolite recalculated with corrections. 

a l k a l i fe ldspar a n d plagioclase as comparison standards. V a p o r i z a t i o n 
of such l ighter elements as N a was protected b y us ing a weak sample 
current, 0.01 m A , a n d a large beam. It is diff icult to recognize any sys
tematic change of the composi t ion w i t h i n single crystals. There is, h o w 
ever, a smal l but significant difference i n the S i : A l rat io between the 
2 c l inopti lo l i tes . T h e crystals rep lac ing glass are s l ight ly more siliceous 
than those filling vesicles ( F i g u r e 3 ) . T h e S i : A l ratio averages 4.86 for 
10 samples i n the shard pseudomorphs a n d 4.74 for 10 samples i n the 
vesicles. N o significant difference i n the C a : N a : K ratio c o u l d be d is 
t inguished between the 2 c l inopti lo l i tes ( F i g u r e 4 ) . 

T h e significance of the difference i n the S i : A l rat io between the 2 
c l inopti lo l i tes is not clear. T h e S i : A l ratio of analc ime i n the presence of 
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338 MOLECULAR SIEVE ZEOLITES 1 

quartz depends not on ly on the temperature at w h i c h the analc ime forms 
( 17) but also on the sal in i ty of the interst i t ia l so lut ion ( 8 ) . It is difficult to 
imagine that the 2 c l inopti lo l i tes f o rmed at s ignif icantly different t em
peratures. T h e d is t inct ion i n the S i : A l ratio of c l inopti lo l i tes p r o b a b l y 
reflects the change of chemica l composi t ion of interst i t ia l solution, w h i c h 
was or ig ina l ly sea water , as reacted w i t h rhyo l i te glass. A t the i n i t i a l 
stage, glass particles reacted w i t h t rapped sea water to f o r m o p a l a n d 
montmor i l lon i te , w h i c h f r inged the particles. A s glass was progressively 
dissolved, the p H a n d sal in i ty of the interst i t ia l water became sufficiently 
h i g h to precipitate chnopt i lo l i te . I n the c l inopt i l o l i t e -morden i te zone of 
the M i o c e n e Sa inokami format ion of A k i t a , large amounts of K , N a , a n d 
S i were dissolved out of rhyo l i t i c glass, as F e , M n , M g , a n d H 2 0 were 
adsorbed ( T a b l e I I I ) . E v e n the re lat ive ly fresh glass that is opt i ca l ly 
isotropic p robab ly lost some S i a n d N a , as in ferred f r om the H 2 0 content 
( J ) . T h e content of a l u m i n a is, however , l i t t le or not changed. T h e 
S i : A l ratio i n rhyo l i t i c glass of the N a k a n o s a w a tuff should decrease as 
the alteration progressed. It is probable , therefore, that re lat ive ly h i g h -
s i l i ca crystals of c l inopt i lo l i te prec ip i tated earlier i n the pseudomorphous 
pores of glass shards, a n d re lat ive ly l ow-s i l i ca ones filled the vesicles later. 
T w o large-zoned c l inopti lo l i tes i n the Barstow F o r m a t i o n of Southern 
C a l i f o r n i a showed that the r i m contains 2.9-3.5 w t % less S i 0 2 t h a n 
the core (19 ) . T h i s mode of occurrence is consistent w i t h the above 
discussion. 

<-> 0.26 

0.22 \-

Figure 3. The Si:Al vs. the Ca:Na + Κ ratios in the Nakanosawa cli
noptilolite grains. Crystals replacing glass (O) and the mean (Π); filling 

vesicles (Φ) and the mean (M). Data from electron probe analyses. 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

02
6

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



26. i i j i M A Clinoptilolite in the Nakanosawa Tuff 339 

C a 

Na A 0 * 5 5 0 5 5 Κ 
Figure 4. The Ca:Na:K ratio in the Nakanosawa clinoptilolites 
which replace glass (O) and fill vesicles R: mean of the replac

ing, F: mean of the filling. Data from electron probe analyses. 

I n general , l ow-s i l i ca zeolites have a h igher exchange capac i ty a n d 
conta in more b ivalent cations than h igh-s i l i ca varieties w h i c h conta in 
abundant univa lent cations. T h i s assumes that the crystal latt ice can 
accommodate bo th univa lent a n d b iva lent cations. C l i n o p t i l o l i t e shows 
a large cation-exchange capacity . C a ^± 2 ( N a , K ) a n d C a A l ( N a , K ) S i 
subst i tut ion were observed on treat ing w i t h 5 % N a C l a n d C a C l 2 solutions 
at r oom temperature for 24 hours (14). It is u n k n o w n w h a t types of 
subst i tut ion occur i n such complex m u l t i - i o n solutions as sea water a n d 
interst i t ia l water , however . I n the N a k a n o s a w a c l inopt i lo l i tes , the subst i 
tut ion ( N a , K ) S i ^± C a A l is not evident, for bo th the l o w - a n d h igh -s i l i ca 
varieties have nearly the same C a : N a : K ratio . T h e ear ly - formed h i g h -
s i l i ca crystals or ig ina l ly might have h a d more abundant univa lent cations, 
a n d only the subst i tut ion ( C a , ( M g ) , ( S r ) ) ^± 2 ( N a , K ) occurred at the 
last stage of zeo l i t izat ion i n w h i c h the l ow-s i l i ca crystals prec ip i tated . 
A l ternat ive ly , the C a : N a : K ratio m a y depend on the chemica l composi t ion 
of interst i t ia l water of any post -zeol i t izat ion t ime. 

T h e chemica l composi t ion of c l inopt i lo l i te is var iab le i n different 
crystals i n different parts of the same specimen. T h i s suggests that the 
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Table III. Chemical Compositions of Fresh and Altered Rhyolitic 
Obsidian, and the Gain and Loss of Chemical Components 

During Zeolitic—Argillaceous Alteration 0 

Fresh Obsidian* Altered Obsidian0 Gain and Loss 

% Grams/Liter % Grams/Liter %d %« 

S i 0 2 71.3 1675 58.2 1210 - 28 - 37 
T i 0 2 0.25 6 0.28 6 0 - 17 
A 1 2 0 3 12.1 284 15.7 327 + 15 0 
F e 2 ( V 1.90 45 5.38 112 + 149 + 115 
M n O 0.08 2 0.18 4 + 100 + 50 
M g O 0.20 5 3.40 71 + 1320 + 1 1 4 0 
C a O 1.37 32 1.49 31 - 3 - 16 
N a 2 0 3.60 85 1.77 37 - 57 - 62 
K 2 0 2.56 60 0.88 18 - 70 - 73 
H 2 0 6.64» 156 12.72" 264 + 69 + 47 

100.0 2350 100.0 2080 

S.G.* 2.35 2.08 
"Electron microprobe analyses, Analyst: Y . Nakamura. The corrections were 

made after Bence and Albee's procedure(#). 
6 Fresh rhyolitic obsidian in autobrecciated lava of the Miocene Sainokami forma

tion, Odate, Akita(PA5-12a). 
c Altered part of the obsidian (PA5-12b). 
d Gain and loss when volume of glass was unchanged. 
e Gain and loss when alumina was unchanged and the volume increased 1.15 times. 

f Total iron. 
0 Subtracting the sum of other components from 100%. 
A Measured by the Berman balance using toluene. 

zeol i t i c reactions d i d not occur under constant condit ions throughout 
space a n d t ime, a n d that the who le rock was not i n a n e q u i l i b r i u m state. 
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Present-Day Zeolitic Diagenesis of the 

Neogene Geosynclinal Deposits in the 

Niigata Oil Field, Japan 

AZUMA IIJIMA 

Geological Institute, University of Tokyo, Hongo, Tokyo, Japan 

MINORU UTADA 
Institute of Earth Science, University of Tokyo, Komaba, Tokyo, Japan 

Three deep drillings recently have penetrated through 
nearly horizontal strata of thick sedimentary piles beneath 
the Niigata Plain. Authigenic zeolites, associated with opal 
or quartz, were found in felsic tuffs of the drillings, and are 
distributed in a vertically zonal arrangement which is di
vided into 5 zones: from the surface, (I) fresh glass, (II) 
alkali clinoptilolite, (III) mordenite, (IV) analcime, and 
(V) albite. The zones are forming in response to tempera
ture increases with increasing depth of burial. The clinop
tilolite or mordenite-analcime and the analcime-albite 
transitions occur at 84°-91°C and 120°-124°C, respec
tively, in the presence of quartz and interstitial water. The 
zeolitic transitions may be a geothermometer in marine de
posits which have not been subjected to local hydrothermal 
alteration. 

TyjTore than 8000 meters of the U p p e r Cenozo i c mar ine deposits fill the 
U e t s u geosyncline along the coast of the Sea of Japan i n N o r t h e r n 

H o n s h u . Three dr i l l ings , each about 5000 meters deep, promoted b y the 
Japanese Petro leum Deve lopment C o r p . , recently have penetrated the 
deposits beneath the N i i g a t a P l a i n , one of the important o i l a n d gas fields 
i n Japan. T h e y are O b u c h i , Shimoigarashi , a n d M a s u g a t a , w h i c h are 
located geological ly i n a b r o a d sync l inor ium ( F i g u r e 1 ). T h e penetrated 

342 
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27. IIJIMA AND UTADA Present-Day Zeolite Diagenesis 343 

Figure 1. Location and geological map 

strata are hor i zonta l or gently fo lded , a n d m a x i m u m dips are 10°. A l l 
were deposited i n mar ine environments since the m i d d l e M i o c e n e . 
Numerous beds of pyroclast ic rock are f o u n d throughout the deposits, 
intercalated b y n o r m a l clastic sediments. M o s t are t h i n a n d fine- to 
m e d i u m - g r a i n e d v i t r i c tuffs of rhyo l i te a n d dacite. T h e tuffs alter, to 
v a r y i n g degrees, to an aggregate of authigenic minerals . 

A u t h i g e n i c minerals i n 224 samples were identi f ied b y x-ray p o w d e r 
di f fract ion a n d microscope. T h e y are as fo l lows : 

zeolites: c l inopt i lo l i te , mordenite , analc ime, laumontite . 
c lay minerals : montmor i l lon i te , corrensite, chlor i te , celadonite, i l l i t e . 
s i l i ca minera ls : opa l , quartz . 
a l k a l i fe ldspars: a lbite , monoc l in i c K- fe ldspar . 
carbonate: calcite. 

These minerals , especial ly zeolites, are d i s t r ibuted i n ver t i ca l ly zona l 
arrangement, w h i c h we d iv ide into 5 zones—i.e., f r om the surface, ( I ) 
fresh glass, ( I I ) a l k a l i c l inopt i lo l i te , ( I I I ) mordenite , ( I V ) analc ime, 
a n d ( V ) albite zones ( F i g u r e 2 ) . 

Zone I is character ized b y the general occurrence of fragments of 
fresh rhyol i te a n d dacite glass w h i c h are coated w i t h montmor i l l on i te 
a n d opal . Zone I I is character ized b y a l k a l i c l inopt i lo l i te that is stable 
to heat ing at 750°C for 12 hours a n d treat ing w i t h hot 6N hydroch lor i c 
a c i d for 1 hour . T h e minute crystals of a l k a l i c l inopt i lo l i te fill the voids 
result ing f rom dissolved glass shards, a n d are associated w i t h opa l , mont 
mor i l l on i te , a n d sometimes celadonite. T h e mode of occurrence strongly 
suggests that it was f ormed b y react ion of felsic glass w i t h interst i t ia l 
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I II III IV V 

FELSIC GLASS 
ALKALI-CLINOPTILOLITE 
MORDENITE 
Ca-CLINOPTILOLITE 
ANALCIME 
LAUMONTITE 
ALBITE 
Albitized PLAGIOCLASE 
K-FELDSPAR 
OPAL 
QUARTZ 
MONTMORILLONITE 
CORRENSITE 
CHLORITE 
CELADONITE 
ILLITE 

FELSIC GLASS 
ALKALI-CLINOPTILOLITE 
MORDENITE 
Ca-CLINOPTILOLITE 
ANALCIME 
LAUMONTITE 
ALBITE 
Albitized PLAGIOCLASE 
K-FELDSPAR 
OPAL 
QUARTZ 
MONTMORILLONITE 
CORRENSITE 
CHLORITE 
CELADONITE 
ILLITE 

FELSIC GLASS 
ALKALI-CLINOPTILOLITE 
MORDENITE 
Ca-CLINOPTILOLITE 
ANALCIME 
LAUMONTITE 
ALBITE 
Albitized PLAGIOCLASE 
K-FELDSPAR 
OPAL 
QUARTZ 
MONTMORILLONITE 
CORRENSITE 
CHLORITE 
CELADONITE 
ILLITE 

FELSIC GLASS 
ALKALI-CLINOPTILOLITE 
MORDENITE 
Ca-CLINOPTILOLITE 
ANALCIME 
LAUMONTITE 
ALBITE 
Albitized PLAGIOCLASE 
K-FELDSPAR 
OPAL 
QUARTZ 
MONTMORILLONITE 
CORRENSITE 
CHLORITE 
CELADONITE 
ILLITE 

FELSIC GLASS 
ALKALI-CLINOPTILOLITE 
MORDENITE 
Ca-CLINOPTILOLITE 
ANALCIME 
LAUMONTITE 
ALBITE 
Albitized PLAGIOCLASE 
K-FELDSPAR 
OPAL 
QUARTZ 
MONTMORILLONITE 
CORRENSITE 
CHLORITE 
CELADONITE 
ILLITE 

FELSIC GLASS 
ALKALI-CLINOPTILOLITE 
MORDENITE 
Ca-CLINOPTILOLITE 
ANALCIME 
LAUMONTITE 
ALBITE 
Albitized PLAGIOCLASE 
K-FELDSPAR 
OPAL 
QUARTZ 
MONTMORILLONITE 
CORRENSITE 
CHLORITE 
CELADONITE 
ILLITE 

FELSIC GLASS 
ALKALI-CLINOPTILOLITE 
MORDENITE 
Ca-CLINOPTILOLITE 
ANALCIME 
LAUMONTITE 
ALBITE 
Albitized PLAGIOCLASE 
K-FELDSPAR 
OPAL 
QUARTZ 
MONTMORILLONITE 
CORRENSITE 
CHLORITE 
CELADONITE 
ILLITE 

FELSIC GLASS 
ALKALI-CLINOPTILOLITE 
MORDENITE 
Ca-CLINOPTILOLITE 
ANALCIME 
LAUMONTITE 
ALBITE 
Albitized PLAGIOCLASE 
K-FELDSPAR 
OPAL 
QUARTZ 
MONTMORILLONITE 
CORRENSITE 
CHLORITE 
CELADONITE 
ILLITE 

Figure 2. Diagenetic zones of authigenic minerals in tuffs and tuffaceous 
sediments. The length of the zone is roughly proportional to the depth range. 

w a t e r — o r i g i n a l l y sea water . P r i m a r y fragments of quartz , feldspars, a n d 
biot i te are unaltered. Fragments of re l i c glass are not uncommon. 

Zone I I I is character ized b y mordenite , though its occurrence is 
rather sporadic . I n tuffs of the M a s u g a t a d r i l l i n g , Ca - c l inopt i l o l i t e is 
common, w h i c h is stable to heat ing u p to 750 ° C but destroyed b y hot 
hydroch lor i c ac id . A l k a l i c l inopt i lo l i te is c o m m o n i n tuffs of the other 
2 dr i l l ings . M o r d e n i t e a n d c l inopt i lo l i te sometimes coexist, bu t also occur 
separately. T h e y fill the voids result ing f rom dissolved glass shards a n d 
cement the interst i t ia l pores of tuffs where they are associated w i t h o p a l 
or chalcedonic quartz , montmor i l l on i te , a n d sometimes celadonite. M o r 
denite a n d a l k a l i c l inopt i lo l i te were probab ly f o rmed b y react ion of 
felsic glass w i t h interst i t ia l solutions, whereas Ca - c l inopt i l o l i t e m a y be 
p r o d u c e d b y the cat ion exchange react ion of a l k a l i c l inopt i lo l i te . T h e 
p r i m a r y minerals of the tuffs are unaltered , a n d the or ig ina l v itroclast ic 
texture is w e l l preserved. N o fresh glass shards r e m a i n i n this zone. 

A n a l c i m e is specific i n Zone I V . U n d e r the microscope, i t occurs 
c ommonly as the pseudomorphs of chnopt i lo l i te a n d mordenite w h i c h 
rep laced glass shards or cemented the interst i t ia l pores of tuffs. M o r 
denite a n d Ca-c l inopt i l o l i t e f requent ly coexist w i t h analc ime, however . 
A u t h i g e n i c quartz appears as microcrysta l l ine aggregates i n the cement 
a n d is associated w i t h montmor i l l on i te , corrensite, or chlor i te . M o n t -
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27. IIJIMA AND UTADA Present-Day Zeolite Diagenesis 345 

mor i l l on i te gradual ly changes to chlor ite t h r o u g h corrensite or swe l l ing 
chlor i te i n the lower part of this zone. P r i m a r y crystals of quartz are 
almost unal tered except where rep laced b y calcite. Plagioclase is s l ight ly 
a lb i t i zed i n the lower part of the zone. T h e o r i g i n a l v i troc last ic texture 
is recognized easily. Tuffs i n this zone reta in 15 to 2 0 % porosity (8, 9 ) . 

Zone V is character ized b y the coexistence of authigenic albite w i t h 
analc ime. T h e albite is formed b y react ion of analc ime w i t h quartz i n 
the presence of interst i t ia l water . A l b i t i z a t i o n of p r i m a r y plagioclase 
(ol igoclase to andesine) occurs extensively. T h e or ig ina l v i troc last ic 
texture becomes vague through crysta l l i zat ion of quartz a n d albite . 
L a u m o n t i t e precipitates i n cavities, l i n e d w i t h quartz , of augite dacite 
lava a n d vo lcanic brecc ia of the M a s u g a t a d r i l l i n g a n d doler ite sheet of 
the O b u c h i d r i l l i n g . 

T h e study area has been the site of deposit ion since the m i d d l e 
M i o c e n e , a n d the deposits have been l i t t le , i f any, d i s turbed b y tectonic 

MASUGATA 
SHIMO-

I GARASHI OBUCHI 

5 - " 

Figure 3. Relation of zeolitic zonation to stratigraphie subdivision. 
U: Uonuma group, W: Wanazu fm., H: Haizume fm., Ni: Nishi-
yama fm., S: Shiiya fm., Na: Nanatani fm. Solid lines show the 
boundaries of the zeolitic zonation and dotted lines represent the 

stratigraphie subdivision. 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

02
7

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



346 MOLECULAR SIEVE ZEOLITES 1 

Table I. Ranges of Temperature, Depth, and Total Pressure 
of the Upper Limit of Each Diagenetic Zone 

Zone 

I I . C l inopt i l o l i t e 
I I I . M o r d e n i t e 
I V . A n a l c i m e 
V . A l b i t e 

Temperature 
Range of the Depth Range, 

Upper Limit, °C Meters 

41-49 
55-59 
84-91 

120-124 

800-1900 
1450-2400 
2900-3500 
4150-4500 

TEMPERATURE ( °C) 

0 
50 100 

Total Pressure 
Range, Kb 

0.4-0.7 
0.9-1.1 
1.3-1.4 

150 

E2 

0_ 
UJ . 
Q <3 

— + — MASUGATA 

. - O - -0BUCHI 

— o — SHIMOIGARASHI 

YABASE OIL FIELD(2) 
_ d 

Figure 4. Relationship between geothermal gradient and zeolitic 
zonation. Temperatures were determined by the bottom hole tem
perature. Boundaries of the zonation are subparallel to each other and 

are influenced essentially by temperatures. 
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CHLORINITY (g/l) 

5 10 15 

Figure 5. Rehtionship among depth of burial, chlorinity of interstitial 
waters, and zeolitic zonation. The chlorinity of the interstitial water in 
the normal sediments decreases with increasing depth of burial. The 
interstitial water in zeolite-bearing tuffs and tuffaceous sediments have 

chlorinity similar to that in normal sediments. 

movements. T h e re lat ionship between the stratigraphie sequence a n d 
the zonat ion is shown i n F i g u r e 3. T h o u g h i t is general ly ob l ique to the 
stratigraphie boundaries , the zonat ion progresses i n a l l 3 cores d o w n 
w a r d f r om Zone I to V . These facts are interpreted to mean that authigenic 
minerals are growing as the tuffs are b u r i e d . 

American Chemical Society 
Library 

1155 16th St, N.W. 
Wishiniton. D.C MRU 
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Subsurface temperatures of 3 dr i l l ings were measured b y the bo t tom 
hole temperature. T h e m e a n geothermal gradient is about 2 0 ° C / k m 
above a d e p t h of about 3500 meters a n d 3 3 ° C / k m be l ow i t . T h e tem
perature a n d depth of the upper l i m i t of each zone is shown i n T a b l e I. 
L i q u i d water pressure is considered near ly e q u a l to the hydrostat ic 
pressure (8). I n the Yabase o i l field of A k i t a , h a v i n g a geothermal g rad i 
ent of 4 0 ° C / k m , the analc ime zone begins at a depth of 1700 meters a n d 
the temperature is 8 8 ° ± ( 2 ) ; the depth a n d temperature of the upper 
l i m i t of a lb i te zone is extrapolated to 2500 meters a n d 120 ° C f r o m the 
data ( 2 ) . T h e temperature of the analc ime react ion is not inconsistent 
w i t h the a n a l c i m e - a l b i t e e q u i l i b r i a obta ined i n the laboratory ( I , 3 ) , 
a l though i t is m u c h lower i n nature. 

Zeo l i t i c zonat ion is inf luenced b y temperature i n the range of depth 
of b u r i a l as shown i n T a b l e I a n d F i g u r e 4. T h e mordenite or c l inopt i l o -
l i t e - a h a l c i m e a n d the a n a l c i m e - a l b i t e transitions i n the presence of 
quar tz a n d interst i t ia l water m a y be used as a geothermometer i n mar ine 
sedimentary piles w h i c h have not been affected b y l o ca l h y d r o t h e r m a l 
alteration. T h e format ion of c l inopt i lo l i te or mordeni te f r o m glass is 
affected b y chemica l factors such as the s i l i ca act iv i ty , p H , sa l in i ty , etc. 
(1,4). T h e same zonat ion as descr ibed here has been recognized w i d e l y 
i n felsic tuffs of the mar ine Ter t ia ry a n d Cretaceous deposits of J a p a n 
(2, 5, 7, 10, 11, 12). T h e geothermal gradient i n some areas that is ob
ta ined f r om the zeolite geothermometer is compat ib le w i t h other geologi
c a l evidences. 

Interst i t ia l water has an important effect o n zeol i t ic reactions i n 
sedimentary rocks (4, 6). Zeol i t i c tuffs of 3 dr i l l ings or ig ina l ly were 
saturated w i t h sea water . T h e ch lor in i ty of interst i t ia l water i n cores is 
general ly lower than that of sea water (8,9), a n d tends to decrease w i t h 
increasing depth of b u r i a l , a l though the rate of decrease is h igher i n 
mudstone than i n sandstone ( F i g u r e 5 ) . T h e ch lor in i ty i n tuffs shows 
relationships s imi lar to that i n the n o r m a l clastic sediments. A n a l c i m e 
m a y replace c l inopt i lo l i te or mordenite i n water w i t h m u c h lower chlo 
r i n i t y than sea water . 

W e prefer to designate the zeol i t ic alterations as diagenetic rather 
than b u r i e d metamorph ism (4, 5, 6 ) . 
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Cation Exchange on Zeolites 

HOWARD S. SHERRY 

Mobil Research and Development Corp., Princeton, N. J. 08540 

In the case of Rb+ and Cs+ ion exchange of NaX, 32 Na+ ions 
are not exchangeable. Partial ion sieving of Tl+ ions in 
zeolite Y is attributed to a slow rate of exchange of the Na+ 

ions in the network of small cavities. Alkaline earth ion ex
change of the Na+ ions in the small cavities of zeolite Y is 
slow and thermodynamically unfavorable. The equilibrium 
preference of chabazite and Linde Τ for lower-charged ions 
over higher-charged ones is discussed. Kinetic models for 
isotopic ion exchange are analyzed and compared. Finally, 
an attempt to build a theory to describe ion exchange kinet
ics in nonideal systems is discussed, correctly predicting 
trends in one case but not in another. 

' T ' h e ab i l i ty to undergo reversible cat ion exchange is one of the most 
A important properties of zeolites. It enables us to modi fy the electric 

fields inside zeolite crystals (24), w h i c h i n turn modifies the sorptive a n d 
catalyt ic properties, T h e most s t r ik ing modi f icat ion that can be made is 
to change the molecular sieve properties. F o r example, the replacement 
of N a + i on i n L i n d e A ( N a A ) b y K + ions causes the sorption of 0 2 to 
decrease to essentially zero (16). Propane is not sorbed by N a A a n d is 
sorbed b y C a A (16). Barrer (4, 5) i n his p ioneer ing w o r k on zeolites 
has shown c lear ly that i on exchange of L i n d e 13 -X ( N a X ) pro foundly 
affects the water a n d ammonia sorption isotherms a n d therefore the heats 
of sorption. Recent publ icat ions have made i t abundant ly clear that the 
nature of the cat ion i n the zeolite affects the number of O H groups i n 
par t ia l l y dehydrated zeolites (61) a n d that c rack ing a n d isomerizat ion 
of n-hexane i n synthetic faujasites depends on the cations that are i n the 
zeolite crystals (48). 

It is the purpose here in to rev iew the advances i n i on exchange that 
have taken place f rom the F i r s t Internat ional Conference on Zeolites i n 
1967 to the present a n d to discuss the, as yet, unso lved problems. T h e 
r e v i e w w i l l be i n 2 sections. T h e first section w i l l dea l w i t h i on ex-

350 
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change e q u i l i b r i a a n d the second w i t h i o n exchange kinetics . M u c h of 
the discussion w i l l be devoted to the synthetic zeolites L i n d e X a n d Y 
because these zeolites have been most thoroughly studied. 

Ion Exchange Equilibria 

Alkal i Metal Ion Exchange in Zeolites X and Y . A very thorough 
investigation of i on exchange e q u i l i b r i a i n the synthetic faujasites L i n d e 
X a n d Y was done b y B a r r e r a n d Rees (6, 8, 12) a n d b y Sherry ( 5 2 ) . 
These 2 para l l e l studies are i n essential agreement. T h e y show that 
a l k a l i meta l cations w i t h large crystal r a d i i such as C s + a n d R b + cannot 
complete ly replace a l l of the sod ium ions i n N a X or N a Y . It was con 
c l u d e d b y Sherry (52) that the N a + ions that c ou ld not be rep laced b y 
C s + a n d R b + were located i n the s m a l l cavities of this zeohte a n d that the 
exchangeable cations were located i n the large cavities or supercages. 

E a r l y structural studies have shown b y x-ray powder di f fraction that 
i n hydra ted N a X , conta in ing 80 N a atoms per un i t ce l l , 16 are located 
i n the hexagonal prisms i n the Si pos i t ion, one i n each of the 16 hexagonal 
prisms i n a un i t ce l l , a n d that the remainder are located i n the 8 super-
cages i n a un i t ce l l (19). O f the 64 cations i n the large cages, 32 are 
located near the rings of 6 tetrahedra that are the connect ing " w i n d o w s " 
between the sodalite a n d supercages, i n the S n sites. T h e remainder 
cannot be located b y x-ray di f fraction techniques a n d are be l i eved to be 
mob i l e h y d r a t e d ions (19). There has been no structural study of h y 
drated zeolite Y reported. H o w e v e r , Baur 's s tudy of a h y d r a t e d single 
crystal of na tura l faujasite indicates the presence of 17 cations i n the 8 
sodalite cages that are i n a un i t c e l l (13). A more recent x-ray dif frac
t ion invest igat ion of a single crystal of h y d r a t e d N a X b y O l s o n i n d i 
cates that on a u n i t c e l l basis, there are 9 N a + ions i n the Si pos i t ion , 
8 i n the S / posit ion, a n d 24 cations i n the S n pos i t ion (44). L i t t l e e v i 
dence was f ound for the locat ion of the r e m a i n i n g cations, a n d they are 
presumed to be mob i l e hydrated ions. T h u s , there are s t i l l 16 s od ium 
ions per un i t ce l l i n the network of smal l cages, w h i c h consists of hex
agonal prisms a n d sodalite cages, w i t h i n the error l imits of this work . 

T h e important feature for i on exchange is that i n order for an enter
i n g i on to replace the N a + ions i n the sodalite cages or hexagonal prisms 
it must diffuse through the r i n g of 6 tetrahedra that is the w i n d o w be
tween the supercage a n d sodalite cage. T h e fact that A g + a n d K + ions 
are the largest un iva lent meta l ions that can complete ly replace a l l of the 
N a + ions i n zeolite X (52) indicates that for i on exchange this hexagonal 
r i n g has an effective diameter of 2.5 to 2.6 A . T h e effective diameter of 
the apertures of the supercage is about 9 A . 
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Figure 1. Cs-Na-Y isotherm at 25°C and 0.1 
total normality 

Ο Cs+(S) + Na+(Z)-> 
Δ Cs+(Z) + Na+(S)~* 

I n N a Y , i t is clear f r o m Sherry's w o r k (12, 54) a n d that of Barrer , 
Dav ies , a n d Rees (6) that 16 N a + ions per unit ce l l cannot be exchanged 
b y C s + a n d R b + ions. T h e i on exchange isotherm at 25 ° C i n F i g u r e 1 
terminates at 6 8 % N a replacement corresponding to the exchange of 34 
of the 50 N a + ions that are i n a un i t ce l l ( 52 ) . 

C s + a n d R b + i on exchange i n N a X is not so c lear ly understood. I n 
N a X , w i t h 85 N a + ions per u n i t ce l l , i t w o u l d be expected that 16 per 
u n i t c e l l c o u l d not be rep laced b y R b + or C s + ions. T h e isotherm shown 
i n F i g u r e 2 c lear ly does not terminate at that point (52 ) . I n an attempt 
to arr ive at 8 2 % C s load ing , Sherry (52) prepared A g X and exchanged 
i t w i t h 4 M C s S C N a n d R b S C N . C o m p l e t e C s + a n d R b + exchange st i l l 
was not achieved. H e conc luded that this isotherm should extrapolate 
to the po int S = 1, Ζ = 0.82 because only 16 out of 85 N a + ions per un i t 
ce l l should be incapable of replacement. Barrer , Rees, a n d Shamsuzzoha 
obta ined C s + - N a + a n d R b + - N a + isotherms (12) that are the same as 
Sherry 's , bu t they d i d not extrapolate them to 8 2 % N a + exchange. T h e y 
stated that C s + a n d R b + i o n exchange of N a X does not proceed beyond 
6 5 % replacement. S i m i l a r isotherms were obta ined b y T h e n g , Vansant , 
a n d Uyt terhoeven (60). Recent ly , i n an effort to resolve this disagree
ment , w e have attempted to determine the C s + a n d R b + i on exchange 
capac i ty of N a X columns b y e lut ing w i t h 0.1 M C s C l a n d R b C l at r oom 
temperature (58). W e find that only 6 2 - 6 5 % of the N a + ions can be 
rep laced b y C s + or R b + ions, i n agreement w i t h Barrer , Rees, a n d S h a m -
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28. SHERRY Cation Exchange on Zeolites 353 

suzzoha. I f further e lut ion is attempted, h y d r o n i u m i on exchange for 
N a + i o n occurs. T h u s , i t appears that i n zeolite X , 32 of the 85 N a + ions 
i n a un i t ce l l cannot be rep laced b y C s + or R b + ions. It has been sug
gested that the replacement of N a + ions i n the large cages b y C s + ions 
crowds the r e m a i n i n g ones into the smal l cages (8). E i t h e r of the 32-fold 
set of sites i n the sodalite cages c o u l d accommodate the 32 N a + that are 
not exchangeable. 

T h e study of i on exchange i n zeolites X a n d Y affords an opportuni ty 
to study a l k a l i meta l i on exchange selectivity as a funct ion of anionic 
charge on the aluminosi l i cate f ramework because zeolites X a n d Y are 
isostructural , di f fer ing only i n a l u m i n u m content. F o c u s i n g attention on 
ion exchange i n the large cages of zeolites X a n d Y , w e find that at l o w 
load ing of the ingo ing i on , the selectivity series C s > R b > Κ > N a > L i 
is observed i n both zeolites (52 ) . T h e thermodynamic selectivity of the 
negatively charged f ramework for a l k a l i meta l ions decreases i n the order 
i n w h i c h the ionic hydrat i on energies increase. T h i s selectivity series is 
the one that should be observed i f the first ions to exchange are the mobi le 
hydra ted ones. A t the 5 0 % exchange levels, the selectivity series ob
served i n zeolite X is N a > Κ > R b > C s > L i (12, 52) a n d i n zeolite Y 
is C s > R b > Κ > N a > L i ( β , 52). T h e selectivity series for zeolite X 
at 5 0 % load ing can be best accounted for b y assuming that ions i n or 
near S n sites are undergo ing exchange. T h u s , except for L i + i on , the i o n 
select ivity decreases w i t h increasing ionic radius because a bare ion must 
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Figure 2. Cs-Na-X isotherm at 25°C and 0.1 
total normality 

Ο Cs+(S)-+Na+(Z)-> 
• Cs+(Z) + Na+(S)-» 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

02
8

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



354 MOLECULAR SIEVE ZEOLITES 1 

interact w i t h the f ramework charges accord ing to C o u l o m b s l aw . L i + 

i o n is an exception because of its h i g h hydrat i on energy. I n terms of this 
mode l , a l l of the ions i n the large cages of zeolite Y are hydra ted a n d 
not s ited because the selectivity for ions at 5 0 % load ing decreases w i t h 
increasing i on i c hydrat i on energy. 

T h i s p i c ture is consistent w i t h the numbers of water molecules and 
ions i n the large cages of zeolites X a n d Y . I n zeolite X there are about 
3 H 2 0 molecules per univalent cat ion, a n d therefore there is insuffi
c ient water to f u l l y hydrate a l l the ions. O n the other h a n d , there are 
on ly 32 S n sites to accommodate 69 cations i n a uni t ce l l . T h u s , of ne
cessity, some cations must coordinate to lattice oxygen atoms i n S n sites. 
T h e remainder must complete ly coordinate to oxygen atoms of water 
molecules a n d be considered hydrated ions. I n zeolite Y , there are about 
6 water molecules per univa lent i on a n d only 34 ions per unit ce l l i n the 
large cage. A l l of these ions m a y be sited or unsited, or they m a y be dis 
t r ibuted between sited a n d f u l l y hydrated ions. T h e selectivity series 
observed b y Sherry (52) a n d Barrer , Dav ies , and Rees ( β ) at 5 0 % load 
i n g of hydra ted zeolite Y can be expla ined only b y the absence of i on 
s i t ing i n or near S n sites. I f this conclusion is correct, only 16 out of 50 
N a + ions should be located i n each uni t ce l l of N a Y b y x-ray dif fraction 
( i n the smal l cages) . T h e remain ing 34 ions should not be observable, 
or i f they are observed, the cat ion- lat t i ce oxygen internuclear distance 

0 0.2 0.4 0.6 0.8 10 
STI 
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Figure 3. Tl+-Na+ isotherms at 25°C and 0.1 
total normality 

Upper curve = Zeolite X 
Lower curve = Zeolite Y 
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28. SHERRY Cation Exchange on Zeolites 355 

shou ld support interposit ion of a water molecule between them. N o x-ray 
di f fraction study of hydrated N a Y has ever been reported. 

Τ Γ and A g + Ion Exchange in Zeolites A , X , and Y . T h a l l i u m ( I ) i on 
exchange of zeolites A , X , a n d Y presents some unresolved problems. 
Barrer a n d M e i e r (10) and Sherry and W a l t o n (59) have shown that 
w h e n L i n d e Zeol ite A contains more than 12 N a atoms per uni t ce l l , the 
excess N a + can be rep laced b y A g + ions but not b y T l + ions. T h e y con
c l u d e d that the excess N a + ions are i n the sodalite cages. Sherry later 
s tud ied T l + i on exchange of N a X a n d N a Y (52) a n d f ound that at 2 5 ° C 
a n d 0.1 total normal i ty , T l + ions can complete ly replace a l l of the N a + 

ions i n N a X but cannot replace 16 N a + ions per unit ce l l of N a Y . T h e 
ion exchange isotherms i n F i g u r e 3 very s t r ik ing ly demonstrate this effect. 
These results were veri f ied b y Barrer , Rees, a n d Shamsuzzoha for zeolite 
X i n 1966 (12) a n d b y Barrer , Dav ies , a n d Rees for zeolite Y i n 1968 (6). 
Thus , T l + ions are able to penetrate the sodalite cages of zeolite X but not 
those of zeolites A a n d Y . Sherry (52) has observed that the lattice 
parameter , a0, for the cubic faujasite type of uni t ce l l can differ b y as 
m u c h as 0.05 A w h e n compar ing a zeolite X w i t h 85 N a + ions per un i t 
ce l l to a zeolite Y w i t h 50 N a + ions per unit ce l l and has at tr ibuted the 
i n a b i l i t y of T l + ions to replace the N a + ions i n the sodalite cages of zeolite 
Y to a very s low rate of exchange i n the contracted Y lattice. 

SA, 

Journal of Physical Chemistry 

Figure 4. Ag+-Na+ isotherms at 25°C and 0.1 
total normality 

Ο Zeolite X 
• Zeolite Y 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

02
8

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



356 MOLECULAR SIEVE ZEOLITES 1 

O n the other h a n d , Barrer , Dav ies , a n d Rees (8 ) bel ieve that the 
i n a b i l i t y of T l + ions to replace the 16 N a + ions i n the sodahte cages of 
zeol ite Y results f r om an unfavorable e q u i l i b r i u m . T h e y have stated that 
the h igher f ramework charge of zeolite X must result i n the Si sites be ing 
of l ower energy than i n zeolite Y because of a greater po lar izat ion energy 
contr ibut ion w i t h T l + i on . I t is true that the free energy of T l + ions re la 
t ive to N a + ions on any site shou ld be l ower i n zeolite X than zeolite Y 
o w i n g to the stronger po lar izat ion of T l + ions i n zeolite X . T h e same state
ment is true for A g + ions i n these 2 zeolites. T h a t this effect is operative 
is c lear ly demonstrated b y re ferr ing to F i g u r e 4 w h i c h shows the A g + -
N a + - X - Y isotherms at 25 ° C a n d 0.1 total normal i ty . A g + - N a + i on ex
change demonstrates that w h e n the exchange is uncompl i ca ted b y par t ia l 
ion-s ieving, the preference for the more po lar izab le i on does indeed de
crease w i t h decreasing f ramework charge ( increas ing S i / A l atom r a t i o ) . 
T h i s t rend is ev idenced b y the decreasing rectangular i ty of the i on ex
change isotherms w i t h decreasing A l content of the zeolite. 

I f the lack of penetrat ion of the sodalite cages of zeolite Y b y T l + ions 
arises f rom a s low rate of dif fusion through the rings of 6 tetrahedra that 
interconnect the supercages a n d sodalite cages a n d is not of thermody
n a m i c o r ig in , heat ing of the react ion mixture T 1 N 0 3 + N a Y should result 
i n complete exchange w i t h an e q u i l i b r i u m constant that favors T l + ex
change because the rings of 6 tetrahedra i n zeolite Y are on ly about 
0.01 A smaller i n diameter than those of zeolite X . W e recently obta ined 
data that indicate that at 100 ° C a n d 0.1 total normal i ty , T l + ions can 
replace a l l of the ions i n N a Y a n d that T l + ions are preferred to N a + ions 
over the complete range of T l + i on l oad ing (58 ) . 

Rare Earth Ion Exchange in Zeolites X and Y . I n 1969, Sherry (55) 
reported on rare earth i on exchange i n zeolites X a n d Y . T h e most i m 
portant po int made i n this w o r k is that at 25 ° C L a 3 + ions cannot replace 
16 N a + ions per un i t ce l l of zeolites X a n d Y ( F i g u r e 5 ) — t h a t is, the rate 
is inf initely slow. F o r a l l p rac t i ca l purposes, e q u i l i b r i u m is establ ished 
between the ions i n the large cages of the zeolite crystals and those i n 
the aqueous solution. Sherry reported that it takes 13 days of exchange 
to prepare L a X ( 9 9 % replacement of the o r ig ina l N a + ions) at 100°C. 
W e must conclude that L a 3 + ions take u p positions i n the network of 
sma l l cages i n order to replace the N a + ions located therein , else w h y a 
s low exchange step i n v o l v i n g just 16 N a + ions per un i t cell? I n proof, 
O l s o n (43) has s tud ied the same L a X prepared at 100 ° C b y Sherry us ing 
x-ray p o w d e r dif fraction techniques a n d finds 8 -10 L a 3 + ions per unit ce l l 
i n the sodalite cages. 

Ames (1) has obta ined a C e 3 + - N a + i sotherm at 2 5 ° C a n d 0.5 total 
normal i ty . T h i s isotherm is very s imi lar to Sherry 's ; however , he extra
po la ted his i sotherm to the 1 0 0 % exchange leve l , m a k i n g the isotherm 
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Figure 5. La-Na isotherms at 25°C and 0.1 
total normality 

Ο Zeolite X 
• Zeolite Y 

s igmoida l w i t h a selectivity reversal . W e do not bel ieve that the i n a b i l i t y 
of the L a 3 + ions to replace N a + ions i n the network of s m a l l cages results 
f r om a smal l e q u i l i b r i u m constant because the high-temperature isotherm 
remains rectangular (55 ) . 

T h e i on s ieving observed i n the L a - N a - X a n d L a - N a - Y systems is 
qui te interesting. T h e L a 3 + i on has a radius of 1.15 A (47) a n d should 
diffuse easily through the w i n d o w s between the sodalite cages a n d super-
cages i f K + i on w i t h a radius of 1.33 A (47) can do so. H o w e v e r , the 
hydra ted radius of L a 3 + ions is 3.96 A (42) a n d the network of smal l cages 
contains l i t t le water (12). M o s t , or a l l , of the water molecules must be 
" s t r i p p e d " f rom the i on i f it is to pass through the w i n d o w between the 
large a n d smal l cages. T h e enthalpy of hydra t i on of L a 3 + i on is about 
900 to 1000 K c a l per gram mole of ions and , a l though dif fusion into the 
smal l cages of synthetic faujasites is s low at room temperature, it should 
be a h i g h l y temperature-dependent process. 

It was i n the study of rare earth i on exchange i n zeolites Y a n d X 
that Sherry (55) demonstrated that the electroselective effect should , a n d 
does, operate i n zeolites as w e l l as other exchangers (31). T h i s effect, 
w h i c h is operative w h e n ions of different charges are exchanging, states 
that, even i n an i d e a l system, the zeolite preferent ia l ly selects the i on 
w i t h the highest charge at l o w total normal i ty a n d the i on w i t h the lowest 
charge at h i g h total normal i ty . O f course, the free energy of the i on 
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1.0 

Journal of Colloid and 
Interface Science 

Figure 6. La-Na ion exchange in zeolite X 
at 25° C as a function of total normality 

Δ 0.06 Total normality 
• 0.30 Total normality 
Ο 3.85 Total normality 

exchange react ion is independent of total normal i ty . A s t r ik ing example 
is afforded b y L a 3 + - N a + i on exchange on zeolite X a n d is shown i n F i g 
ure 6. 

Alkaline Earth Ion Exchange of Zeolites X and Y . I n recent years, 
a lka l ine earth i on exchange i n zeolites X a n d Y has been s tudied thor
oughly . I n 1966, Barrer , Rees, a n d Shamsuzzoha reported on a lkal ine 
earth i on exchange i n zeolite X at 2 5 ° C (12), and i n 1968, Barrer , Dav ies , 
a n d Rees reported on exchange i n zeolite Y at 2 5 ° C (6). I n 1968, Sherry 
reported on a lkal ine earth i on exchange i n zeolites X a n d Y over the 
temperature range of 5° to 5 0 ° C (54). 

Barrer , Rees, a n d Shamsuzzoha observed that the C a 2 + - N a + i on ex
change reaction has a fast a n d a s l ow step. Sherry observed the same 
th ing . H i s isotherm shown i n F i g u r e 7 indicates that at the end of 24 
hours at 25 °C , 8 2 - 8 5 % of the or ig ina l N a + ions are rep laced b y C a 2 + ions. 
A t the end of 4 days, complete C a 2 + i on exchange has taken place. R e 
p lacement of the 69 N a + ions per unit ce l l that are i n the large cages corre
sponds to 8 2 % exchange because this N a X h a d 85 cations per un i t ce l l . 
T h e s low step must involve the exchange of the N a + ions i n the smal l 
cages. Barrer , Rees, a n d Shamsuzzoha d i d not observe a fast step that 
corresponds to a "magic n u m b e r " of 8 2 % exchange because they made 
their measurements i n a calor imeter a n d arb i t rar i ly stopped the r u n after 
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28. SHERRY Cation Exchange on Zeolites 359 

10 m i n u t e s — c a l l i n g the exchange l eve l reached at that po int the fast 
step. Sherry conc luded as i n the case of L a 3 + i on exchange of N a X that 
the s low step involves s t r ipp ing of the solvation shel l f r om around the 
C a 2 + ions. C a l c i u m i on w i t h an ion ic radius of 0.96 A (47) certa inly 
should be able to pass through the rings of 6 tetrahedra that are the 
entrances to the network of sodalite cages a n d hexagonal prisms. T h e 
4-day isotherm represents e q u i l i b r i u m . T h e e q u i h b r i u m isotherm i n 
F i g u r e 7 is s igmoida l because of an early C a 2 + i on selectivity for super-
cage sites f o l l owed b y a later N a + i on selectivity for smal l cage sites. 

B a 2 + i on exchange presents a different p ic ture . Sherry p u b l i s h e d an 
early communicat i on (53) i n w h i c h i t was reported that at 25 ° C on ly 
8 2 % of the ions are rep laced b y B a 2 + ions at e q u i l i b r i u m . A g a i n a " m a g i c " 
exchange leve l was reached w h i c h corresponds to the i n a b i l i t y of B a 2 + 

ions to replace 16 N a + ions per un i t ce l l . A n u n p u b l i s h e d a n d incomplete 
powder di f fraction study b y O l s o n a n d Sherry (46) on B a N a X w i t h 16 
N a + ions per un i t ce l l shows that a l l the N a + ions are i n the smal l cavities. 
Barrer , Rees, a n d Shamsuzzoha reported that only about 7 4 % B a 2 + i on 
exchange c o u l d be achieved i n zeolite X at e q u i l i b r i u m . W e can on ly 
account for the discrepancy between their a n d Sherry's results b y c i t ing 
our experience us ing a N a X that h a d 7 % of the N a + ions rep laced b y 
H 3 0 + ions resul t ing f rom extensive w a s h i n g w i t h d i s t i l l ed water. A l l of 
the i on exchange isotherms were depressed b y an amount corresponding 
to the amount of H 3 0 + exchange. 

Journal of Physical Chemistry 

Figure 7. Ca-Na-X isotherm at 25°C and 0.1 
total normality 
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T h e i n a b i l i t y of B a 2 + ions to diffuse into the sodalite cages of zeolite 
X can be attr ibuted i n part to the ionic radius of the bare i o n be ing 
1.35 A (47). H o w e v e r , K + i on , w i t h an ion ic radius of 1.33 A , diffuses 
r a p i d l y into the smal l cages. E v e n for B a 2 + i on , some reduct ion i n the 
size of the hydra t i on shel l must be important . T h u s , both bare i on size 
a n d hydra ted i on size he lp to determine the effective size of the rings of 
6 tetrahedra that are the w i n d o w s between the large and smal l cages. 
I f water s t r ipp ing is important i n the mechanism of B a 2 + i on exchange, 
exchange at h igher temperature should result i n complete N a + i o n re
placement. Sherry (55) has obta ined B a - N a - X isotherms at 5 ° , 25° , 
a n d 5 0 ° C a n d finds that at 50 ° C B a 2 + ions can complete ly replace a l l of 
the N a + ions i n zeolite X . T h e isotherm is s igmoida l , ind i ca t ing , as i n the 
case of complete C a 2 + i o n exchange ( F i g u r e 7 ) , that at e q u i l i b r i u m the 
sites i n the smal l cages prefer N a + ions to B a 2 + ions. T h e free energy for 
B a 2 + - N a + i on exchange i n the large cages of zeol ite X was measured at 
5° a n d 25° us ing the method of Gaines a n d Thomas (29 ) . T h e free en
ergy of exchange of the smal l cages at 50 ° C was calculated u s i n g the 
free energy of exchange of the large cages at 50 ° C , extrapolated f rom 
the 5° a n d 25 ° C values, a n d the free energy of exchange of the large 
a n d smal l cages at 50°C . T h e e q u i l i b r i u m constant for small -cage ex
change was ca lculated to be 0.037 a n d for large cage exchange 72.5. 
T h u s , d ivalent i on exchange of the smal l cages of zeolite X is very u n 
favorable . It w i l l be shown later that d ivalent i on exchange of the smal l 
cages of zeolite Y is s t i l l more unfavorable . 
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Figure 8. Lattice parameter vs. percent Sr exchange 
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Journal of Physical Chemistry 

Figure 9. Sr-Na-X isotherm at 25°C and 0.1 
total normality 

S r 2 + i on exchange for N a + i n zeolite X is an example of the occurrence 
of a phase react ion as a result of the l i m i t e d so lub i l i ty of the end m e m 
bers of an i on exchange series. O l son and Sherry (45) have reported an 
x-ray p o w d e r dif fraction study that shows that as S r 2 + ions are exchanged 
into N a X , the cub i c un i t ce l l contracts. A t 7 1 % Sr load ing , the uni t ce l l 
suddenly expands a n d a n e w phase forms that is r i cher i n S r 2 + a n d has a 
m u c h more expanded unit ce l l . E v i d e n c e for the presence of 2 so l id 
phases is the double x-ray dif fraction pattern that they observed. T h e 
n e w phase has the faujasite structure, an Sr exchange leve l of 8 7 % , a n d 
is i n e q u i l i b r i u m w i t h the o l d phase. As the m i s c i b i l i t y gap of 71 to 8 7 % 
is traversed, the Sr-poorer phase disappears a n d the amount of the Sr-
r icher phase increases u n t i l at 8 7 % Sr load ing , on ly the expanded phase 
exists. T h e lattice parameter data are shown i n F i g u r e 8. 

T h i s x-ray study explains the unusua l i on exchange isotherm a n d 
select ivity p lot (54) obta ined for the S r - N a - X system. T h e i on exchange 
isotherm shown i n F i g u r e 9 has a sudden vert i ca l rise at about 7 0 % Sr 
load ing . A change i n so l id phase composit ion at constant solution phase 
composi t ion appears to violate the phase ru le u n t i l i t is rea l i zed that, 
over the vert i ca l port ion of the isotherm, v a r y i n g amounts of 2 so l id 
phases each of constant composit ion must be i n e q u i l i b r i u m w i t h a so lu
t ion of constant composit ion. T h e over -a l l Sr content of the so l id phase 
increases because the amount of S r - r i c h so l id phase increases. T h e v a r i a 
t ion i n the selectivity coefficient w i t h S r 2 + i o n l oad ing shown i n F i g u r e 10 
can be expla ined i n terms of the appearance of a n e w so l id phase. A s 
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Figure 10. Selectivity vs. Sr-Na exchange in 
zeolite X at 25° C and 0.1 total normality 

S r 2 + ions exchange into the N a X , the selectivity coefficient for the pre 
ferred S r 2 + i on decreases—not an unusua l effect. A t about 7 1 % Sr l o a d 
i n g , the selectivity coefficient suddenly begins to increase w i t h Sr l oad ing 
because the stront ium-r icher , a n d therefore strontium-selective, so l id 
phase appears. T h e select ivity coefficient continues to increase w i t h the 
increase i n the amount of the Sr-r icher phase a n d reaches a m a x i m u m 
w h e n the mis c ib i l i t y gap has been traversed. T h e selectivity coefficient 
then decreases w i t h increasing Sr l oad ing i n a n o r m a l fashion. 

O l s o n a n d Sherry also reported structure analyses, us ing x-ray p o w 
der dif fraction data , on a S r N a X at the lower side of the m i s c i b i l i t y gap 
( 7 1 % Sr l oad ing ) and on an almost complete ly S r 2 + i on exchanged zeolite 
X conta in ing one N a + i on per uni t ce l l . T h e y reported that a un i t ce l l of 
hydra ted S r N a X has 12 N a + ions i n Si sites, 7.3 S r 2 + ions i n S / sites, a n d 
11.5 S r 2 + ions i n S n sites. T h e f u l l y exchanged hydra ted S r X contains 
2.1 ions i n ST sites, 11.1 i n S / sites, a n d 15.0 i n S n sites. T h u s , d u r i n g the 
replacement of 7 1 % of the o r ig ina l N a + ions i n the zeolite, S r 2 + ions site 
i n the smal l cages. S r 2 + - N a + i on exchange a n d the previously discussed 
C s + - N a + i on exchange i n zeolite X demonstrate the danger i n always 
assuming that the entering i on s imp ly takes the l eav ing ion's place . T h e 
ingo ing i on m a y site i n n e w positions or may cause the r e m a i n i n g ions 
to resite. 

T h e S r - N a - X system is not the first example of l i m i t e d m i s c i b i l i t y of 
e n d members . Barrer a n d H i n d s (9 ) reported that K + i on exchange of 
Na-ana lc i te converts some of the crystals to K - l euc i t e at smal l levels of 
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28. SHERRY Cation Exchange on Zeolites 363 

K + l oad ing . T h e 2-phase region extends to almost complete K + i on ex
change. T w o so l id phases were also obta ined i n the T l - N a - , R b — N a - , 
T 1 - K - , a n d A g - N a - a n a l c i t e systems ( 9 ) . It w o u l d appear that almost 
complete i m m i s c i b i l i t y of end members occurs w h e n a large i on replaces 
a smal l one i n a zeolite that has a fa i r l y dense f ramework structure. T h e 
S r - N a - X system is more compl icated . T h e appearance of a new, S r - r i c h , 
expanded unit ce l l m a y be o w i n g to the vacat ing of the Si sites. T h e 
loss of posit ive charge i n the hexagonal prisms may cause the Ο atoms 
to move apart. 

Barrer , Rees, a n d Shamsuzzoha (12) d i d not observe a region of 
l i m i t e d m i s c i b i l i t y of the end members N a X a n d S r X i n their work . P e r 
haps insufficient points were obta ined to define the isotherm, or perhaps 
the N a X used b y them was par t ia l l y h y d r o n i u m ion exchanged. 

A l k a l i n e earth i on exchange of zeolite Y differs f r om that of zeolite 
X . Sherry (54) a n d Barrer , Dav ies , a n d Rees (6 ) bo th report that at 
25 ° C C a 2 + , S r 2 + , a n d B a 2 + ions cannot replace 16 of the N a + ions i n a uni t 
c e l l of N a Y . Sherry has suggested that the i n a b i l i t y of these cations to 
replace the last 16 N a + ions i n N a Y is k inet i c i n or ig in , whereas i t has 
been suggested that there is no s low step i n zeolite Y a n d that the lack 
of smal l cage i on exchange is caused b y a positive free energy of exchange 
of these sites result ing f rom the l o w f ramework charge of this zeolite 
compared w i t h zeol ite X ( 8 ) . Sherry s tudied a lkal ine earth i o n exchange 
at 5 ° , 25° , a n d 50°C . H e reported (54) that at the highest temperature 
16 N a + ions per uni t ce l l were not replaced , but isotherms at 5 0 ° C d i d 
not cover the last 2 0 % of the solut ion composit ion range. U n p u b l i s h e d 
efforts (58) to obta in points i n this region of the isotherm at 5° to 50° C 
b y equ i l i b ra t ing for 1- and 2-week periods a n d b y e lut ing w i t h 0.1 M 
C a C l 2 for 1- a n d 2-week periods at 25° a n d 50 ° C resulted i n as h i g h as 
9 0 % C a 2 + i on l oad ing . One-week exchanges gave the same results as 
2-week exchanges. W e n o w bel ieve that Barrer , Rees, a n d Shamsuzzoha 
are correct i n suggesting that the i n a b i l i t y of d ivalent ions to replace 
N a + ions i n the smal l cages of N a Y results f rom an unfavorable exchange 
e q u i l i b r i a . A g a i n , as was the case w i t h A g + i on exchange, i t is f ound that 
w h e n ions must coordinate to latt ice oxygen atoms i n definite crystal lo -
graphic sites i n the smal l cages, the e q u i l i b r i a are less favorable i n zeol ite 
Y than i n zeolite X , most probab ly because of the lower f ramework charge 
on the more siliceous zeolite Y . 

Ammonium and A l k y l Substituted Ammonium Ion Exchange in 
Zeolites X and Y . I n 1968, T h e n g , Vansant , a n d Uytterhoeven reported 
(60) on their study of the exchange of a m m o n i u m ions a n d a l k y l a m -
m o n i u m ions i n zeolites X a n d Y . T h e y f o und that, i n general , not a l l 
of the N a + ions c o u l d be replaced . T h e y agreed w i t h an earl ier report 
(54) that 16 N a + ions per un i t ce l l of N a Y c o u l d not be rep laced b y 
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364 MOLECULAR SIEVE ZEOLITES 1 

N H 4
+ ions. I t was f o und that i n exchanges i n v o l v i n g a l k y l a m m o n i u m ions 

the m a x i m u m extent of exchange decreases w i t h increas ing molecular 
weight . T h i s result is consistent w i t h the vo lume requirements of the 
i n g o i n g ions. T h e propor t i on of the N a + ions rep laced was l ower for 
zeolite X a n d also depended on the nature of the meta l l i c i on i n i t i a l l y 
present. These 2 points were taken as evidence that nonsteric factors 
are also important i n a l k y l a m m o n i u m i on exchange. These investigators 
bel ieve that electrostatic interactions must be invo lved . T h u s , the a l k y l 
a m m o n i u m cations should interact less w i t h the fixed negative charges 
of the f ramework as the length a n d the n u m b e r of the a l k y l groups i n 
crease. T h e electrostatic parameter that they correlate w i t h m a x i m u m 
exchange is po lar i z ib i l i t y . T h i s factor m a y be more important i n zeolite X 
than i n zeolite Y . Zeo l i t i c water may also p lay a role. T h e sorpt ion of 
water molecules should be stronger i n zeolite X than i n zeolite Y be
cause the h igher cat ion content i n the former a n d concommitant greater 
tendency to hydrate shou ld tend to " c r o w d " out a l k y l a m m o n i u m cations. 

Alkylammonium Ion Exchange in Clinoptilolite. A l k y l a m m o n i u m 
i o n exchange of c l inopt i lo l i te was invest igated b y Barrer , Papadopoulos , 
a n d Rees a n d reported i n 1967 (11). T h e y s tudied the exchange of 
N a + ions f r om c l inopt i lo l i te b y obta in ing ion exchange isotherms for 
N H 4

+ , C H 3 N H 3
+ , ( C H 3 ) 2 N H 2

+ , ( C H 3 ) 3 N H \ C 2 H 5 N H 3
+ , n - C 3 H 7 N H 3

+ , iso-
C 3 H 7 N H 3

+ , a n d n - C 4 H 9 N H 3
+ cat ion exchange at 60 °C . C o m p l e t e replace 

ment of a l l the N a + ions i n this zeolite ( e m p i r i c a l f o r m u l a is N a 2 0 · A 1 2 0 3 · 
10 S i 0 2 · 8.6 H 2 0 ) was accompl i shed b y a l l of the above cations but 
( C H 3 ) 3 N H + , i s o - C 5 H 7 N H 3

+ , a n d n - C 4 H 9 N H 3
+ ions, for w h i c h on ly par t ia l 

replacement was observed. N o exchange was observed to take p lace 
w i t h s t i l l larger cations, ind i ca t ing a double s ieving effect was operative. 

W a t e r contents show a l inear decrease w i t h increasing l o a d i n g of the 
organic cat ion. A t constant exchange level , the amount of water d is 
p laced f rom the zeolite increases w i t h increasing vo lume of the organic 
cat ion. T h e authors po int out that the decrease i n the water content of 
the zeolite d u r i n g i on exchange should contribute a large endothermic 
energy term to the heat of exchange. T h i s effect must be considered 
i n any thermodynamic analysis of the exchange of organic cations for 
m e t a l cations. 

T h e authors have est imated the intracrystal l ine vo lume of c l inopt i l o 
l i te f r om the water content of the N a f o rm a n d conclude f rom their esti
mates of the ion ic volumes of the organic cations used that 1 0 0 % 
exchange is theoret ical ly possible for a l l ions. T h e y conclude f r om a 
consideration of the heulandi te structure (41), w h i c h is isostructural 
w i t h c l inopt i lo l i te , that p a r t i a l i on s ieving occurs because there are 2 
different networks of channels that intersect. D i f fus ion into a n d through 
one network is via r ings of 10 tetrahedra h a v i n g a p lanar project ion that 
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28. SHERRY Cation Exchange on Zeolites 365 

is e l l i p t i c a l w i t h approximate free dimensions of 7.9 b y 3.5 A . Di f fus ion 
through the other channels is through rings of 8 tetrahedra h a v i n g a 
p lanar project ion w i t h free dimensions of about 4.4 a n d 3.0 A (11). 
Barrer , Papadopoulos , a n d Rees suspect that the i n a b i l i t y to achieve c o m 
plete N a + i on exchange w i t h ( C H 3 ) 3 N H + , i s o - C 3 H 7 N H 3 \ a n d n - C 4 H 9 N H 3

+ 

ions reflects p a r t i a l s iev ing b y the network of channels h a v i n g the smaller 
w indows . U s i n g s t i l l larger organic ions to study the s ieving effect of 
the larger w i n d o w s of the other network of channels, they have very 
elegantly demonstrated that the almost spher i ca l ions, ( C H 3 ) 4 N + , w i t h 
van der W a a l s dimensions i n the x, y, and ζ directions of 6.42, 6.10, a n d 
6.22 A a n d teri-C4H9NH3

+ w i t h dimensions of 6.52, 6.18, a n d 5.6 A (11) 
are complete ly sieved, whereas the more e l l i p t i ca l ions, ( C H 3 ) 3 N H + w i t h 
van der W a a l s dimensions of 6.42, 6.10, a n d 4.17 A a n d n - C 4 H 9 N H 3 w i t h 
dimensions of 8.42, 4.88, and 4.00 A , are only par t ia l l y sieved. T h e authors 
conclude that there is reasonable correspondence between the crystal 
structure proposed b y M e r k l e a n d Slaughter ( 41 ) and the observed i on 
s ieving. 

Ion Exchange of Zeolite T . Sherry has studied univa lent a n d d i 
valent i on exchange i n the synthetic L i n d e Zeol ite Τ (57 ) . T h i s zeolite 
is essentially a synthetic offretite w i t h smal l intergrowths of erionite ( 14). 
T h e offretite structure is capable of exh ib i t ing double s ieving effects be
cause i t has 2 networks of channels. T h e more open network consists 
of channels w i t h an effective diameter of 6.27 A . T h e more dense net
w o r k consists of stacks of cancr inite a n d gmel ini te cages. T h e aperture 
of the gmel inite cage is a nonplanar r i n g of tetrahedra h a v i n g an e l l ip t i ca l 
p lanar project ion w i t h a l i m i t i n g d imens ion of 3.51 A (57 ) . T h e aperture 
of the cancrinite cage is a very puckered r i n g w i t h a p lanar e l l i p t i ca l 
project ion h a v i n g a d imens ion of 1.76 A . Sherry s tudied a batch of K T 
hav ing the anhydrous uni t ce l l contents K 4 [ ( A 1 0 2 ) 4 ( S i 0 2 ) i 4 ] . Ion ex
change w i t h L i + , N a + , N H 4

+ , R b + , C s + , A g + , C a 2 + , a n d B a 2 + ions stops after 
the replacement of 3 K + ions per uni t ce l l . It was conc luded that one K + 

i o n is t r a p p e d i n the f ramework a n d that the most l i k e l y locat ion for this 
i on is i n the cancrinite cage. T h i s result is i n contradist inct ion to the syn
thetic faujasites i n w h i c h N a + ions are not t rapped i n the network of smal l 
cages. I n the latter case, largely hydrated or large bare ions diffuse 
s l owly through the apertures of the sodalite cages or are complete ly 
sieved. I n the case of zeolite T , a K + i on must be occ luded i n a can
cr inite cage d u r i n g crystal l izat ion . 

T h e thermodynamic select ivity series for zeolite Τ is Cs > R b > 
A g > Κ > N H 4 > B a > > N a > C a > L i . O n e of the most interest ing 
results of this w o r k is that this zeolite prefers many monovalent cations 
to d iva lent ones. T h i s behavior is not often observed a n d is unexpected 
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366 MOLECULAR SIEVE ZEOLITES 1 

to those w h o f o l l ow the rule of t h u m b that h igher charged ions are 
a lways pre ferred b y i on exchangers. H e r e we see that over the who le 
range of l oad ing C s + , R b + , A g + , K + , a n d N H 4

+ ions are pre ferred to C a 2 + 

a n d B a 2 + ions. I n the case of synthetic faujasites discussed above, the 
h igher charged ions are preferred i n the very open a n d hydrous network 
of supercages, but the lower charged ones are most preferred i n the dense 
network of hexagonal prisms a n d sodalite cages. T h i s thermodynamic 
preference for mono- over d ivalent ions is drast ical ly higher i n zeolite Y 
than i n the more aluminous zeolite X . Zeolite Τ has a denser f ramework 
w h i c h contains less water i n the cavities a n d is s t i l l l ower i n f ramework 
negative charge than zeolite Y . It is easy to invoke an electrostatic m o d e l 
( 56 ) that takes into account the spac ing between fixed negative charges 
( or charge density ) a n d show that as the distance between them increases 
the preference for d ivalent ions over monovalent ones decreases u n t i l , at 
a sufficiently l o w density of negative charges on the framework, a selec
t i v i t y reversal occurs. 

Ion Exchange Equilibria in Chabazite. Another example of i on ex
change on a more siliceous zeolite is the study of natura l chabazite (7) 
b y Barrer , Dav ies , a n d Rees us ing a sample of natura l chabazite w i t h 
a S i / A l a tom ratio of 2.5. T h e y f o und that this zeolite exhib i ted the 
thermodynamic selectivity series T l + > K + > A g + > R b + > N H 4

+ > P b 2 + 

> N a + = B a 2 + > S r 2 + > C a 2 + > L i + . T h i s series demonstrates that chab
azite also prefers many univalent ions to d ivalent ones. Barrer , Dav ies , 
a n d Rees speculate that d ivalent ions, f r om consideration of Cou lomb ' s 
l aw , should be able to interact more strongly w i t h anionic sites ( 7 ) . T h e y 
suggest that solvation affinities i n the external solution p lay a role. T h i s 
cannot be a factor because the solvation effects i n the external solution 
phase are the same no matter w h a t zeolite is considered a n d yet more 
aluminous zeolites prefer B a 2 + , S r 2 + , a n d C a 2 + to C s + , R b + , N H 4

+ , K + , and 
N a + ions (8, 12, 51, 55) a n d the reverse is true i n less a luminous zeolites 
such as the chabazite under discussion a n d zeolite Τ (57 ) . Interactions 
i n the zeolite phase must be responsible for the select ivity reversal be
tween u n i - a n d d ivalent ions w h e n m o v i n g f rom a more h i g h l y charged 
to a less h i g h l y charged anionic f ramework (56 ) . 

D i v a l e n t ion exchange was f o und to be considerably slower than 
univalent i on exchange i n chabazite ( 7 ) . T h e difference i n rates is at
t r ibuted to the necessity to str ip some of the solvation shel l f r om the more 
h i g h l y hydrated ions to permi t diffusion through the rings of 8 tetra
hedra that are the entrances to the cages i n chabazite . W e have here 
another example of s low kinetics or i on s ieving b y zeolites h a v i n g restric
t ion to diffusion that are on ly s l ight ly larger than the size of the ions. 
O t h e r examples have a lready been discussed (54, 55, 56). 
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Ion Exchange Kinetics 

Particle Controlled Isotopic Ion Exchange Kinetics (Self-Diffusion). 
A n extensive study of i on exchange kinetics i n zeolites A a n d X is be ing 
made at the H a h n - M e i t n e r Institute for N u c l e a r Research i n B e r l i n , W e s t 
G e r m a n y . It is extremely difficult to study isotope exchange i n zeolites 
A a n d X because the combinat ion of h i g h self-diffusion coefficients a n d 
the smal l size of the crystals that are commerc ia l ly avai lab le results i n 
extremely short react ion times. T h e group at the H a h n - M e i t n e r Institute 
has deve loped 2 techniques for s tudy ing fast i o n exchange reactions. 
O n e is a pressure filtration method (38) i n w h i c h an exchange so lut ion 
is r a p i d l y pressed through a t h i n b e d of zeolite crystals. T h e other one 
is the temperature jump method (35) i n w h i c h a so l id is r a p i d l y intro 
duced into a solut ion at an elevated temperature a n d the react ion is then 
quenched after a suitable t ime w i t h e thy l a l coho l cooled b y l i q u i d a i r 
to - 1 1 0 ° C . 

I n 1966, H o i n k i s a n d L e v i reported that S r 2 + self-diffusion i n S r X 
appeared to occur b y two processes—one fast a n d the other s low (33 ) . 
I n 1967, they (34) reported that C s + a n d R b + isotope exchange i n zeol ite 
A does not f o l l ow the rate l a w for a s imple dif fusion process a n d appears 
to take place w i t h 2 steps. T h e y p lo t ted their isotope exchange data as 
1 — U vs. t ime, where U is the f ract ional attainment of e q u i l i b r i u m at 
any instant i n t ime. I n order to ascertain whether or not the rate data fit 
the s imple dif fusion equat ion, they replotted their data as 

a2 is the mean edge size of the cub i c zeolite A crystal , D is the diffusion 
coefficient, and t is the t ime. A p lot of E q u a t i o n 1 is l inear , passing 
through the or ig in w i t h a posit ive slope, i f a s imple dif fusion process 
that obeys F i ck ' s L a w s is observed. M a r k e d curvature of plots of E q u a 
t ion 1 was f ou n d for C s + a n d R b + isotope exchange i n zeol ite A over the 
temperature range 0° to 30°C . T h u s isotope exchange, or self-diffusion, 
does not obey the s imple dif fusion equations. 

T h e equat ion H o i n k i s a n d L e v i used to fit their data was 

(1) 
where 

U = (1 - y)Uf + yUs (2) 

where y represents the fract ion of the isotope exchange process that is 
slow, Uf is the f ract ional attainment of e q u i l i b r i u m of the fast process 
at any instant i n t ime, a n d U8 is the f ract ional attainment of e q u i l i b r i u m 
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368 MOLECULAR SIEVE ZEOLITES 1 

of the s low process at any instant i n t ime. Uf a n d U8 are expressed as 
functions of t ime through the s imple rate l a w for dif fusion, a n d this equa 
t ion is a l inear superposit ion of 2 s imple dif fusion processes that re 
quires 2 different rate constants a n d a value for y to fit the isotopic 
exchange data. U s e of E q u a t i o n 2 to fit the dif fusion data impl ies that 
the zeolite has 2 independent , noninterconnect ing, three-dimensional 
networks of channels. O n e w o u l d expect to find 2 dif fusion processes, 
each w i t h a different self-diffusion coefficient, i n such a structure. I n 
zeol ite A , however , there is only one three-d imensional network of chan 
nels. T h e network is a cub i c array of large cages interconnected b y rings 
of 8 tetrahedra w i t h a free diameter of 4 A (49 ) . T h e only determinat ion 
of cat ion locat ion has been made for hydrated N a A (19). E i g h t of the 
12 cations per u n i t c e l l are located near the center of the 8 r ings of 6 
tetrahedra that open into the sodalite cages; the other 4 cations have 
not been located a n d are presumed to be mobi le , h y d r a t e d cations. There 
are, therefore, 2 k inds of cations i n this zeolite but only one three -d i 
mensional network of cavities. T h e sodalite cages are interconnected 
b y double rings of 4 tetrahedra through w h i c h no cations can diffuse. 
A l t h o u g h one w o u l d antic ipate the poss ib i l i ty of observing a two-step 
isotopic i on exchange process because of the probable presence of 2 
crysta l lographica l ly distinct k inds of cations i n C s A a n d R b A , i t cannot 
be o w i n g to the presence of 2 different dif fusion paths. O n l y one dif fusion 
p a t h is avai lable , a n d the same dif fusion coefficient should be used to 
describe dif fusion of a l l ions. W e w i l l discuss another m o d e l for isotopic 
i o n exchange after r e v i e w i n g H o i n k i s a n d L e v i s study of zeolite X . 

I n 1968, H o i n k i s and L e v i s tudied B a 2 + isotopic i on exchange i n B a A 
us ing the temperature j u m p method (35 ) . T h e y f ound that the react ion 
rate c ou ld not be descr ibed b y the s imple diffusion equat ion over the 
temperature range 45° to 100°C. T h e react ion does obey the s imple 
diffusion equat ion f rom 100° to 120°C. T h e y conc luded f rom this data 
that be l ow 100 ° C sited a n d unsi ted B a 2 + ions are present a n d that above 
100 ° C very f ew ions are sited. 

H o i n k i s a n d L e v i broadened their study to inc lude zeolite X a n d 
i n 1969 reported on a lkal ine earth a n d a l k a l i meta l cat ion self-diffusion 
i n zeolites A a n d X (36, 37 ) . T h e y f ound that B a 2 + a n d S r 2 + isotopic 
i on exchange i n B a X a n d C s + isotopic i on exchange i n C s A takes place 
via 2 separate rate processes a n d that B a 2 + a n d S r 2 + isotopic i on ex
change i n zeol ite A takes place b y a process that obeys the s imple 
dif fusion equation. A g a i n they attr ibute the two-step process to the 2 
independent diffusion processes. I n the case of zeolite X , H o i n k i s and 
L e v i bel ieve that ions i n the large a n d smal l cavities diffuse independ 
ent ly—those i n the smal l cavities di f fusing into , through , a n d out of, the 
crystals via the network of sodalite cages a n d hexagonal prisms a n d those 
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28. SHERRY Cation Exchange on Zeolites 369 

i n the large cages dif fusing through the network of large cages. I f this 
p ic ture of i on diffusion i n zeolite X were correct, the use of a l inear su
perpos i t ion of 2 diffusion processes governed b y F i ck ' s laws w o u l d be 
a good mathemat i ca l descr ipt ion of self-diffusion. H o w e v e r , the networks 
of supercages a n d sodalite cages are interconnected b y the rings of 6 
tetrahedra that connect the supercages to sodalite cages. It is entirely 
possible for ions to jump f rom one network to the other through these 
rings. 

B r o w n , Sherry, a n d K r a m b e c k have proposed a new m o d e l for par 
t ic le -contro l led isotopic i on exchange ( self-diffusion ) i n hydra ted zeolites 
( 20, 21). I n this mode l , a l l ions i n zeolite A must necessarily diffuse i n 
one step because there is only one diffusion p a t h — t h e network of large 
cages. T h e mobi le , unsited ions diffuse via this pa th by a F i c k i a n diffusion 
process w i t h a characterist ic self-diffusion coefficient, D. T h e b o u n d ions 
can desorb f rom their sites and enter into the poo l of mob i l e ions, becom
i n g indist inguishable f r om them, a n d then diffuse along the same path 
w i t h the same characterist ic constant, D. Ions may leave the poo l of 
mob i l e ions b y adsorbing on vacant sites. T h e adsorption a n d desorption 
steps are assumed to obey a first-order rate l aw . T h e set of p a r t i a l d i f 
ferent ia l equations descr ib ing these processes i n a spher ica l part ic le is 

where t is the t ime, r is the r a d i a l coordinate, D i is the self-diffusion 
coefficient of the mobi le ions, ki is the specific first-order rate constant 
for adsorpt ion, k2 is the specific first-order rate constant for desorption, 
«i2 = ki/k2, Ci is the concentration of mobi le ions, a n d c 2 is the concen
trat ion of bound , or sited, ions. 

B r o w n , Sherry, a n d K r a m b e c k have also proposed a m o d e l for self-
diffusion i n zeolite X (20, 21) i n w h i c h mobi le ions i n the large cages 
diffuse b y a F i c k i a n diffusion process, ions i n S n sites enter the poo l of 
mob i l e ions b y desorbing a n d becoming indist inguishable f rom the other 
mobi le ions, mobi le ions adsorb on S n sites, ions i n the smal l cages pass 
through a r i n g of 6 tetrahedra a n d occupy S n sites, a n d ions i n S n sites 
move i n the other d irect ion a n d enter the smal l cages. I n add i t i on , ions 
i n the smal l cages can diffuse into , through, a n d out of the crystals solely 
through the network of sma l l cages b y a F i c k i a n diffusion process that 
has a characterist ic diffusion coefficient that is different f rom the one for 
large-cage diffusion. It is assumed again that s i t ing a n d uns i t ing of ions 

(3) 

-57 = kiiauCi — C2) (4) 
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370 MOLECULAR SIEVE ZEOLITES 1 

is a first-order rate process. T h e equations that describe these processes 
are 

dCl 

dt 

dt 

Di h ί (r2 Ψ) + h {Ci ~aiaCi) (5) 

t * ( « i A - C 2 ) + fc4(C3 - a 2 3 C 2 ) (6) 

7 Γ + ( 7 ) 

where t refers to t ime, r is the r a d i a l coordinate, D x is the self-diffusion 
coefficient of ions i n supercages, Ci is the concentration of mob i l e ions i n 
the supercages, c2 is the concentration of ions i n S n sites, c 3 is the con
centrat ion of ions i n the network of smal l cavities, fci is the specific first-
order rate constant for i o n adsorpt ion on S n sites, k<2 for i on desorption 
f r o m S n sites, k3 is the rate constant for the jump of an i on i n a n S n site 
into a sodalite cage, k4 is the rate constant for the jump of an i o n i n the 
sodalite cage into an S n site, and D 3 is the self-diffusion coefficient for 
the dif fusion of ions i n the network of sodalite cages. If we neglect 
transfer of ions between the 2 different networks of cages a n d adsorpt ion 
a n d desorption at S n sites, Equat ions 6, 7, and 8 reduce to those used b y 
H o i n k i s a n d L e v i (37 ) . 

B r o w n , Sherry, a n d K r a m b e c k (20, 21) have proposed that an i on 
i n the network of sodalite cages is m u c h more l i k e l y to leave a crysta l b y 
j u m p i n g through a r i n g of 6 tetrahedra into a large cage and then r a p i d l y 
di f fusing through the network of large cages than i t is to diffuse through 
the network of sodalite cages, w h i c h involves passing through a l ong 
sequence of hexagonal pr isms. I n the l i m i t of an inf initely large crystal , 
this assumption must be true. I n the l i m i t of a crystal conta in ing one 
un i t ce l l , ions i n the network of smal l cages might diffuse b y either mech 
anism. Acceptance of the propos i t ion that ions i n the smal l cages move 
into the large cages a n d then diffuse out of the crysta l through the net
w o r k of large cages removes the first t e rm on the r ight side of E q u a t i o n 7. 
Fur thermore , i t was po inted out (20, 21) that i f the ions i n S n sites are 
only w e a k l y sorbed, they w i l l be i n e q u i l i b r i u m w i t h the mob i l e ions i n 
the large cages, a n d they w i l l s i m p l y serve to enlarge the poo l of mob i l e 
ions. If this s i tuation exists, Equat i ons 5, 6, a n d 7 reduce to 

+ hid — OC23C2) (8) 
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28. SHERRY Cation Exchange on Zeolites 371 

a±l = fc4(C3 - a 2 3 C 2 ) (9) 

Equat i ons 8 a n d 9, w h i c h have bu i l t into them the assumption that 
ions i n the smal l cages move into large cages a n d not through the net
w o r k of sma l l cages a n d that adsorpt ion on a n d desorption f r o m S n sites 
is r a p i d compared to diffusion i n the large cages, are of the same f o rm 
as Equat i ons 3 a n d 4. 

B r o w n a n d Sherry have tested their models b y s tudy ing part i c le -
contro l led isotopic i on exchange of N a + i n N a A a n d N a X (22 ) . T h i s re 
act ion is so r a p i d that i t w o u l d not be possible to f o l l ow us ing the tech
niques developed at the H a h n - M e i t n e r Institute. B r o w n a n d Sherry 
solved this p r o b l e m b y us ing the techniques deve loped b y C h a r n e l l (23) 
for g r o w i n g gram-scale batches of we l l - f o rmed single crystals of N a A a n d 
N a X rang ing f rom 25 to 100/x i n size. U s i n g n a r r o w size fractions of the 
batches of large crystals, they f o l l owed reactions w i t h hal f - t imes as short 
as 2 seconds us ing the rad iometr i c technique deve loped b y Schwartz (51). 

It was f ound that isotopic i on exchange or self-diffusion takes place 
i n 2 steps i n bo th N a X a n d N a A . Equat i ons 3 a n d 4 fit the data for N a A 
w e l l . Equat i ons 8 a n d 9, w h i c h are the same f o rm as Equat i ons 3 a n d 4, 
fit the data for N a X w e l l . T h u s , on ly 2 steps are observed i n N a X , one 
fast a n d one s low, a n d the postulate that ions i n S n sites are i n e q u i l i b 
r i u m w i t h mobi le ions is reasonable. Since the m o d e l requires the same 
number of constants to fit the data as the one used by H o i n k i s a n d L e v i 
( 37 ) , a n d bo th models adequately describe the exper imental data, more 
in format ion was needed to differentiate them. I n the m o d e l proposed 
b y B r o w n , Sherry, a n d K r a m b e c k (20, 21), the rate of the s low step is 
independent of crystal size, whereas i n the m o d e l proposed b y H o i n k i s 
a n d L e v i (37), the rate of the s low step is inversely propor t i ona l to the 
square of the part ic le size. B r o w n a n d Sherry (22) s tudied N a + sel f -di f fu
sion i n zeolite X as a funct ion of crystal size a n d f ound no dependence 
of the rate of the s low step on part ic le size over the range of 25-75μ. 
Furthermore , u n p u b l i s h e d data of B r o w n a n d Sherry show that the s low 
step i n B a 2 + isotopic i on exchange of 1-10-ju, crystals of B a X is as s low as 
i n the exchange of 50-μ crystals. T h u s the s low step i n B a 2 + i on exchange 
must invo lve exchange of ions i n the sodalite cages a n d / o r hexagonal 
prisms w i t h ions i n the supercages a n d not a di f fusional process. 

L a t e i n 1969, Gaus a n d H o i n k i s (30) p u b l i s h e d a paper i n w h i c h 
they reevaluated the m o d e l of H o i n k i s a n d L e v i for zeolite A (35). T h e y 
proposed that s ited ions serve as a source for mob i l e di f fusing ions a n d 
inc lude a term i n their equat ion descr ib ing a first-order process. H o w 
ever, they do not consider that the vacant cat ion sites are a sink a n d 
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372 MOLECULAR SIEVE ZEOLITES 1 

a d d no term to account for loss of mob i l e ions to the sink. T h e equat ion 
they use is 

ft - D h ί (r2
 fr) + C o [ ( 1 " y ) δ (<) + yb^t] ( 1 0 ) 

where y is again the fract ion of the b o u n d cations. T h i s equat ion s t i l l 
contains 2 dif fusion terms, one for b o u n d ions a n d another for the ions 
that are mob i l e at zero t ime. 

I n 1968, D y e r , Gett ins , a n d M o l y n e u x (28) s tud ied B a 2 + isotopic i on 
exchange i n B a A over the temperature range 19° to 65 °C . T h e y d i d not 
show plots of dimensionless t ime as a funct ion of t ime but stated that 
these plots were l inear and , therefore, obey the s imple dif fusion equation. 
T h e r e is some discrepancy between this w o r k a n d the w o r k of H o i n k i s 
a n d L e v i at the H a h n - M e i t n e r Institute (35, 37) that is descr ibed above, 
i n w h i c h they state that i n their study of B a 2 + isotopic i on exchange, l inear 
plots of dimensionless t ime vs. t ime are not obta ined a n d fit the data b y 
an equat ion for a two-step process. 

I n 1969, D y e r a n d Gett ins (27) reported on isotopic i on exchange 
a n d i on exchange kinetics i n the zeolites A , Z K - 4 , X , a n d Y f r om methanol , 
e thanol , a n d a lcohol water solutions. Some of their results are shown 
i n T a b l e I. 

Table I. Activation Energies of Isotopic Exchange Processesα 

Ion, Activation Energy, 
Zeolite M2+ Solvent Kcal/Mole 

X C a W a t e r 19.9 
Sr W a t e r 20.0 
B a W a t e r 20.1 

1.86 Y C a , S r , B a W a t e r R a t e immeasurab ly rap id 
2 .60Y C a , S r , B a W a t e r R a t e immeasurab ly r a p i d 

X C a M e t h a n o l 29.1 
X Sr M e t h a n o l R a t e immeasurab ly slow 
X B a M e t h a n o l 24.5 

1.86Y C a M e t h a n o l 21.6 
1.86 Y Sr M e t h a n o l 28.1 
1.86 Y B a M e t h a n o l 20.1 
1.86 Y C a E t h a n o l R a t e immeasurab ly slow 
1.86 Y Sr E t h a n o l R a t e immeasurab ly slow 
1.86Y B a E t h a n o l 28.6 
2 .60Y C a M e t h a n o l 11.9 
2 .60Y Sr M e t h a n o l 21.9 
2 .60Y B a M e t h a n o l 16.2 
2 .60Y C a E t h a n o l 13.9 
2 .60Y Sr E t h a n o l 25.1 
2 .60Y B a E t h a n o l 21.9 

a Taken from Reference 26. 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

02
8

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



28. SHERRY Cation Exchange on Zeolites 373 

S r 2 + isotopic i on exchange is immeasurab ly s low i n zeolite X w h e n 
methano l is the solvent, a n d C a 2 + a n d B a 2 + exchange rates were fast 
enough to measure. T w o zeolite Y samples were s tudied—one w i t h a 
S i / A l atom ratio of 1.86 (1 .86Y) a n d one w i t h a ratio of 2.60 (2 .60Y) . 
Exchange rates of a l l 3 a lkal ine earth ions were measured i n the more 
a luminous Y i n methanol , but i n ethanol , C a 2 + a n d S r 2 + exchange was i m 
measurably slow. I n the less a luminous zeolite, exchange rates were 
measurably fast for a l l 3 ions i n bo th solvents. T h u s w e see that as the 
f ramework charge decreases f rom X to 1.86Y to 2.60Y, the rate of ex
change i n bo th alcohols increases a n d the act ivat ion energy for diffusion 
decreases. Moreover , for any g iven d iva lent i on a n d zeolite , the rates of 
isotopic i on exchange decrease i n the order water > methano l > ethanol , 
a n d the corresponding act ivat ion energies for diffusion increase i n the 
order water < methano l < ethanol . N a + isotopic ion exchange was i m 
measurably fast i n a l l solvents except i n the N a A - e t h a n o l system at 
- 4 5 ° C . 

D y e r a n d Gett ins (27) have made a more comprehensive study of 
self-diffusion i n zeolite Z K - 4 . T h i s zeolite is isostructural w i t h zeolite A 
but more siliceous ( 3 9 ) , h a v i n g a S i / A l atom ratio of 1.33, a n d i t is of 
interest to compare i t to their study of zeolite A (25 ) . T h e act ivat ion 
energy for diffusion a n d D 0 i n the Arrhen ius equat ion D = D° exp 
(—Ea/RT), a long w i t h the entropy of act ivat ion A S J , are shown i n 
T a b l e I I . 

T a b l e II. Activation Energies of Isotopic Ion Exchange α 

Ion, D„, Δ8*, 
Zeolite M 2 + Kcal Cm*/Sec Cal/Mole/Deg 

A C a 16.1 5.10 X 1 0 - 6 - 4.0 
Sr 19.6 1.70 X 1 0 - s + 2.7 
B a 21.6 1.48 X 1 0 - 3 + 11.6 

Z K - 4 C a 20.1 3.58 Χ ΙΟ" 7 + 8.6 
Sr 22.6 7.35 X 1 0 - 3 + 14.8 
B a 15.8 7.60 X 1 0 - 7 - 3.4 

a Taken from Reference 27. 

These data show the act ivat ion energies for C a 2 + a n d S r 2 + self-diffusion 
are h igher i n zeolite Z K - 4 than i n zeolite A , but the reverse is true for 
B a 2 + i o n self-diffusion. It m a y be possible that diffusion of the h i g h l y 
hydra ted ions C a 2 + a n d S r 2 + involves p a r t i a l s t r ipp ing of hydra t i on shells, 
a n d i n Z K - 4 , i n w h i c h the ratio of water molecules to cations is greater, 
they are more h i g h l y hydrated a n d therefore more water must be s tr ipped . 
B a 2 + ions, because of their l ower hydrat i on energy, m a y not have to 
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374 MOLECULAR SIEVE ZEOLITES 1 

undergo as m u c h reduct ion i n hydrat i on she l l i n order to diffuse, a n d 
therefore the act ivat ion energy is l ower i n the more siliceous Z K - 4 be
cause the electric field strength i n the crystals is smaller. 

Particle-Controlled Ion Exchange Kinetics. N o w w e turn our atten
t ion to the mathemat i ca l ly more complex subject of i on exchange kinetics . 
T h e on ly significant attempt to advance i n this field is the w o r k of Brooke 
a n d Rees (17, 18, 50). T h e y have extended the treatment of He l f f e r i ch 
a n d Plesset (32) to non idea l i on exchange systems i n w h i c h the ion ic 
act iv i ty coefficients i n the exchanger phase change w i t h ionic composi 
t ion . T h e Helf fer ich-Plesset equat ion for the rate of exchange of i on A 
for Β i n an i d e a l system is g iven b y 

dCA 

dt 
1_ (V2DAB ^ Λ ι (11) r2 dr \ A B dr J 

for a part ic le dif fusion contro l led react ion where CA is the concentration 
of i on A i n the exchanger phase, a n d t a n d r are already defined. T h e 
interdif fusion coefficient D A B is g iven b y 

DADB(ZA*CA + ZB*CB) , , 
U A B ZA

2CADA + ZB*CBDB
 { } 

where DA a n d DB are the self-diffusion coefficient of the ions i n the A a n d 
Β forms of the exchanger, ZA a n d ZB are ionic charges, a n d CA a n d CB 

are the concentrations of ions A and B. He l f f e r i ch a n d Plesset (32) have 
po inted out that they assumed an i d e a l system i n w h i c h the self-diffusion 
coefficient for the exchanging ions is independent of the ionic composi t ion 
of the exchanger phase a n d ion ic act iv i ty coefficients are assumed to be 
unity . 

Brooke a n d Rees have extended E q u a t i o n 11 to inc lude systems i n 
w h i c h the ionic act iv i ty coefficients are functions of the composit ion of 
the exchanger phase b y expressing the inter-dif fusion coefficient as 

Τ Λ = DADB[ZA
2CA(d In aB/d In CB) + ZB

2CB(d In aA/d In CA)] 
ZA

2 CADA + ZB2 CBDB K A ) 

where aA a n d aB are the thermodynamic activities of ions A a n d B, a n d 
the other quantit ies are def ined as above. T h e act iv i ty gradient terms 
represent the effect of nonidea l i ty on the ion exchange kinetics . 

Brooke a n d Rees have wr i t ten a computer program that computes 
rates of exchange g iven b y E q u a t i o n 11 b y a finite difference method 
(17). T h e y have used this p rogram to compute the rates of C a 2 + — S r 2 + i on 
exchange i n chabazite a n d compared the computed values to the exper i 
menta l ones (17). T h e term d In aB/d In CB was evaluated f r om exper i 
m e n t a l data (2, 3) to be 0.27 for 0 ^ CA ^ 0.4, to d iscont inuously rise 
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28. SHERRY Cation Exchange on Zeolites 375 

to 2.5 at CA = 0.4 a n d then r e m a i n constant to CA = 1.0. T h e theory 
predicts that the rate of exchange is faster w h e n the faster i o n is i n the 
zeolite. T h i s pred i c t i on can be c lear ly understood i f we real ize that w h e n 
the exchanging ions are of equa l charge, E q u a t i o n 13 becomes 

W h e n 

a n d as 

Ώ _ DADB d In aA n . s 
U A B (DA - DB)CA + DB d In CA

 y } 

CA >0 

D A B • DA τ γ - γ Γ " (IS) 
d m G A 

CA >1 

d In aA 

D A B >D d In CA 

I n the S r - C a - c h a b a z i t e system, D C a is approx imate ly twice D S r . I f w e let 
A = C a 2 + i n Equat i ons 15 a n d use values of d In aA/d In CA of 0.4 w h e n 
CA approaches 0 a n d 2.5 w h e n CA approaches 1, we see that w h e n CA -> 
0, DAB — 0.4 DA a n d w h e n CA -> 1, DAB — 1.25 DA. T h u s , w h e n the 
faster i o n is i n i t i a l l y present i n the zeol ite, the exchange rate should be 
faster than w h e n the slower i on is present. T h e computer -ca lculated rate 
data agree qua l i ta t ive ly w i t h the exper imental rate data. 

Brooke a n d Rees have used their theory to examine a system i n w h i c h 
the ac t iv i ty of the ions i n the exchanger phase is governed b y the K i e l l a n d 
equations (40): 

In aA = In CA + kCB
2 

In α* = InC* +- kCA
2 (16) 

T h i s system is the N a - K chabazite system, w h i c h was s tudied i n de
t a i l b y them (20). T h e results c omputed us ing the extended theory of 
Brooke a n d Rees disagree b a d l y w i t h their exper imental results. T h e 
HelflFerich-Plesset equat ion disagrees just as bad ly . Brooke and Rees 
have themselves suggested that i n add i t i on to the var ia t ion of i on i c ac
t ivit ies , the var iat ion of ionic diffusion coefficients w i t h concentration 
must be considered, a n d perhaps water transport. 

Summary and Conclusions 

D u r i n g the p e r i o d 1967 to 1970, our unders tanding of i o n exchange 
i n the synthetic zeolites X a n d Y has advanced considerably . It is clear 
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that the presence of 2 independent three-dimensional networks of c a v i 
ties w i t h cations located i n bo th networks causes double s ieving effects. 
O n e network is dense a n d contains l itt le water ( the network of sodalite 
cages a n d hexagonal pr i sms) a n d the other network is open a n d h i g h l y 
hydrated . These 2 networks exhibit di f fering thermodynamic ion ex
change properties. T h e sites i n the network of large cages exhib i t a ther
m o d y n a m i c preference for h igher charged ions over l ower charged 
ones and , among univalent ions, the thermodynamic preference depends 
on the a l u m i n u m content, or f ramework charge. T h e thermodynamic 
preference of the sites i n the large cages of the more aluminous zeolite X , 
w i t h the exception of L i + , decreases w i t h increasing i on i c radius , whereas 
i n the case of zeolite Y the thermodynamic preference decreases w i t h 
increasing ion ic hydra t i on energy. I n the smal l cages of zeolites X a n d Y , 
the sites exhibi t a preference for the i on w i t h the smallest i on ic radius 
a n d lowest charge—as is true of small -pore, dense zeolites. T h e rejection 
of ions on the basis of bo th size a n d charge i n the smal l cages is more 
m a r k e d i n zeolite Y . 

Exchange of po lyvalent ions for N a + ions i n zeolites X a n d Y is dis 
t inguished b y 2 steps—one be ing m a n y orders of magni tude slower than 
the other. It is clear that the s low step involves exchange of the 16 N a + 

ions per uni t ce l l that are i n the smal l cages of the hydrated X a n d Y 
zeolites. I t is also clear f r om the study of S r 2 + - N a + i on exchange and 
C s + - N a + i on exchange i n zeolite X that it is not a lways correct to assume 
that the entering ions occupy the same sites or have the same site d is 
t r ibut i on as d i d the l eav ing ions. 

U n t i l recently, part i c le -contro l led isotopic i on exchange or sel f -di f fu-
s ion has not been studied i n zeolites A a n d X because the rates are too 
h i g h i n the l -10 -μ crystals that are avai lable commerc ia l ly . O n e solution 
to this p r o b l e m has been to develop experimental techniques to measure 
fast react ion rates. T h e other solution has been to grow large batches 
of we l l - f o rmed single crystals as large as ΙΟΟμ a n d thereby increase the 
half - t imes of the reactions b y as m u c h as 10 4 times. 

These n e w techniques for s tudy ing self-diffusion have enabled very 
deta i led studies to be made. It was observed i n these studies that s imple 
dif fusion laws w o u l d not pred ic t the observed rates. Dif ferent models 
have been proposed b y different groups of researchers. Agreement has 
yet to be reached as to w h i c h m o d e l is most realistic . 

Isotopic i o n exchange kinetics has been studied i n methanol a n d 
ethanol . T h e solvent effects are very large and some of them can be 
expla ined i n terms of i on solvation but m u c h is yet to be done i n the 
very large area of i on exchange f rom nonaqueous solvents. 

A n attempt has been made to develop a theoret ical treatment of i on 
exchange kinetics i n non idea l systems. T h i s n e w theory considers the 
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var iat ion of ionic activities as the ionic concentrations change i n the 
zeolite phase. I n one case, the theory correctly predicts an effect that is 
contrary to what is pred ic ted b y the theory for idea l systems. I n another 
test of the n e w theory, i t is f o und that it misses the mark as b a d l y as does 
the s impler theory for idea l systems. Other terms such as var iat ion i n 
ionic diffusion coefficients w i t h concentration and water transport must 
be considered. 

A f ter s u m m a r i z i n g 3 years of work on cat ion exchange i n zeolites, 
i t is c lear that m u c h progress has been made a n d that m u c h more progress 
must s t i l l be made. 
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Discussion 

M . S. Goldstein ( A m e r i c a n C y a n a m i d , Stamford , C o n n . 06902) : Y o u 
have reported that the L a - N a exchange isotherms for types X a n d Y sieves 
are reversible at 25 °C . A r e they st i l l reversible i n your higher tempera
ture experiments at 82°? 
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H. S. Sherry: N o . W e observe i rrevers ib i l i ty at the h igher temper
atures. 

G . V . T s i t s i s h v i l i ( 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 ) : Interesting results are presented i n the paper about sod ium i o n 
replacement b y t h a l l i u m ions. Y o u observed that total replacement of 
N a + b y T l + i n N a Y proceeds at 100 ° C . D i d y o u study the temperature 
dependence of this i on exchange process? I f the 6-membered rings i n 
zeolite Y are only about 0.01Â smaller i n d iameter than those of zeolite X , 
can one expect the strong temperature dependence of the s o d i u m - t h a l l i u m 
exchange process? 

H. S. Sherry: N o . A strong temperature dependence w o u l d not be 
expected. H o w e v e r , I have not s tudied this temperature dependence. 

R. M. Barrer ( I m p e r i a l Co l l ege , L o n d o n ) : Y o u r Equat i ons 5 to 7 
are set u p for a constant exchange dif fusion coefficient. H o w e v e r , ex
change diffusion coefficients are functions of crystal composit ion, a n d to 
make adequate use of such relations i n interpret ing exper imental data , 
this concentration dependence w o u l d have to be taken into account. H a v e 
you considered this? 

H. S. Sherry: W e have thus far only considered isotopic i on exchange 
reactions. O u r equations are w r i t t e n to describe this process a n d not i on 
exchange. T h u s , our diffusion coefficients are for self-diffusion and are 
constant. 
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Infrared Spectroscopic Studies of Zeolites 

JOHN W. WARD 

Union Oil Co. of California, Union Research Center, Brea, Calif. 92621 

Studies of the surface of and molecules adsorbed on zeolites 
are reviewed. Pure sodium zeolites contain no structural 
hydroxyl groups but such groups can be introduced by 
hydrolysis and by exchange with ammonium or multivalent 
cations. The nature and population of hydroxyl groups 
depend on the cation and the treatment temperature. Hy
droxyl groups associated with silicon atoms and cations have 
been observed. Dehydroxylation exposes tricoordinated 
aluminum atoms. Hydroxyl groups can be reformed in some 
cases but not in others by readsorption of water. Some of 
the hydroxyl groups are acidic. Results from adsorption 
of organic and inorganic molecules are discussed. Hydroxyl 
groups, cations, and aluminum atoms can function as adsorp
tion sites. The properties and locations of the exchanged 
cations influence the adsorbate-adsorbent interactions. 

T n most appl icat ions of zeolites, surface properties a n d react iv i ty are of 
A major importance . In frared spectroscopy can give useful in format ion 
on the const itut ion a n d surface properties of zeolites a n d h o w these are 
modi f ied b y various treatments. Changes i n the spectra of the zeolite 
a n d of molecules adsorbed on the surface can y i e l d direct in format ion 
about the surface, h o w adsorbed molecules interact , a n d where molecules 
adsorb. 

A l t h o u g h m a n y molecu lar sieve zeolites are k n o w n , most of the spec
troscopic studies have i n v o l v e d the commerc ia l l y important large-pore X 
a n d Y zeolites. Isolated studies of other zeolites, such as A , L , a n d 
mordenite have been reported. Discussions of the app l i ca t i on of in f rared 
spectroscopy to zeolites appeared recently (7, 24, 39, 74, 75). I n this 
rev iew, recent studies of the nature of surface s tructura l groups a n d the 
interact ions of various molecules w i l l be discussed. 

380 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

02
9

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



29. WARD Infrared Spectroscopic Studies 381 

Structural Hydroxyl Groups 

Cation-Containing Zeolites. Zeol ite surface structural groups have 
been studied extensively because of their importance i n adsorpt ion a n d 
catalysis. F r o m a considerat ion of the theoret ical structure, on ly absorp
t i on bands due to — S i — Ο — a n d — A l — Ο vibrat ions w o u l d be expected. 
T h e earliest w o r k has been rev iewed prev ious ly (7, 74, 75). I n general , 
except for the i n i t i a l s tudy of Ber tsch a n d H a b g o o d ( 9 ) , at least 3 types 
of s tructural h y d r o x y l groups were detected. 

C o n t r a r y to the early studies, E b e r l y (17) reported no h y d r o x y l 
groups on N a a n d C a Y zeolites after dehydrat ion at 427 ° C . W a r d (63, 
70) a n d H a l l et al. (13, 59) also reported no h y d r o x y l groups on G r o u p 
I A Y zeolites but detected s tructura l h y d r o x y l groups w i t h frequencies 
s imi lar to those reported b y A n g e l l et al. (5) on G r o u p H A Y zeolites. 
I n their first report, H a l l et al. (13) l i s ted h y d r o x y l frequencies for M g , 
B a , Z n , a n d C e Y zeolites a n d assigned them to the types of h y d r o x y l 
groups observed i n hydrogen Y . T h e y f o und that the b a n d frequencies 
near 3640 a n d 3540 c m " 1 were a funct ion of the electron affinity of the 
cations. L a t e r ( 5 9 ) , they assigned a b a n d near 3690 c m " 1 to water b o u n d 
to res idua l sod ium ions i n the structure a n d a b a n d near 3605 c m " 1 to 
C a O H + groups. A systematic study of G r o u p I A a n d H A Y zeolites was 
made b y W a r d (70 ) . N o h y d r o x y l groups were detected on G r o u p I A Y , 
B a Y , a n d N a X zeolites, apart f rom L i , after evacuat ion at 360°C. F o r the 
other G r o u p I I A zeolites, h y d r o x y l bands were detected i n agreement 
w i t h other workers (5 , 13, 17, 26, 59). T h e frequencies of the latter 3 
bands increased w i t h increasing electrostatic field, electrostatic a n d i o n i z a 
t i on potent ia l ca lcu lated for the cat ion f o rm of the zeolite. T y p i c a l spec
t ra for N a a n d C a Y zeolites are shown i n F i g u r e 1. Frequenc ies of 
h y d r o x y l groups on rare earth zeolites were s imi lar to those reported b y 
H a l l et al. ( 13 ) for c e r ium a n d R a b o et al. for c e r i u m a n d l a n t h a n u m Y 
zeolites (47). Recent ly , H a t t o r i a n d S h i b a (26) s tudied C a , Z n , a n d 
L a X . F o r C a a n d Z n X , on ly a b a n d at 3750 c m " 1 was detected after 
evacuat ion at 450°C. Bands at 3650 a n d 3570 c m " 1 were detected at 
lower temperatures. A n add i t i ona l b a n d was seen at 3530 c m " 1 i n the 
case of L a X . 

A l l o w i n g for m ino r differences i n technique , the studies of cat ion-
exchanged zeolites can be rat iona l i zed to give a coherent descr ipt ion of 
the surface groups. A l t h o u g h detected a f ew times on the G r o u p I A 
zeolites, i t appears that noncation-deficient monovalent zeolites contain 
no structural h y d r o x y l groups. H y d r o x y l groups o n some G r o u p I A 
zeolites probab ly result f rom cat ion deficiency caused b y p a r t i a l h y d r o l y 
sis a n d slight amounts of siliceous impuri t ies . T h e on ly h y d r o x y l groups 
expected f r om structural considerations w o u l d be those terminat ing the 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

02
9

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



382 MOLECULAR SIEVE ZEOLITES 1 

3800 3400 3000 1700 1600 3600 3200 1700 .600 
FREQUENCY, cm-i FREQUENCY, crrH 

Figure 1. (A) Spectra of the hydroxyl stretching and water bending 
vibration of NaY zeolite 

(a) Evac. at 100° 
(b) 225° 
(c) 380° 
(d) 480° 
(e) 6 Micromoles of water readsorbed 
(f) 12 Micromoles of water readsorbed 

(B) Spectra of CaY zeolite 
(a) Evac. at 130° 
(b) 245° 
(c) 325° 
(d) 470° 
(e) 10 Micromoles of water added 
(f) Evac. at 200° 
(g) 470° 
(h) 10 Micromoles of water added 
(i) Evac. at 200° 

giant lattice w i t h a frequency near 3740 cm" 1 . These conclusions are 
conf irmed b y the data of H a b g o o d (23) for cation-deficient samples. 
B a r i u m appears to behave l ike G r o u p I A zeolites, a l though some struc
t u r a l h y d r o x y l groups must be present since i t exhibits Bronsted ac id i ty 
whereas G r o u p I A zeolites do not. A l l other zeolites s tudied , i n c l u d i n g 
si lver , appear to have s tructura l h y d r o x y l groups w i t h frequencies near 
3690, 3650, a n d 3540 cm" 1 . These inc lude the a lkal ine earth, transit ion 
meta l , a n d rare earth cat ion zeolites. T h e absorpt ion bands near 3650 
a n d 3540 c m " 1 are at frequencies s imi lar to those observed i n hydrogen Y 
zeolite ( be l ow) a n d are probab ly caused b y the same type of h y d r o x y l 
groups. Fur thermore , p y r i d i n e a n d ammonia adsorpt ion studies have 
shown that these h y d r o x y l groups interact w i t h the bases analogous to 
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the h y d r o x y l groups of hydrogen zeolites. T h e concentrat ion of these 
groups is m u c h less than i n hydrogen Y zeol ite but is m u c h greater t h a n 
that observed for cation-deficient G r o u p I A zeolites. It therefore seems 
that the presence of these groups is not a result of cat ion deficiencies. 
A s imple d ivalent cat ion apparent ly cannot satisfy the charge d i s t r ibut i on 
requirements of the zeolite lattice i n the absence of m u c h water . D u r i n g 
dehydrat ion , the mul t iva lent cat ion becomes loca l i zed a n d its associated 
electrostatic field m a y induce dissociat ion of coordinated water molecules 
to produce M O H + a n d H + species. T h e proton w o u l d react then w i t h a 
latt ice oxygen at a second exchange site to produce the type of h y d r o x y l 
present i n the hydrogen zeolites w i t h absorpt ion frequencies near 3650 
a n d 3540 c m " 1 ( 13,17,29,63). 

M ( O H 2 ) 2 + 

Q Ο O v Ο Ο Ο Ο Ο ν Ο Ο 
\ / \ _ / \ / \ - / \ / \ _ κ \ / / 

S i A l S i A l S i A l S i A l 
\ / \ / \ / \ / \ / \ / \ / \ 

O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

O t h e r bands f ound i n the spectra of the d iva lent cat ion zeolites are 
not f o u n d i n the spectra of the a l k a l i cat ion a n d hydrogen zeolites, a n d 
must be specific to the presence of d ivalent cations. A b a n d usual ly is 
observed near 3690 cm" 1 . T h i s b a n d was assigned or ig ina l ly to A l O H 
groups ( 5 ) , a l though assignment to phys i ca l ly adsorbed water is p r o b a b l y 
more correct (59,70). A second b a n d occurr ing between 3600 a n d 3570 
c m " 1 var i ed i n frequency w i t h the cat ion, increasing w i t h decreasing 
cat ion size. T h i s type of h y d r o x y l group has been at t r ibuted to M O H + 

groups (59, 70). It is very sensitive to the leve l of h y d r a t i o n , a n d i t 
disappears on m i l d dehydrat ion , possibly w i t h the format ion of M O or 
M + — Ο — M + groups (44, 59). T h e only tr ivalent ions reported so far are 
the rare earth, c e r ium, a n d l a n t h a n u m ions. A f t e r removal of phys i ca l ly 
adsorbed water , h y d r o x y l frequencies are observed near 3740, 3650, a n d 
3530 c m " 1 (13, 47, 48, 70). T h e b a n d near 3530 c m " 1 has been at tr ibuted 
to M O H 2 + or M ( O H ) 2

+ groups f ormed according to the scheme (60, 70). 

M ( O H 2 ) 3 + <=• M O H ( O H 2 ) 2 + + H + <=± M ( O H ) 2 + + 2H+ 

Al ternat ive ly , R a b o et al. (48) suggested format ion of M — O H — M 
groups w h i c h on dehydrat ion f o rm Μ — Ο — M groups. T h e groups are 
re lat ive ly abundant at 500°C but are ehminated at 700°C. 

I n contrast to X a n d Y zeolites, on ly 1 invest igat ion of L zeolite has 
been reported. F o r the monovalent group I A zeolites, no s tructura l 
h y d r o x y l groups are detected apart f rom the usual b a n d near 3740 c m " 1 
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( 69 ) . Zhdanov et al. detected b r o a d O H bands at 3450 a n d 3290 c m - 1 

o n N a A zeol ite after evacuat ion at 400°C for 4 hours. N o b a n d was 
detected near 3690 c m 1 ( 77 ) . 

H y d r o g e n Zeolites. Because of their catalyt ic properties, a great 
d e a l of attention has been g iven to the a m m o n i u m zeolites a n d their 
decomposi t ion products . A s the a m m o n i u m zeolites are heated at pro 
gressively h igher temperatures, the a m m o n i u m ions are decomposed a n d 
h y d r o x y l groups f ormed (7, 74, 75 ) . T h i s is shown b y the disappearance of 
absorpt ion bands near 3450 to 3000 c m " 1 a n d near 1450 c m " 1 because of 
N H 4

+ a n d the format ion of h y d r o x y l group bands near 3740, 3650, a n d 
3550 cm" 1 . T h e h y d r o x y l b a n d intensities decrease on further heat ing. 
These phenomena can be represented b y the f o l l o w i n g scheme. 

N H 4 + H 

O O O O O O 
\ _ / \ / \ / \ / 

2 A l S i τ± 2 N H 3 + 2 A l S i — H 2 0 

κ \ κ \ κ \ κ \ —> 
O O O O O O O O O O O O ο 

\_κ \ κ \ +κ A l S i + A l S i 

κ \ κ \ κ \ κ 
0 0 0 0 0 0 0 

T y p i c a l spectra of the decomposit ion of a m m o n i u m Y are shown i n 
F i g u r e 2. 

A l t h o u g h a l l workers agreed that the 2 strongest bands near 3650 
a n d 3540 c m " 1 represented s i lano l groups formed b y interact ion of protons 
f o rmed d u r i n g deamminat i on w i t h the lattice oxygen, there has been 
m u c h discussion as to the locat ion of these groups. Since the 3650 c m ' 1 

b a n d interacts w i t h m a n y adsorbents, most investigators have located i t 
i n accessible parts of the structure. O n the other h a n d , the 3550 c m ' 1 

b a n d does not interact w i t h m a n y molecules. A n g e l l a n d Schaffer (5 ) 
suggested that the 3550 c m " 1 b a n d was caused b y interact ion between 
2 ne ighbor ing h y d r o x y l groups, possibly through hydrogen bond ing . H a l l 
a n d coworkers (38, 56) suggested that the 2 bands represented groups 
i n different locations, such as i n the sodalite cages a n d i n the supercages. 
W h i t e et al. reached a s imi lar conclus ion f rom the study of phys i ca l ly 
adsorbed molecules ( 73 ) . E b e r l y (16) c onc luded i n i t i a l l y that the 3550 
c m " 1 b a n d represented h y d r o x y l groups inaccessible to large molecules, 
a n d these groups were located i n the hexagonal prisms or near the Sj 
positions i n the structure. H e also conc luded that the 3650 c m " 1 h y d r o x y l 
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3800 3600 3400 3200 3000 

FREQUENCY, cm"1 

Figure 2. Spectra of hydroxyl group 
on ammonium (hydrogen) Y zeolite as 
a function of calcination temperature 

groups represented h y d r o x y l groups near the S n positions. Because bo th 
types of h y d r o x y l groups interact w i t h p iper id ine , H u g h e s a n d W h i t e 
(31) c onc luded that the 2 types of h y d r o x y l group were accessible to 
large molecules a n d probab ly were located on the Oi or 0 4 oxygen atoms. 
E b e r l y (17), Uyt terhoeven et al. ( 57 ) , a n d W a r d (61) reached s imi lar 
conclusions. I n contrast, Kermarec et al. (33) c onc luded that the 3650 
c m " 1 b a n d was associated w i t h Si or S n exchange positions a n d a b a n d 
near 3580 c m " 1 was associated w i t h the S n positions. Recent ly , O l s o n a n d 
D e m p s e y (46) reported single-crystal x-ray dif fraction data for hydrogen 
Y zeolite a n d conc luded that the or ig ina l deductions of E b e r l y ( 16) were 
correct. T h e y located the hydrogen as be ing attached to the Oi a n d 0 3 

oxygen atoms. B y s tudy ing the growth of the h y d r o x y l bands as a 
funct ion of i o n exchange a n d u t i l i z i n g the i o n exchange data of Sherry 
(51), W a r d (70) p r o v i d e d add i t i ona l spectroscopic evidence to support 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

02
9

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



386 MOLECULAR SIEVE ZEOLITES 1 

the conclusions of E b e r l y ( 16) a n d O l s o n et al. (46). T h i s study showed 
that the 3650 c m " 1 b a n d is f ormed on i n i t i a l exchange, presumably b y 
remova l of the most accessible sod ium ions, a n d that the 3550 c m " 1 b a n d 
is f o rmed only i n the latter parts of the exchange. B y f o rming the C s H Y 
zeolite, it was shown that the 3650 c m " 1 b a n d almost c o u l d be e l iminated , 
whereas the 3550 c m " 1 was unchanged i n comparison w i t h hydrogen Y 
zeolite. C e s i u m ions are too large to enter the small -pore system of the 
zeolites through the 2 .2-2 .5A diameter w indows . H e n c e , exchange of 
a m m o n i u m Y b y cesium is occurr ing at the more accessible sites a n d 
not inf luencing the sites responsible for the format ion of the 3550 c m " 1 

h y d r o x y l groups. If these locations are correct, the 3550 c m " 1 h y d r o x y l 
groups should be inaccessible to most molecules. A l t h o u g h a n u m b e r of 
molecules w h i c h interact w i t h the 3650 c m " 1 b a n d do not interact w i t h the 
3550 c m " 1 b a n d , po lar basic molecules such as p iper id ine , p y r i d i n e ( 3 1 ) , 
a m m o n i a ( 5 6 ) , a n d cumene (66) do interact. T h i s apparent contradic 
t i on can be rat ional i zed i n terms of proton m o b i l i t y , as suggested for 
the p iper id ine interact ion (46). 

T h e quest ion as to whether hydrogen on the surface of molecular 
sieves is mob i l e or l oca l i zed has l ed to a n u m b e r of investigations (12, 
58, 62, 69). T h e studies have invo lved the deamminat i on of Ν Η 4 Ύ 
zeolite at 450° to 500°C, f o l l owed b y the study of the intensities a n d fre
quencies of the h y d r o x y l groups as a funct ion of sample temperature. 
A l l of the deta i led studies showed a decrease i n integrated intensity of 
the 2 h y d r o x y l bands as the temperature was increased. T h e magni tude 
of the changes var i ed amongst the various studies. T h e 3650 c m " 1 b a n d 
was more temperature-dependent than the 3550 c m " 1 band . T h e b a n d 
frequencies also decreased w i t h increasing temperature. These observa
tions have been interpreted i n terms of d e r e a l i z a t i o n of the protons 
(58, 62, 69) a n d can be dep i c ted b y the f o l l owing scheme. 

Η Η 

O O Ο O O O 
\ / / heat \ / \ / 

S i A l τ± S i A l 
/ \ / \ / \ / \ 

O O O O O O O O 

T h i s type of e q u i l i b r i u m is supported b y the k n o w n details of the 
dehydrat i on of hydrogen Y a n d the reconst itut ion of a m m o n i u m Y 
zeolite. T h e decrease i n frequencies w i t h increasing temperature is p rob 
a b l y an ind i ca t i on of the increasing interact ion between ne ighbor ing 
atoms i n the structure. T h e s i tuation is not complete ly clear since i f the 
pro ton is v i sua l i zed as m o v i n g f rom oxygen to oxygen atom, the l i fet ime 
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of a g iven O H b a n d must be very short ( < 10~ 1 4 sec) . T h i s t ime scale l e d 
C a n t a n d H a l l (12) to consider that their observations d i d not represent 
d e r e a l i z a t i o n . H o w e v e r , us ing w i d e - l i n e magnet ic resonance measure
ments, D o l l i s h a n d H a l l (15) demonstrated proton mob ihty . T h e t ime 
scale i n such magnetic measurements is m u c h longer t h a n i n in f rared m e a 
surements. W h e t h e r or not in f rared measurements of h y d r o x y l groups i n d i 
cate proton d e r e a l i z a t i o n , the reconc i l ia t ion of h y d r o x y l group locations 
a n d interactions w i t h adsorbates requires proton m o b i h t y (46, 68). F u r 
thermore, the n u m b e r of protons represented b y the decrease i n h y d r o x y l 
group intensities is of the same order of magni tude as the number of 
active sites estimated for these materials i n ac id -cata lyzed reactions (62, 
68). T h e deamminat i on a n d dehydrat i on of N H 4

+ Y s tab i l i zed w i t h M g 
ions has been reported (65 ) . T h e results were essentially the same as for 
a m m o n i u m Y except that the 3750 c m " 1 b a n d d i d not increase i n intensity 
d u r i n g the dehydrat ion . T h i s is expected f r om the increased t h e r m a l 
stabi l i ty of the magnes ium form. 

I n order to examine the surface d u r i n g a react ion, hydrogen Y zeolite 
has been s tudied w h i l e the c rack ing of cumene was tak ing place o n the 
surface (66). Studies were made between 250° a n d 450°C w h i l e a d i lute 
stream of cumene i n h e l i u m passed through the in frared ce l l a n d over the 
catalyst. T h e 3650 c m " 1 b a n d interacted at a lower temperature w i t h the 
cumene than the 3550 c m " 1 b a n d . A t 250°C, on ly the 3650 c m " 1 b a n d 
interacted. A t the h igher temperatures, the 3550 c m " 1 h y d r o x y l groups 
are sufficiently act ivated or mob i l e to interact w i t h the cumene a n d 
funct ion as active centers. 

A m m o n i u m Y zeolite can be decomposed into 2 different products 
depend ing u p o n the ca l c inat ion condit ions used (34, 42). Cond i t i ons 
w h i c h a l l ow r a p i d escape of a m m o n i a a n d water favor the format ion of 
the expected hydrogen Y zeolite, whereas ca lc inat ion i n an N H 3 or H 2 0 
vapor atmosphere results i n a product of enhanced s tab i l i t y—the so-cal led 
"u l trastable" zeolite. T h e 2 t h e r m a l decomposi t ion products can be d i f 
ferentiated b y means of their thermograms b y di f ferential thermal ana ly 
sis, a n d b y differences i n latt ice constants. It is therefore of interest to 
compare the spectra of h y d r o x y l groups on these materials . I n F i g u r e 3, 
a compar ison is made between a hydrogen Y a n d 2 ultrastable Y zeolites 
prepared b y the procedure of H a n s f o r d (25) us ing steaming temperatures 
of 500° a n d 650 ° C , respectively. I n F i g u r e 3, spectra are shown for 
samples prepared b y the procedure of M c D a n i e l a n d M a h e r (42), w i t h 
the second ca l c inat ion be ing at 600°, 700° , a n d 815 ° C , respectively. 
C o m p a r i s o n of the spectra of the hydrogen a n d s tab i l i zed Y zeolites 
indicate that there are fewer h y d r o x y l groups on the latter, par t i cu lar ly 
of the 3650 c m " 1 type. T h e resolut ion of the spectral bands is poor for 
the s tab i l i zed zeolite, suggesting that there are h y d r o x y l groups i n various 
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U I I I I I I I 1 1— 
3800 3600 3400 3800 3600 3400 

FREQUENCY, em"1 

Figure 3. Spectra of hydrogen Y zeolite after 
evacuation at 500° C 

(a) Simple evacuation 
(b) Steamed at 500°C (32) 
(c) Steamed at 650°C (32) 
(d) Calcinated by procedure of Ref. 49; final calcina

tion, 600°C 
(e) Same as (d), but calcination at 700° C 
(f) Same as (d), but calcination at 815°C 

environments. Since A n g e l l a n d Schaffer (5 ) a n d Uyt terhoeven et al. 
(57) have not i ced changes i n the h y d r o x y l stretching bands us ing various 
ca l c inat ion procedures, i t is possible that some of their condit ions p r o 
d u c e d ultrastable Y zeolite. 

Spectra of hydrogen L zeolite are considerably different f r o m those 
of X a n d Y , as shown b y F i g u r e 4 ( 69 ) . O n progressive heat ing , fa i r ly 
sharp bands are observed at 3740 a n d 3630 c m " 1 together w i t h a very 
b r o a d b a n d centered at about 3200 cm" 1 . A f ter evacuat ion at 540°C, 
on ly the 3740 c m " 1 b a n d remained . N o discrete h y d r o x y l bands were 
f o rmed o n readd i t i on of water. T h e results suggest that extensive h y d r o 
gen-bonding of the surface h y d r o x y l groups must be invo lved . Since the 
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b r o a d absorpt ion b a n d appears at l o w degrees of exchange 4 0 % ) , i t 
seems that h y d r o x y l groups i n the large-pore structure must be invo lved . 
S i m i l a r but more intense spectra are observed at h igher degrees of 
exchange ( > 8 0 % ). 

H e n c e , the zeol ite surface groups w h i c h are p r o b a b l y important as 
adsorpt ion a n d catalyt ic sites are the structura l h y d r o x y l groups, the 
tr i coord inated a l u m i n u m sites, a n d the exchangeable cations. 

Interaction of Zeolites with Water 

C a t i o n Zeolites. Ber tsch a n d H a b g o o d (9 ) s tudied the adsorpt ion 
of smal l amounts of water on G r o u p ΙΑ X zeohtes. T h e y observed a 
sharp b a n d between 3720 a n d 3648 c m " 1 depending on the cat ion a n d 
broad bands near 3400 a n d 3200 cm" 1 . Because the frequencies depended 

I I I I ι ι ι ι ι I I I I 
3600 3400 3200 3000 2800 

FREQUENCY, c m ' ' 

Figure 4. Spectra of OH stretching vibrations of 
ammonium (hydrogen) L zeolite 
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on the cat ion a n d the b a n d intensities depended on the degree of h y d r a 
t i on , these bands were considered to represent water d i rec t ly b o n d e d to 
the cat ion via the oxygen a n d to the oxygen ions of the surface b y a 
hydrogen atom. 

Zhdanov ( 78 ) showed that the h y d r o x y l frequencies decreased w i t h 
increasing cat ion radius , ind i ca t ing the p o l a r i z i n g influence of the cations. 
W i t h d ivalent cat ion Y zeolites, a b r o a d b a n d appeared near 3540 c m " 1 

w i t h l i t t le effect on the 3640 c m " 1 b a n d ( 5 ) . E b e r l y (17) reported the 
format ion of bands at 3650 a n d 3550 c m " 1 w h e n water was a d d e d to a 
we l l -dehydrated C a Y zeolite. W a r d (70) s tudied the readsorpt ion of 
water on G r o u p I A , I I A , a n d rare earth Y zeolites. F o r the group I A Y 
zeolites, the readsorpt ion of water was s imi lar to that reported for N a X — 
that is , a sharp cation-dependent b a n d a n d several b r o a d bands were 
observed. T h e f requency of the sharp b a n d near 3720-3640 c m " 1 v a r i e d 
i n a systematic manner w i t h the electrostatic field a n d potent ia l of the 
zeolite a n d w i t h the ion izat ion potent ia l of the cat ion. T h e water b e n d i n g 
frequency near 1640 c m " 1 decreased as the electrostatic a n d i on izat ion 
potentials increased. T h e intensity of a l l the bands observed increased 
un i f o rmly , i n d i c a t i n g no preferent ia l adsorpt ion sites. T h e water is a d 
sorbed i n the same manner as that proposed b y Bertsch a n d H a b g o o d (9 ) 
a n d was complete ly reversible. T h e 3 b r o a d bands were at t r ibuted to 
hydrogen of the water molecule b o u n d to crysta l lographica l ly different 
oxygen atoms or to adsorpt ion of water on cations located i n crystal lo
graphica l ly different positions. Spectra observed d u r i n g i n i t i a l d e h y d r a 
t i o n were different f r om those observed d u r i n g rehydrat ion a n d subse
quent dehydrat ion , suggesting that changes i n pos i t ion or coordinat ion 
of the cations or extensive hydrogen b o n d i n g to the surface occurs. B e 
cause the b a n d near 3690 c m " 1 was dependent on the degree of hydrat i on 
a n d only occurred i n the sod ium zeolite, i t p r o b a b l y represented water 
b o n d e d to sod ium ions a n d not A l O H groups. Uyt terhoeven et al. (59) 
reached a s imi lar conclusion. 

Spectra for water readsorbed on G r o u p I I A Y zeolites were more 
compl i cated , except for b a r i u m w h i c h resembled the G r o u p I A cat ion on 
rehydrat ion behavior . W h e n water is readsorbed on G r o u p I I A zeolites 
be l ow 100 ° C , bands near 3690 a n d 1640 c m " 1 are observed. U p o n heat ing 
to 200 °C , these bands decrease i n intensity a n d n e w bands are f o rmed at 
3640 a n d 3600-3570 c m - 1 , depending on the cation. These observations 
can be interpreted i n terms of the scheme — S i O — + M ( O H 2 ) 2 + ^ 
M O H + - f S i O H suggested above. T h e intensity of the b a n d caused b y 
M O H groups is very sensitive to the degree of h y d r a t i o n a n d tempera
ture, a n d u p o n m i l d dehydrat i on the b a n d disappears, suggesting the 
format ion of M O or M + — Ο — M + groups (44, 59, 70). I n contrast, the 
3640 c m " 1 is re lat ive ly unchanged . W h e n water was a d d e d back to b a r i u m 
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zeolite , these h y d r o x y l bands were not observed, suggesting that the 
electrostatic field associated w i t h the b a r i u m i o n is insufficient to b r i n g 
about the dissociat ion of adsorbed water . S i m i l a r results were obta ined 
w i t h transi t ion i o n zeolites ( 69 ) . 

Readsorpt ion of water o n rare earth Y zeol ite d i d not give rise to a 
b a n d at 3690 c m 1 b u t to bands at 3610 a n d near 3560-3550 c m 1 . Subse
quent dehydrat i on s i m p l y r emoved the water revers ib ly . I f the surface 
h y d r o x y l groups are e l iminated b y evacuat ion at 700°C, r eadd i t i on of 
water at r oom temperature does not result i n the f ormat ion of n e w 
h y d r o x y l groups but subsequent heat ing at 200°C restores the 3640 a n d 
3520 c m " 1 bands (48 ) . Zhdanov et al (78) f o u n d that the f requency 
a n d ease of r emova l of adsorbed water depended o n the s ihca- to -a lumina 
ratio of the zeolite. 

Several groups have s tudied the readsorpt ion of water on hydrogen 
zeolites. M o s t of these studies have concerned the influence of water o n 
the surface ac id i ty of the zeolite. 

Surface Acidity of Zeolites 

C a t i o n Zeolites. Since zeolites are important i n ac id -cata lyzed reac
tions, m u c h effort has been spent de termin ing i f zeolites are ac id i c a n d 
w h a t the nature of the ac id i ty is. A l t h o u g h m a n y reactions cata lyzed b y 
zeolites are those cata lyzed b y amorphous s i l i c a - a l u m i n a , early theories 
of their act ion (49) suggested that the electrostatic field of the zeolites 
was responsible for the ir catalyt ic act ion. There is evidence to support 
this concept since the act iv i ty of zeolites i n several reactions increases 
w i t h the ca lculated electrostatic field (49, 50, 63 ) . H o w e v e r , further 
studies have suggested that i f the electrostatic fields are i n v o l v e d , the i r 
role m a y be to promote the format ion of a c i d sites. 

M o s t ac id i ty studies have been made us ing basic molecules such as 
ammonia , p y r i d i n e , a n d p iper id ine as probes. These molecules have the 
property that their interact ion w i t h Bronsted a c i d sites, L e w i s a c i d sites, 
a n d cations a n d their hydrogen-bonding interactions give rise to different 
species detectable b y in f rared spectroscopy. T h u s , adsorpt ion on B r o n 
sted a c i d sites gives rise to a m m o n i u m , p y r i d i n i u m , a n d p i p e r i d i n i u m ions 
w i t h characterist ic absorpt ion frequencies of 1475, 1545, a n d 1610 c m " 1 , 
respectively. A d s o r p t i o n on L e w i s a c id s i tes—tr icoordinated a l u m i n u m 

\ / 
ions—occurs via a coordinate b o n d Ν — A l a n d gives rise to bands near 

1630, 1450, a n d 1450 cm" 1 . T h e exchangeable cations can also act as a 
L e w i s a c i d a n d give rise to s imi lar bands. For tunate ly , the frequencies 
for a n d strengths of adsorpt ion on a l u m i n u m centers differ f r o m those 
at tr ibuted to adsorpt ion on cations. S i m i l a r l y , hydrogen b o n d i n g can be 
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separated b y means of frequencies a n d ease of r emova l of adsorbed 
species. 

Several studies of the surface ac id i ty of cat ion zeolites have been 
made ( 13,17, 26, 63, 72). I n general , the group I A zeolites are nonac id i c 
(13, 17, 63). A l t h o u g h p y r i d i n e is adsorbed o n these zeolites, i t is re 
m o v e d easily b y evacuat ion at about 200°C. A n absorpt ion b a n d near 
1440-1450 c m " 1 c o u l d be attr ibutable to L e w i s ac id i ty . H o w e v e r , the 
frequency varies w i t h cat ion a n d is a lways less t h a n that observed for 
adsorpt ion on L e w i s a c i d sites of a l u m i n a , s i l ica—alumina, a n d dehy-
droxy lated molecular sieves (13, 63). A l t h o u g h some workers have 
at t r ibuted this absorpt ion b a n d to adsorpt ion on L e w i s a c id sites, the 
b a n d is p r o b a b l y caused b y adsorpt ion o n cations, w h i c h , since they are 
electron acceptors, can funct ion as L e w i s acids i n the general sense (13, 
63, 72). T h e frequency of the b a n d is a funct ion of the i on i c radius of 
the cat ion, electrostatic potent ia l , a n d electrostatic field of the zeolite 
(13, 63). I n mixed-cat ion zeolites, 2 bands often are observed, the r e l a 
t ive intensities depend ing o n the rat io of the cations. F o r s od ium Y 
zeolite , add i t i on of water resulted i n an increase i n the intensity of the 
b a n d near 1438 c m " 1 ref lecting the cat ion interact ion. It is possible that 
this change is caused b y movement of cations into more accessible pos i 
tions on hydrat ion . N o n e w Bronsted a c i d sites were generated. W a t a -
nabe a n d H a b g o o d (72) detected Bronsted ac id i ty b y pyr id ine c h e m i -
sorption on par t ia l l y dehydrated N a Y a n d on washed N a X samples. T h e 
Bronsted ac id i ty might reflect cat ion deficiency but there were indicat ions 
that possible metastable structures or cat ion m o b i l i t y m a y be important 
factors. Bronsted ac id i ty on washed group I A zeolites has been reported, 
presumably result ing f rom hydrolys is . T h e absence of Bronsted a n d L e w i s 
ac id i ty on pure G r o u p I A zeolites is expected f r om the theoret ical struc
ture of the zeolite a n d the absence of h y d r o x y l groups. Studies of the 
a lkal ine earth zeolites have shown that there are Bronsted a n d / o r L e w i s 
a c i d sites on the surface depend ing on ca lc inat ion condit ions (13, 17, 26, 
63). E b e r l y (17) used the spectra of p y r i d i n e adsorbed on M g , C a , a n d 
C d Y zeolites to detect Bronsted a n d L e w i s ac id i ty a n d showed that 
add i t i on of trace amounts of water increased the concentrat ion of B r o n 
sted ac id i ty a n d decreased the concentrat ion of L e w i s ac id i ty . A t the 
same t ime, an O H b a n d was observed near 3580 cm" 1 . T h i s b a n d c o u l d 
represent C a O H + groups. T h e concentrat ion of Bronsted a c i d sites v a r i e d 
w i t h cat ion a n d seemed to be a funct ion of the i on i c charge-to-radius 
rat io . It was not clear whether the b a n d at 1440-1450 c m " 1 represented 
adsorpt ion on L e w i s a c i d sites or interact ion w i t h cations. T h e latter 
p r o b a b l y is occurr ing , at least i n part , since the b a n d is m u c h stronger 
than on hydrogen zeolites ca l c ined at the same temperature. W a r d (63) 
studied the a lkal ine earth Y zeolites. A f t e r ca l c inat ion at 500°C, no 
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29. WARD Infrared Spectroscopic Studies 393 

L e w i s ac id i ty was observed. H o w e v e r , a b a n d appeared near 1440-50 
c m " 1 whose frequency depended on the cat ion. It was at tr ibuted to 
p y r i d i n e coordinately b o n d e d to the cations. T h e frequency a n d dif f iculty 
of r emova l increased w i t h decreasing ionic radius a n d increasing electro
static field a n d potent ia l . T h i s f requency change is s imi lar to that re 
por ted for carbon monoxide (6) a n d carbon dioxide ( 7 ) . T h e concen
trat ion of Bronsted a c i d sites also increased w i t h increasing electrostatic 
field. O n ca lc inat ion at h igher temperatures—e.g., 650 °C—the concen
trat ion of Bronsted ac id sites is less but L e w i s a c id sites are detected. 
R e h y d r a t i o n eliminates the L e w i s a c i d sites a n d increases the concentra
t i on of Bronsted ac id sites. N e w h y d r o x y l bands are also f o rmed at 3595 
a n d 3588 c m " 1 for M g a n d C a , respectively. These bands are be l ieved to 
reflect M O H + groups a n d do not interact w i t h pyr id ine , ind i ca t ing that 
they are non—or w e a k l y — a c i d i c . Chr i s tner et al. (13) observed B r o n 
sted ac id i ty a n d p y r i d i n e adsorbed on the cations i n M g , B a , a n d Z n Y 
zeolites. T h e y also f o u n d that Bronsted ac id i ty c ou ld be generated on L i , 
M g , a n d B a b y add i t i on of sma l l amounts of carbon dioxide. T h i s obser
vat ion correlates w i t h the w o r k of Fr i l e t t e a n d M u n n (19), w h o f o u n d 
that the catalyt ic act iv i ty of N a Y increased on add i t i on of smal l amounts 
of carbon dioxide. 

M o r e recently, H a t t o r i a n d S h i b a (26) a n d W a r d (68) s tudied the 
ac id i ty of X zeolites. F o r M g , M n , a n d Z n X , H a t t o r i a n d S h i b a (26) 
report a smal l amount of Bronsted ac id i ty a n d L e w i s ac id i ty w h i c h is 
too weak to be converted into Bronsted ac id i ty b y water. O n C a a n d S r X , 
they reported strong L e w i s ac id i ty w h i c h c o u l d be converted into B r o n 
sted ac id i ty . I n contrast, W a r d (68) observed Bronsted ac id i ty on a l l 
G r o u p I I A zeolites, the concentration of sites increasing w i t h decreasing 
cat ion radius or increasing field. T h e concentration of Bronsted ac id sites 
was increased b y hydrat ion . N o L e w i s a c id sites were detected, a l though 
p y r i d i n e interact ion w i t h the cations was observed. Ignat 'eva et al. ( 32 ) 
reported the presence of Bronsted ac id sites on C a Y but not on N a Y . 
Bronsted ac id i ty but no L e w i s ac id i ty was observed on the transit ion 
meta l ions, M n , C o , Z n , A g , C d , but not on C u (68). T h e concentration 
was increased i n a l l cases b y hydrat ion . There appeared to be no r e l a 
t ionship between the concentration of a c i d sites a n d the p h y s i c a l p r o p 
erties of the zeolites. Studies of the same series of transit ion meta l i o n Y 
zeolites y i e l d e d s imi lar results (69 ) . 

O f the tr ivalent ions, c e r ium, lanthanum, a n d m i x e d rare earth X 
a n d Y zeolites have been studied (13, 47, 48, 67). T h e 3640 c m " 1 b a n d , 
but not the 3520 c m " 1 b a n d , reacts w i t h p y r i d i n e a n d p iper id ine . I n a l l 
cases, Bronsted ac id i ty was detected. L a , C e a n d rare earth X zeolites 
also showed L e w i s ac id i ty after heat ing to 450 ° C , w h i c h was decreased 
b y add i t i on of water. Chr i s tner et al. (13) detected bo th Bronsted a n d 
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3 9 4 MOLECULAR SIEVE ZEOLITES 1 

L e w i s ac id i ty on C e Y zeolite after heat ing to 460°C, whereas W a r d (67) 
detected only Bronsted ac id i ty on rare earth Y zeol ite after heat ing to 
480 ° C but bo th forms of a c id i ty after heat ing to 680 ° C . 

Hydrogen Zeolites. E a r l y studies of Uyt terhoeven et al. (56) 
showed that add i t i on of a m m o n i a to hydrogen zeolite, deamminated b y 
heat ing to about 400 ° C , e l iminated the h y d r o x y l bands a n d re formed 
N H 4

+ ions. N o absorpt ion bands due to N H 3 adsorbed on L e w i s a c i d 
sites were observed. T h e h y d r o x y l groups on the hydrogen X a n d Y 
zeolites are Bronsted acids a n d are accessible to molecules of the size 
a n d basic strength of ammonia . H e a t i n g of the zeolites to h igher tem
peratures—e.g., 600°C—fol lowed b y N H 3 adsorpt ion resulted i n the 
detect ion of N H 3 adsorbed on Bronsted a n d L e w i s a c i d sites. R e a d d i t i o n 
of a smal l amount of water reconverted some of the L e w i s a c i d sites into 
Bronsted a c i d sites. O n the other h a n d , after evacuat ion at 400 ° C , G e o -
d a k y a n et al. (22) observed N H 3 adsorbed on b o t h L e w i s a n d Bronsted 
a c i d sites. H u g h e s a n d W h i t e (31) extended these results w i t h an exten
sive study of the adsorpt ion of p y r i d i n e a n d p iper id ine on a m m o n i u m Y 
zeol ite ca l c ined at temperatures between 300° a n d 700°C. B o t h the 3650 
a n d 3550 c m " 1 bands interacted w i t h p iper id ine but on ly the 3650 c m " 1 

h y d r o x y l group protonated the weaker base, pyr id ine . These results 
demonstrate that bo th h y d r o x y l groups are ac id i c to the strong base, 
p iper id ine , but not to p y r i d i n e a n d show that the 3650 c m " 1 b a n d repre
sents the stronger ac id i c groups. W i t h increasing ca l c inat ion temperature , 
the concentrat ion of Bronsted ac id sites decreased a n d the concentrat ion 
of L e w i s a c i d sites increased to a m a x i m u m near 600°C. A b o v e this 
temperature, bo th site concentrations decreased, p r o b a b l y resul t ing f rom 
loss of structure. R e a d d i t i o n of water to the 650°C ca l c ined zeolite 
re formed Brons ted a c i d sites at the expense of L e w i s a c i d sites, but d i d 
not intensi fy the 3650 c m " 1 b a n d . Hughes a n d W h i t e conc luded that the 
re formed Bronsted a c i d sites m a y be different f r om the o r i g ina l sites. 
U p to 600°C, the sum (Brons ted a c i d sites) + 2 ( L e w i s a c i d sites) re 
m a i n e d constant, as w o u l d be expected f rom structura l considerations. 
Zhdanov et al (76) invest igated N H 4 X a n d Y after heat ing to 400°C. 
T h e y detected bo th Bronsted a n d L e w i s a c i d sites. 

W a r d (61) carr ied out a study s imi lar to that of H u g h e s a n d W h i t e 
but s imultaneously f o l l owed the concentration of h y d r o x y l groups a n d 
a c i d sites. T h e concentrat ion of Bronsted ac id sites, as detected b y 
p y r i d i n e chemisorpt ion , closely f o l l owed the concentrat ion of the 3650 
a n d 3550 c m " 1 h y d r o x y l groups a n d is shown i n F i g u r e 5. T h e r a p i d 
decay i n h y d r o x y l group concentrat ion was accompanied b y a decl ine i n 
the Bronsted ac id i ty a n d the b u i l d u p of L e w i s ac id i ty . A l t h o u g h the 
3550 c m " 1 h y d r o x y l groups d i d not f o rm p y r i d i n i u m ions, they d i d h y d r o 
gen b o n d at room temperature. L i e n g m e a n d H a l l (38) reported s imi lar 
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Figure 5. Acidity of hydrogen 
Y zeolite as a function of cal

cination temperature 

results for H Y ca l c ined at 480° a n d 600°C. E b e r l y (17) carr ied out 
experiments i n w h i c h the N H 4 Y was ca l c ined at 427°C a n d then the 
p y r i d i n e adsorpt ion a n d spectral measurements were made at e levated 
temperature ( 1 5 0 ° - 2 6 0 ° C ) . U n d e r these condit ions at 0.1 torr pressure 
of p y r i d i n e , the 3650 c m " 1 b a n d was e l iminated a n d most of the ac id i ty 
was of the Bronsted type. O n evacuat ion at 260 ° C , some desorpt ion of 
chemisorbed p y r i d i n e occurs, as ind i ca ted b y the decrease i n intensity 
of the 1545 c m " 1 b a n d a n d a p a r t i a l restoration of the 3650 c m " 1 h y d r o x y l 
b a n d . T h i s suggests that the 3650 c m " 1 b a n d m a y represent h y d r o x y l 
groups of different a c i d strengths. T h e difference i n ac id i ty of the 2 
major h y d r o x y l groups is shown further b y the adsorpt ion of olefins (17, 
38) a n d hexane (38), w h i c h interact w i t h the 3650 c m " 1 b a n d b u t not 
the 3550 c m - 1 band . I n order to c lar i fy the behavior at h i g h ca l c inat ion 
temperatures, W a r d studied a magnes ium-stab i l i zed Y zeolite w h i c h 
showed no loss of structure at temperatures u p to 800°C (64). T h e basic 
results were essentially the same. T h e major exceptions were that the 
sum (Brons ted a c i d sites) -f- 2 ( L e w i s ac id sites) r emained constant u p 
to 800°C a n d 3740 c m " 1 b a n d d i d not increase i n intensity above 600°C, 
conf irming that structural decay d i d not occur. A m m o n i u m X zeolite has 
b o t h types of a c id sites after ca lc inat ion at 270° , 300° (26), a n d 480°C 
(68). H o w e v e r , s tructural collapse occurred. A f t e r ca lc inat ion at 450°C, 
N H 4 L zeolite possesses bo th Bronsted a n d L e w i s a c i d sites (69). Trea t 
ment of bo th X a n d L zeolites w i t h water converted L e w i s a c i d sites 
into Bronsted sites. 
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396 MOLECULAR SIEVE ZEOLITES 1 

W a r d et al. (65, 71 ) reported on the N a H Y a n d M g H Y systems. T h e 
2 systems behave as a mixture of the 2 components. S o d i u m h y d r o g e n Y 
was s tudied as a func t i on of the sod ium content f r o m 100 to 0 % ex
changed (71). F o r the ca l c inat ion condit ions used ( 4 8 0 ° C ) , the series 
of samples were a l l i n the Bronsted a c i d form. T h e concentrat ion of a c i d 
sites detected b y p y r i d i n e chemisorpt ion increased l inear ly as the sod ium 
was removed u n t i l on ly about 16 sod ium ions were left. T h i s corresponds 
to the n u m b e r of easily removed sod ium ions w h i c h can be exchanged 
w i t h a m m o n i u m ions a n d subsequently f o r m h y d r o x y l groups of the 3650 
c m " 1 type. F u r t h e r exchange yie lds h y d r o x y l groups i n the small -pore 
structure w h i c h are not accessible a n d / o r not sufficiently ac id i c to react 
w i t h pyr id ine . 

F o r a l l cases s tudied , the Y zeolites are considerably more ac id i c 
than the X zeolites. T h i s m a y be unexpected since there are more i o n 
exchangeable cations i n X zeolites a n d consequently more potent ia l a c i d 
sites. It is possible that the weaker electrostatic fields i n X zeolites do 
not result i n the produc t i on of the m a x i m u m n u m b e r of h y d r o x y l groups. 
I n fact, for C a a n d M g , the Bronsted ac id i ty increased l inear ly w i t h 
decreasing a l u m i n u m content of the zeolite (69). Q u i n o l i n e chemisorp
t i o n also has been used. H o w e v e r , the results indicate that on ly L e w i s 
a c i d sites are detected (10). 

P y r i d i n e chemisorpt ion o n hydrogen mordenite has been s tudied 
(11). A s the ca lc inat ion temperature was increased f r o m 200° to 600°C, 
the popu la t i on of Bronsted a c i d sites decreased a n d of L e w i s a c i d sites 
increased. A b o v e 300 ° C , 2 absorpt ion bands (1462 a n d 1455 cm" 1 ) were 
observed, suggesting the presence of 2 types of L e w i s a c i d sites. Cannings 
suggested the f o l l owing structures: 

H 

0 
\ 

0 
\ 

0 
/ 

0 

\ 
A l 

\ . / 
S i and 

/ \ / ' \ 0 0 0 0 0 

0 

S i 

T h e same structures w o u l d be expected i n X a n d Y zeolites b u t only 1 
absorpt ion b a n d is observed. T h e L e w i s ac id i ty c o u l d be converted into 
Bronsted ac id i ty b y water . T h e tota l ac id i ty decreased m a r k e d l y o n 
ca l c inat ion at 600°C, suggesting a collapse or major change of structure. 

I n summary , G r o u p I A zeolites are nonac id ic . O t h e r zeolites exam
i n e d so far are Bronsted a n d / o r L e w i s acids, depending on the ca l c ina 
t i on temperature. T h e Bronsted ac id sites on the cat ion a n d hydrogen 
zeolites are the same a n d are be l i eved to be the 3650 a n d 3550 c m " 1 

h y d r o x y l groups. T h e 2 bands represent a c id sites of different strengths. 
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T h e L e w i s a c id sites are also the same, possibly t r i coord inated a l u m i n u m 
atoms. T h e electrostatic field appears to promote the format ion of B r o n 
sted a c i d sites on the cat ion zeolites b y the react ion M ( O H 2 ) 2 + ^ M O P T 
+ H + as discussed above. 

Interaction of Zeolites with Inorganic Molecules 

T h e study of carbon monoxide adsorpt ion b y A n g e l l a n d Schaffer 
(6) has been discussed elsewhere (7, 74, 75 ) . A n interesting observation 
not prev ious ly emphas ized is the appearance of cat ion specific absorpt ion 
bands i n the spectra of the mul t iva lent cat ion zeolites because of the C O 
interact ing w i t h the exchanged cat ion via the carbon atom. T h e y showed 
that the b a n d frequency was a funct ion of the electrostatic field strength 
w h i c h po lar i zed the C O molecules. 

Because the C O molecule is unable to enter the hexagonal prisms 
of the structure a n d since cation-specific C O absorpt ion bands occur, the 
spectra of adsorbed C O can be used to give in format ion about cat ion 
locations i n zeolites. T h u s , for N a Y zeolite 3 5 % i o n exchanged w i t h C a , 
no C O - c a t i o n b a n d was observed, ind i ca t ing that a l l the C a ions were 
located preferent ia l ly i n the inaccessible hexagonal p r i s m sites. I n con
trast, zeolites 2 0 - 2 2 % exchanged w i t h C o a n d N i gave rise to cat ion-
specific bands, i n d i c a t i n g nonselective exchange. X - r a y di f fract ion studies 
conf irmed these findings (45). 

Recent ly , F e n e l o n a n d R u b a l c a v a (18) s tudied the interact ion of 
C O w i t h N a a n d C a A a n d X zeolites at pressures of about 10 torr. U s i n g 
isotopic C O a n d b y ana lyz ing the absorpt ion b a n d contours of the a d 
sorbed species, gaseous a n d l i q u i d C O , they conc luded that the C O 
molecules freely rotate i n the N a zeolites u n t i l they co l l ide w i t h the cage 
wal ls . F o r C a zeolites, the absorpt ion bands of adsorbed C O indicate 
strongly h indered rotation. T h i s is p lausib le since C O adsorbs prefer
ent ia l ly on the mul t iva lent ions a n d is h e l d more strongly than on u n i 
valent ions. 

T h e adsorpt ion of carbon d iox ide on X a n d Y zeolites has been re
v i e w e d previous ly (7, 74, 75). Part of the C O o is h e l d b y an i o n - d i p o l e 
interact ion w h i l e part of i t reacted to give a carbonate type species. 
A n g e l l showed that the frequency of the former species was a l inear 
funct ion of the electrostatic field. 

Recent ly , A n g e l l a n d H o w e l l (2 ) f o und that heat ing d ivalent cat ion 
zeolites to 500°C i n air or C 0 2 , i n contrast to v a c u u m , resulted i n absorp
t i on bands i n the 1600-1300 c m " 1 region. E v a c u a t i o n at 500 ° C h a d no 
effect. H e a t i n g at 700 ° C for long periods d i d not remove the bands , 
ind i ca t ing h i g h stabi l i ty . N i , N a , a n d A g Y d i d not produce the absorpt ion 
bands. T h e b a n d frequencies suggest that unidentate carbonate species 
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398 MOLECULAR SIEVE ZEOLITES 1 

( — Ο — C 0 2 ) are f o rmed together w i t h carbonate ions i n some cases. 
T h e interact ion is be l ieved to result f r om the chemisorpt ion of C 0 2 i n 
a bent configuration on surface oxygen atoms. Since the stable species 
are not f o rmed on the monovalent cat ion zeolites, the d ivalent cations 
must promote the chemisorpt ion. Fur thermore , since the frequencies 
observed are a funct ion of the exchanged cat ion, the adsorpt ion must 
occur i n the v i c i n i t y of the cations. A d s o r p t i o n of water a n d a m m o n i a 
removed the 1575 a n d 1380 c m - 1 bands a n d f o rmed bands at 1620 a n d 
1450 cm" 1 , respectively. T h e carbonate bands were restored b y evacua
t i on at 300 °C . Benzene h a d no effect. T h e observations are be l i eved to 
reflect hydrogen bond ing . 

A d d i t i o n of hydrogen chlor ide to f u l l y dehydrated M g zeolite results 
i n the format ion of h y d r o x y l bands w i t h frequencies at 3643 a n d 3533 
c m " 1 ( 5 ) . These bands are the same as those present on decat ionized Y 
zeolite, showing the react ion of H C 1 w i t h the lattice to give h y d r o x y l 
groups. A s imi lar react ion occurred w i t h D C 1 , a n d bands appeared at 
2684 a n d 2605 cm" 1 . N o b a n d was f ormed near 1605 cm" 1 , i nd i ca t ing that 
water was not produced . S imi lar reactions o c curred w i t h hydrogen 
cyanide . 

Interaction of Zeolites with Sulfur-Containing Molecules 

I n order to characterize the types of a c id sites, L y g i n et al. (41) 
s tud ied the adsorpt ion of thiophene on C a a n d decat ionized Y zeolites 
heated i n air at 550 ° C and then i n v a c u u m at 400 °C . Th iophene adsorbs 
on the zeolite w i t h par t ia l decomposit ion, a n d strongly-held chemisorbed 
species are formed. M e t h y l , methylene, a n d C H - g r o u p s are detected u p 
to 400°C. Bands ind icat ive of C = S a n d thiophene rings are observed up 
to 300°C. T h e s imi lar i ty of the spectra of thiophene chemisorbed on 
a l u m i n a a n d H Y zeolites suggest s imi lar adsorpt ion centers o n the 2 sur
faces, namely L e w i s a c id sites. 

A s part of a study of the mechanism of a n d intermediates i n the 
C l a u s React ion , D e o , D a l l a L a n a , a n d H a b g o o d (14) s tudied the adsorp
t i on of HoS a n d S 0 2 on N a a n d H Y zeolites. H 2 S at 98 torr was phys i ca l ly 
adsorbed on N a Y zeolite. A smal l amount of water was formed, possibly 
b y ox idat ion of the H 2 S b y chemisorbed 0 2 . O n heat ing to 400 ° C , more 
water was formed. T h e H 2 S c o u l d be removed b y room-temperature 
evacuation. H y d r o g e n b o n d i n g to the h y d r o x y l groups of H Y occurred 
but only deuter ium exchange of the 2689 c m " 1 O D (3650 O H ) b a n d 
occurred. T h e 3650 c m " 1 b a n d represents the most ac id i c a n d accessible 
O H group a n d hence the groups i n v o l v e d i n the strongest hydrogen 
b o n d i n g interact ion. N o evidence of chemisorpt ion or ox idat ion of H 2 S 
was detected on H Y zeolite. A d s o r p t i o n of sulfur d ioxide on N a Y pro -
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d u c e d a single b a n d at 1330 c m " 1 o w i n g to phys i ca l ly adsorbed S 0 2 . N o 
change occurred on heat ing to 400°C. W h e n H 2 S was added , a r a p i d 
react ion occurred , p r o d u c i n g water . A d s o r p t i o n of S 0 2 on H Y resulted 
i n hydrogen b o n d i n g to the 3650 c m - 1 groups. N o chemisorbed species 
were detected. H e n c e , the role of the zeolite must be to b r i n g the mole 
cules together. 

Interaction of Zeolites with Organic Molecules 

G e o d a k y a n et al. (21) s tudied the adsorpt ion of acetaldehyde a n d 
acetone on G r o u p I A a n d Π Α X zeohtes. T h e C = 0 frequency decreased 
w i t h increasing cat ion radius f r om L i to C s a n d f rom C a to Sr, i n d i c a t i n g 
that the adsorpt ion involves interact ion of the C = 0 group w i t h the 
cations. A second b a n d , observed i n the case of acetone a n d removed 
b y evacuat ion at 200°C, is be l i eved to indicate interact ion w i t h the zeo
l ite lattice. B o t h molecules hydrogen b o n d to the 3650 c m " 1 b a n d of 
hydrogen Y zeolite. A d s o r b e d acetone has bands at 1715 (hydrogen 
b o n d e d C = 0 ) a n d a pa i r of bands at 1640 a n d 1575 c m " 1 poss ibly caused 
b y adsorpt ion on dehydroxy lated sites. A f ter evacuat ion of the acetone, 
bands r e m a i n at 1455 a n d 1410 c m " 1 o w i n g to the f ormat ion of a car
bonate structure. A p a r t f r om bands result ing f r om phys i ca l l y adsorbed 
acetaldehyde, an absorpt ion b a n d showing G = 0 vibrat ions reflects 
interact ion of the C O group w i t h aprot ic centers on the zeolite surface. 
R e m o v a l of the phys i ca l l y adsorbed acetaldehyde b y evacuat ion leaves a 
surface species w i t h bands near 1645, 1600, a n d 1460 cm" 1 . It appears 
that a surface react ion is o c curr ing i n w h i c h carboxylate groups are 
f o rmed b y interact ion w i t h the latt ice oxygen. H o w e v e r , the b a n d fre
quencies are removed somewhat f r om those observed w h e n acetic a c i d 
is adsorbed on N a X zeolite. P h e n o l , methanol , a n d ani l ine also adsorb 
b y means of interact ion of the lone pa i r electrons of the O H a n d N H 2 

groups w i t h the exchangeable cations or the s tructural h y d r o x y l groups 
(35, 37, 74, 75 ) . I n contrast, nitrobenzene interacts via the aromatic r i n g . 
T h e results can be interpreted i n terms of electron ava i lab i l i ty (36). 

H y d r o g e n cyanide , acry loni tr i le , a n d acetonitri le adsorpt ion on N a X 
a n d H Y have been observed (20). Stronger interactions occur o n the 
zeolite than on s i l i ca since the frequency shifts are greater. T h e nitr i les 
interact w i t h the cations i n N a X a n d w i t h the h y d r o x y l groups a n d 
dehydroxy lated sites on H Y zeolite. Aceton i t r i l e , ace ton i t r i l e -d 3 , a n d 
benzonitr i le have been adsorbed on various cat ion a n d H Y zeolites ( 4 ) . 
F o r acetonitri le , the C = N b o n d frequency is h igher t h a n that of the 
l i q u i d phase a n d varies w i t h cat ion, ind i ca t ing that the adsorpt ion of 
molecules is associated w i t h the cat ion. A l inear correlat ion is f o u n d 
between the cat ion electrostatic field a n d the C N b o n d frequency. 
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400 MOLECULAR SIEVE ZEOLITES 1 

Aceton i t r i l e interacts, via the C N group, w i t h the 3650 bu t not the 3550 
c m " 1 h y d r o x y l groups of H Y zeolite. Benzon i t r i l e behaved s imi lar ly . 
Aceton i t r i l e interacts w i t h the 3650 b u t not the 3520 c m " 1 h y d r o x y l 
groups of L a Y , ind i ca t ing that the l a n t h a n u m ions are inaccessible. 

A b r a m o v , K ise lev , a n d L y g i n (I) first reported the adsorpt ion of 
benzene on N a a n d C a X after v a c u u m ca lc inat ion at 450 °C . T h e y ob
served that the C — C stretch v i b r a t i o n near 1486 c m " 1 was m u c h more 
intense t h a n the C — H stretch vibrat ions . Several other bands changed 
i n pos i t ion a n d intensity relat ive to the l i q u i d phase. T h e spectra were 
interpreted i n terms of benzene adsorbed on the wal l s of the large cavities 
a n d the changes i n intensity a n d pos i t ion were at t r ibuted to the changes 
i n the electron d i s t r ibut i on b y the zeolite electrostatic field. U l t r a v i o l e t 
spectra conf irmed that the adsorpt ion invo lved the π e lectron system of 
adsorbed benzene (36). C 6 H 6 H + species were f o rmed b y i r rad ia t i on of 
adsorbed benzene on H Y zeolite. A n g e l l a n d Schaffer (3) f o u n d that 
benzene hydrogen-bonded to 3650 c m " 1 O H groups of N i a n d M g Y . 
S i m i l a r spectra were f o u n d w h e n benzene a n d benzene -d 6 were adsorbed 
on M g , N i , Z n , A g , L a , C e , a n d C o Y zeolites (3). T h e C H stretching fre
quencies were the same as those for l i q u i d benzene. E x a m i n a t i o n showed 
that frequencies due to v ibrat ions i n the plane of the r i n g were u n 
changed w h i l e those due to out-of-plane v ibrat ions were shifted to h igher 
frequencies. T h e spectra were interpreted i n terms of interact ion between 
the surface a n d the π orbitals of benzene, assuming the molecule adsorbed 
para l l e l to the surface. To luene behaved s imi lar ly . Benzene, cyc lo -
hexane, cyclohexene, a n d cumene have been studied recently on hydrogen 
Y zeolite (53). Benzene c o u l d be desorbed at 200 ° C a n d cyclohexane at 
room temperature. N o H — D exchange was observed w h e n either mole 
cule was adsorbed on D Y . A b s o r p t i o n bands caused b y = C H a n d C = C 
groups were absent f r om the spectra of adsorbed cyclohexene w h i c h 
resembled the spectrum of l i q u i d cyclohexane. H — D exchange occurred 
on a l l 3 O D groups. A d s o r p t i o n of cumene resulted i n strong interact ion 
w i t h the 3650 c m " 1 O H groups. A t 150°C or higher , H — D exchange of 
the i sopropy l group occurs. T h e i sopropy l group underwent larger per
turbations than the aromatic r i n g on adsorption. T h e adsorpt ion of olefins 
has been s tudied b y several workers (7, 74, 75). Spectroscopic studies 
indicate that adsorpt ion occurs b y interact ion of the π-electron system of 
the doub le b o n d w i t h the cations or structural h y d r o x y l groups. These 
interpretations are supported b y magnet ic resonance methods (43). 

Recent ly , i n order to ga in an insight into the catalyt ic react ion, 
Tempère et al. (52) s tud ied the interact ion of butene-1 w i t h A , X , a n d Y 
zeolites. A re lat ionship exists between the act iv i ty for butene-1 i somer i -
za t i on a n d a n absorpt ion b a n d near 3570-3610 cm" 1 . These h y d r o x y l 
groups were p r o d u c e d b y exchange of the monovalent zeolite w i t h d i -
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valent ions or b y wash ing the zeolite w i t h water . T h e properties of these 
h y d r o x y l groups seem to indicate that they are the same as those reported 
b y others w i t h frequencies of 3630-3650 cm" 1 . 

A d s o r p t i o n of acetylene o n C o , N i , M n , C a , N a , a n d H A a n d X 
zeolites also indicate a charge transfer mechanism of adsorpt ion (54 ) . 

Possible Relationships Between Catalytic 
Activity and Surface Acidity 

Corre lat ions of catalyt ic ac t iv i ty a n d zeolite properties have been d is 
cussed i n terms of electrostatic fields, Bronsted ac id i ty , a n d L e w i s ac id i ty 
(49, 55, 60). I n m a n y cases, the combinat ion of spectroscopic a n d reactor 
data has been considered. Since bases such as ammonia , pyr id ine , a n d 
qu ino l ine (JO, 55) po ison the catalysts, i t seems that a c i d sites are i n 
vo lved . F o r m a n y reactions over N H 4 Y catalysts, the act iv i ty decreases 
w i t h increasing L e w i s a c i d concentrations as the ca lc inat ion temperature 
is increased, suggesting that L e w i s ac id i ty p robab ly is not the p r i m a r y 
active site ( 8, 26, 27, 30, 60, 61). It also has been shown spectroscopical ly 
that cat ion zeolites are not L e w i s acids a n d that the ac t iv i ty is promoted 
b y proton donors. O n the other h a n d , spectral studies show that active 
catalysts conta in structural h y d r o x y l groups a n d are Bronsted acids. I n 
general , it appears that as the h y d r o x y l group concentrat ion increases, 
the Bronsted ac id i ty a n d catalyt ic act iv i ty for bo th cat ion a n d hydrogen 
zeolites increase. F o r cat ion zeolites, several reactions correlate w i t h 
Bronsted ac id i ty concentrations (26, 48, 50, 52, 60, 63, 67, 68, 71). H o w 
ever, there are a number of exceptions to this s imple p ic ture , par t i cu lar ly 
w i t h transit ion elements (68). Fur thermore , the m a x i m u m act iv i ty of 
hydrogen Y zeolite does not occur at the m a x i m u m Bronsted ac id i ty or 
h y d r o x y l content but after some dehydroxy lat ion has occurred (28, 30, 
55). It is possible that only certa in a c id site strengths are important a n d 
that these strengths are inf luenced b y the cations or dehydroxy lated sites 
(29, 30, 40, 50, 67, 68, 71). A l te rnat ive ly , a d u a l site mechanism m a y be 
invo lved , u t i l i z i n g bo th Bronsted a n d L e w i s a c i d sites ( 67, 71 ). 

A l t h o u g h the electrostatic field m a y be invo lved , i t appears that its 
role is to dissociate water so as to f o rm ac id i c protons and , at h igher 
temperatures, dehydroxy lated sites ( 59, 61 ). 
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Discussion 

G. V . T s i t s i s h v i l i ( 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 ) : I n pr inc ip l e , h y d r o l i t h i c i on exchange w h e n a sod ium i on is re 
p l a c e d b y an ion [ M e n + ( O H ) n . i ] + is possible, but then one should expect 
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an increased content of M e w + i n the composi t ion of a u n i t c e l l of a zeol ite 
at the transit ion f r om N a Z to M e N a Z . Indeed , for c a l c i u m faujasite (see 
data of J . K . Bennet a n d J . V . S m y t h , Mater. Res. Bull. 1968, 3, N 8 , 633) , 
the composi t ion is g iven b y the f o rmula Ca27Al5 7Sii23 · · •; that is , for each 
two atoms of a l u m i n u m ( an atom of a l u m i n u m is a carrier of one nega
t ive charge) there is one C a 2 + . 

J . W . Ward : O n e is rep lac ing , i n most cases, two posit ive charges 
b y two posit ive charges w h i c h satisfy two negative charges. W i t h d iva lent 
ions, whether one introduces C a 2 + or C a ( O H ) + + H + , the same amount 
of c a l c i u m is in t roduced so that e lectr ica l neutra l i ty is mainta ined . H e n c e , 
two exchangeable sod ium ions (or other monovalent ions) are rep laced 
b y one c a l c i u m ion . I n general , η N a + ions are rep laced b y one M n + i on . 

J . B. Uytterhoeven ( U n i v e r s i t y L e u v e n , 3030 Hever lee , B e l g i u m ) : 
Is the O H b a n d at 3600 c m " 1 i n ultrastable zeolite ac id i c , a n d have y o u 
an assignment for that band? 

J . W . Ward : I n another paper (/. Catalysis 1970, 18, 348) , w e assign 
tentat ively the absorpt ion b a n d to A l ( O H ) 3 , A l ( O H ) 2

+ , a n d / o r A 1 0 H 3 + . 
T h e data do not seem to justi fy more deta i led interpretat ion. T h e absorp
t i on bands i n the spectra between approx imate ly 3660 a n d 3620 c m " 1 

interact w i t h adsorbed p y r i d i n e but the bands around 3600 c m " 1 do not 
appear to interact extensively. 
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Kinetics of Ion Exchange from Partially 

Exchanged Starting Materials 

Ν. M. BROOKE1 and L. V. C. REES 

Physical Chemistry Laboratories, Imperial College of Science and Technology, 
South Kensington, London, S.W.7, England 

The rates of ion exchange from a mixed (Ca2+/Sr2+)chab
azite starting material have been computed by a finite differ
ence method, assuming the exchanger to be (a) ideal and 
(b) nonideal. In the latter case, the differential interdiffu
sion coefficient, D A B , contains an activity correction term. 
The exchange kinetics are calculated for starting materials 
containing various ratios of Ca to Sr and the results are dis
cussed in terms of the 2 theoretical models. The kinetics 
of exchange of partially exchanged starting materials can 
be used to throw light on the nonideality of the exchanger 
and to indicate heterogeneity among the cation exchange 
sites. 

' T p h e dif fusion equat ion for a b inary , part i c le diffusion contro l led , i o n -
exchange system was solved b y a finite difference method i n 2 previous 

papers (4, 5 ) us ing an interdif fusion coefficient, D A B , w h i c h includes ac
t i v i t y gradient terms a n d is g iven b y 

D A B DA*CAZ*A + DB*CBZ*B 

where D A * , D B * are the self-diffusion coefficients of the ions A a n d Β i n 
their respective pure forms of the exchanger; CA, CB are the concentra
tions of the ion ic species i n the exchanger phase; ZA, ZB are their valencies 
a n d a A, aB their activit ies , w h i c h m a y be functions of CA a n d CB. 

'Present address: U .K.A .E .A . , A .W.R .E . , Aldermaston, Berkshire, England. 
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406 MOLECULAR SIEVE ZEOLITES 1 

T h e act iv i ty terms d In a/d In C a l l o w for the non idea l i ty of the ex
changer mater ia l ( 3 ) , bu t cross-coefficients where ΐ ^ j have been 
assumed to be zero a n d water fluxes have been neglected. T h e act iv i ty 
terms m a r k e d l y alter the computed kinetics of exchange w h e n 2 very 
different types of act iv i ty functions were invest igated (4, 5 ) . I n these 
treatments, the kinetics have been computed t a k i n g the appropr iate 
homoionic forms of the exchangers as start ing materials . T h i s paper con
siders the effect of starting w i t h b inary ionic forms of the exchanger. I n 
order to investigate these kinetics , the C a 2 + / S r 2 + - c h a b a z i t e system was 
chosen as a suitable test system. T h e kinetics were computed us ing inter-
dif fusion coefficients appropr iate to i dea l (7 ) a n d non idea l (4 ) exchang
ers. Several ratios of C a 2 + to S r 2 + i n the start ing mater ia l were taken w h i c h 
covered the range pure C a 2 + to pure S r 2 + . 

Theory and Computations 

T h e dif fusion equat ion to be solved for CA i n systems h a v i n g spher ica l 
symmetry is 

d C A = l m ± (?*dS) ( 2 ) 

θτ ρ 2 dp dp 

where CA is the concentration of the i on species i n i t i a l l y resident i n , but 
to be removed f rom, the exchanger phase (expressed i n mole fract ions) 

(Γ0^} . r (3a,b) 
τ = — ~ 0 and ρ = — 

where t is t ime, r0 is the radius of the exchanger part ic le , r is the distance 
f rom the center of the sphere, a n d (6) 

DABdCA 

» = - p <4> 
/ DABdCA 

T h e appropr iate start ing a n d boundary condit ions for a system w i t h i n 
finite solution phase vo lume are 

CA = χ, 0 ^ ρ ^ 1, τ = 0 (5a) 

CA = 0, ρ = 1, τ > 0 (5b) 

and , due to symmetry , 

(£).-.-° (5> 
x represents the i n i t i a l mole fract ion composit ion of the exchanger. 
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30. BROOKE AND REES Kinetics of Ion Exchange 407 

Since the thermodynamic treatment used to obta in the act iv i ty terms 
(3 ) gives 

d In a A _ d In aB _ 

d In CA ~ d In CB " * W 

a n d i n the case of this test system 

= Ζ Β (7) 

the interdif fusion coefficient, D A B , simplifies to 

F o r an i d e a l exchanger 

ç = 1, 0 < CA < 1 (9) 

a n d for the non idea l test system, data taken f r om earl ier w o r k (1,2) gives 

g = 0.27, 0 < C C a < 0.4 

g = 2.50, 0.4 < C c a < 1.0 ( 1 0 a ' b ) 

I n add i t i on , D C a * = 1.15 Χ 10" 1 8 m 2 sec" 1; D S r * = 7.4 Χ 10" 1 9 m 2 sec" 1 

w h e n Τ = 75.8°C a n d r 0 == 1.74 μτη. 

T o avo id any possible embarrassment w i t h the cusp thus f o rmed 
i n the funct ion S ( C A ) , the factor g was taken to change l inear ly f r o m 
the first value to the second over a range of ± 0 . 1 about the c r i t i c a l va lue 
of C C a = 0.4, as before ( 4 ) . T h e solut ion of the p a r t i a l di f ferential E q u a 
t i o n 2 b y a finite-difference method a n d the integrat ion of the funct ion 
DAB(C) to obta in the parameter S of E q u a t i o n 4 have been descr ibed 
(4 ) . T h e quant i ty of the ionic species A r e m a i n i n g i n the exchanger 
phase at t ime τ is g iven b y 

qA W = 3 £ C A (ρ,τ) · Ρ 2 · <*P 

a n d the kinetics of the exchange process are represented as a funct ion 
of τ ( or t ) b y the fract ional attainment of e q u i l i b r i u m 

F (τ) = g * f r - 0 ) - g ' M (12) 
qA (τ = 0) - qA (τ = » ) 

where i n this test system 

qA (τ = 0) = χ and qA (i = °°) = 0 (13a,b) 
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ι 

0.50 
1 ,0.75 

Figure 1. Variation of D A B with com
position for (i) an ideal exchanger and 

(ii) a nonideal exchanger 

Results 

T h e kinetics of the 2 exchange reactions 

( C a / S r ) - C h a b a z i t e + Sr 2 + Sr -Chabaz i t e + C a 2 + 
a n d 

( C a / S r ) - C h a b a z i t e + C a 2 + -> C a - C h a b a z i t e + Sr 2 + 

were computed for b o t h i d e a l a n d n o n i d e a l exchangers. 
T h e interdif fusion coefficients, DAB, for bo th these exchangers is 

shown as a funct ion of the composi t ion i n F i g u r e 1. T h e rates of exchange 
for a n i d e a l exchanger w h e n C C a a n d C S r at τ = 0 is 1.00, 0.75, 0.50, 0.25, 
0.10, a n d 0.00, respect ively , are shown i n F i g u r e 2 for each of the above 
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30. BROOKE AND REES Kinetics of Ion Exchange 409 

Figure 2. Fractional attainment of equilibrium, F , plotted against \ / t 
for Ca and Sr exchange in (Ca/Sr)-chabazite considered here as an ideal 
exchanger; initial mole fraction concentration of the ion to be exchanged 

is indicated 

0.75 , 
0.00 
0.10 
0 25 
0.50 — 

- 0.4 

Sr—» Ca S / 

L L 

-0.2 

IOO 
I 

Ca 

200 
1 

o.oo'// 
0 . 1 0 / 
0 .25 7 

- * S r 

t " 2 s e c , / 2 

Figure 3. Effect of the introduction of the activity 
factors quoted in Equations 10 on the rate curves shown 

in Figure 2 

2 exchange reactions. F i g u r e 3 shows the exchange kinetics of the cor
responding series of non idea l exchangers. T h e accuracy of the computa 
tions has been discussed previous ly ( 4 ) . 
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410 MOLECULAR SIEVE ZEOLITES 1 

Discussion 

D u r i n g the course of a b inary i on exchange process, layers enr i ched 
w i t h the i n c o m i n g ion ic species move inwards f r om the per iphery w h i l e 
the central regions of the exchanger tend to retain their i n i t i a l compos i 
t ion. T h e interdif fusion coefficient governing the kinetics , therefore, ap
proaches the value appropriate to the pure in c oming ionic f o rm at the 
peripheries a n d retains the value appropriate to the start ing f o rm at the 
center of the particles. I n an idea l system, the complete exchange A(Zeol) 
—> B(Zeol) where (Zeol) represents the anionic exchanger f ramework is 
more r a p i d than the reverse exchange i f D A * > D B * . Since the d In a/ 
θ In C terms are uni ty i n this case, i t is easy to see f rom E q u a t i o n 1 that 

DAB —> DA* as CA —» 0 and DAB —> DB* as CA —> 1 

A t the rate-contro l l ing per iphera l layers ( 7 ) , therefore, A ions are re 
p laced most r a p i d l y because D A B i n these regions is approach ing its max
i m u m value of D A * since CA —> 0. I f D B * > D A * , the exchange rates are 
reversed since D A B n o w increases w i t h increasing CA a n d the p e r i p h e r a l 
layers are the least read i ly depleted of the resident i on ic species. 

These results are i l lustrated i n F i g u r e 2 for the idea l ( C a / S r ) - c h a b a -
z i te test system where D C a * > D S r * . T h e complete exchange C a -> Sr 
(i.e., C C a at τ = 0 is 1) is faster than the complete reverse exchange (i.e., 
C S r at τ = 0 is 1 ) . A s the C a 2 + content of the start ing f o rm of the ex
changer is reduced , the rate of the exchange C a / S r -> Sr increases; con
versely, the rate of the exchange C a / S r —> C a decreases as the S r 2 + content 
of the start ing f o rm is reduced . These changes i n the rates result f rom 
the restricted range of DAB app l i cab le to the process. F i g u r e 1 shows 
that as the i n i t i a l C a 2 + content decreases, only larger a n d larger D A B are 
invo lved i n the exchange react ion. T h u s , the replacement of C a 2 + ions b y 
S r 2 + ions becomes increasingly faster at a l l points w i t h i n the exchanger 
as its i n i t i a l concentration is reduced , a l though the per iphera l layers are 
s t i l l the ones w h i c h are most r a p i d l y depleted of C a 2 + . T h e converse 
arguments a p p l y to the exchange process C a / S r —> C a . T h e m a x i m u m 
a n d m i n i m u m l imits to these rates of exchange occur w h e n exchangers 
conta in ing only trace quantit ies of C a 2 + or S r 2 + , respectively, are used as 
starting materials . T h e trace quantities of C a 2 + and S r 2 + are removed at 
rates w h i c h are contro l led b y a D A B w h i c h is equa l to D C a * for traces of 
C a 2 + a n d D S r * for the traces of S r 2 + . Therefore , for an i d e a l exchanger, 
the rates of exchange for a l l possible start ing compositions must r emain 
w i t h i n the l imits set by the s elf -dif fusion rates. 

T h e interest ing behavior of these exchange kinetics i n the case of 
a non idea l exchanger ( F i g u r e 3) is a direct consequence of the more 
complex f o rm of the interdif fusion coefficient as a funct ion of the ex-
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30. BROOKE AND REES Kinetics of Ion Exchange 411 

changer composit ion for this specific system. DAB is not n o w a mono-
tonic funct ion l ike that for the i d e a l exchanger. T h e rate of the exchange 
C a / S r - » Sr first decreases a n d subsequently increases_as the C a 2 + con
tent of the start ing mater ia l is reduced ; the C a / S r -> C a exchange rate 
first increases, then decreases w i t h r educ ing S r 2 + c o n t e n t i n the start ing 
mater ia l . T h e over -a l l range i n the rates of the C a / S r —» Sr exchange is 
m u c h greater than occurred w i t h the idea l exchanger. 

T h e C a / S r -> Sr exchange for start ing materials w i t h C C a < 0.3 
shows a steady increase i n rate as the i n i t i a l C a 2 + concentration decreases 
be low this value. S i m i l a r l y , the C a / S r - » C a exchange shows a steady 
decrease i n rate w i t h decreasing i n i t i a l S r 2 + content be low C S r = 0.5. I n 
bo th these examples, F i g u r e 1 shows that i n these ranges of composit ion, 
the values of DAB app l i cab le to the exchange process f o rm a monotonie 
funct ion of the exchanger composit ion. I n this respect, therefore, the 
exchange behaves s imi lar ly to that for an idea l exchanger. F o r a l l other 
start ing compositions, the DAB funct ion app l i cab le includes as its most 
significant feature the changeover region f r om one value of act iv i ty cor
rect ion t e rm to the other. 

A m o n g the effects of the inc lus ion of the act iv i ty terms i n the inter -
diffusion_coefficient is the pred i c t i on that the rate of the complete ex
change C a - » Sr is s lower than that of the complete exchange Sr - » C a , 
despite the fact that D C a * > £>sr*. T h i s feature, w h i c h is i n agreement 
w i t h the experimental ly determined rates, has been discussed prev ious ly 
(4 ) but is shown again i n F i g u r e 3. I n the exchange C a / S r -> Sr, the rate 
of exchange decreases r a p i d l y at first w i t h decreasing C a 2 + content of the 
start ing mater ia l . F i g u r e 1 shows that as the C a 2 + content decreases, 
larger a n d larger fractions of the exchange process must occur i n regions 
of l o w resident C a 2 + concentration where DAB is l o w ; i.e., the l o w DAB 

values i n the range 0 ^ C C a ^ 0.3 become more a n d more important and 
rate contro l l ing . W h e n the start ing mater ia l contains C C a ^ 0.3, DAB i n 
creases s l ight ly as the C a 2 + content decreases, a n d F i g u r e 3 shows that 
i n this range only a very s l ight increase i n the rate of exchange occurs. 
I n the reverse exchange, C a / S r - » C a , the i n i t i a l increase i n the rate of 
exchange is m u c h smaller as the composit ion of the start ing mater ia l 
increases i n C a 2 + . F i g u r e 1 shows that DAB is governed m a i n l y b y the 
h i g h values w h i c h exist at C C a > 0.5. T h e l o w DAB values w h i c h operate 
i n the range 0 ^ C C a ^ 0.3 have only a s l ight effect, a n d the remova l of 
these DAB values w h e n the start ing mater ia l contains C C a > 0.3 has on ly 
a smal l effect. 

T h e act iv i ty correct ion terms obta ined f r om the i on exchange e q u i 
l i b r i u m isotherm (2 ) suggest the presence of at least 2 different types 
of cat ion sites i n chabazite . W h e n the act iv i ty terms are i n c l u d e d i n the 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

03
0

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



412 MOLECULAR SIEVE ZEOLITES 1 

interdi f fusion coefficient, the computed kinetics of the complete exchanges 
are i n more sensible agreement w i t h the exper imental results than w h e n 
the i d e a l mode l , w h i c h assumes u n i f o r m sites, is app l i ed . Indeed , the 
pred i c ted f o r w a r d a n d b a c k w a r d rates of exchange are reversed ( 4 ) . 
T h e extension of the computations to the par t ia l l y exchanged start ing 
mater ia l reveals further s t r ik ing differences between i d e a l a n d non idea l 
models , a n d i t is l i k e l y that exper imental investigations of such exchanges 
c o u l d be used to reveal whether inhomogeneit ies i n cat ion sites are l i k e l y 
to be present i n a mater ia l or not. T h e behavior of these kinetics for a 
non idea l exchanger at v a r y i n g degrees of i n i t i a l exchanger composi t ion 
also c o u l d be used to ind icate the correctness of the postulated act iv i ty 
correct ion terms. A l t h o u g h diff icult to carry out exper imental ly , the rate 
of r e m o v a l of trace quantit ies of an i on , A , f rom exchangers conta in ing 
on ly trace amount of A i n the start ing mater ia l c o u l d be used to establish 
nonideal i ty i n the exchanger, since DAB n o w w o u l d not tend to be e q u a l 
to D A * , a n d to evaluate the act iv i ty correct ion funct ion i n this concen
trat ion range since DAB -» DA* ^}n *tA (see E q u a t i o n 1 ) . F i g u r e 3 shows 

d In LA 

an example of this latter type of behavior . F o r the chabazite system, 
DAB -> 2.5 D S r * as C C a - » 1.0 a n d DAB -> 0.27 D C a * as C C a -> 0.0. 

I n the treatment of non idea l exchanger where at least 2 different 
types of sites p r o b a b l y exist, i t is assumed that d u r i n g exchange the 2 
cations i n v o l v e d i n the exchange process assume the same d i s t r ibut ion 
among the avai lable sites as w o u l d occur under e q u i l i b r i u m conditions. 

Conclusions 

T h e i n i t i a l p u r i t y of an i d e a l exchanger does not have a great effect 
on the kinetics of the i o n exchange process i f the self-diffusion coefficients 
of the 2 ions i n the exchanger are s imi lar i n magnitude . T h e i n i t i a l c om
posi t ion of a non idea l exchanger, however , can have a s t r ik ing effect on 
the kinetics . N o exper imental results are avai lable as yet for the direct 
test ing of these predict ions of the computations, but such results w o u l d 
be very interest ing. 

A series of results for exchange kinetics at v a r y i n g i n i t i a l exchanger 
compositions w o u l d be more reveal ing of the nonideal it ies of the ex
changer than the results for the complete f o r w a r d a n d b a c k w a r d ex
changes of a b i n a r y system alone. A l t h o u g h it is not yet possible to invert 
the computations a n d use the p a r t i a l exchange kinetics data as a means 
to set u p ac t iv i ty correct ion t e rm functions, i f such an invers ion cou ld be 
accompl ished , a most useful diagnostic method w o u l d become avai lable 
w i t h w h i c h to investigate the process of i on exchange. 
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Discussion 

D . J . C . Yates (Esso Research Co . , L i n d e n , N . J . 07036) : It is inter
esting that y o u find such a large difference i n c a l c i u m a n d stront ium ex
change i n chabazite . W o u l d y o u care to comment on the reason for this? 

L . V . C . Rees: I n chabazite there are p r o b a b l y at least two sets of 
sites—one w i t h preference for C a 2 + a n d the other for S r 2 + . These c a l c u 
lations show a method of ga in ing in format ion about the cat ion site selec-
t ivit ies . O n e cou ld guess that C a or Sr prefers a site i n the hexagonal 
p r i s m , w h i l e the other i on prefers another site, say i n the large cavity . B y 
s tudy ing par t ia l l y exchanged starting mater ia l kinetics , some est imation 
can be made of the ratio of the n u m b e r of these two sites. 

H . S. Sherry ( M o b i l Research & Deve lopment C o r p . , Pr inceton , N . J . 
08540 ) : F r o m the chabazite i on exchange kinetics , y o u deduce that two 
kinds of sites must be invo lved a n d that one of these sites is i n the 
hexagonal p r i s m . I bel ieve that J . V . S. S m i t h a n d coworkers of the U n i 
versity of C h i c a g o showed that the site i n the hexagonal p r i s m is occup ied 
o n l y after dehydrat i on of h y d r a t e d C a A . T h i s site is e m p t y i n the h y 
drated zeolite a n d thus is not l ike ly to be i n v o l v e d i n S r - N a ion exchange. 

L . V . C . Rees: I seem to remember that S m i t h showed that C a 2 + ions 
are contained i n the hexagonal p r i s m of chabazite w h e n hydra ted a n d 
i f so, m y explanat ion c o u l d app ly . H o w e v e r , i f this is not correct, these 
calculations show the effect of at least two different sites i n c h a b a z i t e — 
one w h i c h prefers C a 2 + ions a n d the other selective t o w a r d S r 2 + . 
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Properties of Linde A in Aqueous, 

Nonaqueous, and Mixed Media 

R. B. BARRETT,1 J. A. MARINSKY, and P. PAVELICH 

The State University of New York, Buffalo, Ν. Y. 14214 

The solvent and ion selectivity behavior of Na+ and K+ forms 
of Linde A have been measured in nonaqueous and mixed 
media. An osmotic pressure model accurately describes ion 
exchange in concentrated aqueous electrolyte solutions and 
is extended to solvent selectivity in mixed media. Water is 
preferentially adsorbed over alcohols, and ethylene glycol 
is preferred over ethanol in accord with the derived equation 

1nKM

N= π/RT (V1- V2) 

The strongly hydrophyllic nature of the exchanger and the 
resulting constancy of the internal environment permit as
sessment of electrolyte activity coefficient ratios in the ex
ternal mixed solvent through the equation 

1nKM

N= π/RT (VM- VN) + γM/γN - 21n γ±MX/γ±NX 

The first 2 terms on the right retain their known aqueous 
values until 70 wt% external alcohol, when serious alcohol 
invasion first occurs. 

T j l a t e k a n d M a r i n s k y (13) first suggested that a zeolite m a y be con-
·*• s idered a h i g h l y cross- l inked i o n exchanger a n d that a re lat ionship 
of the type in troduced b y Gregor (7, 8) a n d G l u e c k a u f (6) for organic 
resins also m a y a p p l y for the zeol ite ; namely 

In a y = In a5 + j^pV3 (1) 

1 Present address: Rosary Hill College, Buffalo, Ν. Y. 14226. 

414 
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31. B A R R E T T E T A L . Properties of Linde A 415 

where a, a n d V, represent the act iv i ty a n d p a r t i a l mo lar vo lume of c o m 
ponent /, π is the difference i n osmotic pressure between the inter ior of 
the zeol ite a n d the external so lut ion, a n d the bar p l a c e d above the s y m b o l 
is used to differentiate the resin phase f r om the aqueous phase. E q u a t i o n 
2 is the thermodynamic representation of the un i -un iva lent exchange 
react ion i n 1:1 electrolyte solutions w i t h the Α-zeolite i n the M + f o r m a n d 
the exchange carr ied out i n solutions of NX a n d MX (3 ) 

[ 2 Ξ ] - v . - ™ + > · > f - » • » 

where Κ is the exper imental ly determined selectivity coefficient, m is the 
m o l a l concentration of the species, γ is the act iv i ty coefficient of the i on 
i n the zeol ite phase, a n d y± is the mean m o l a l act iv i ty coefficient of the 
electrolyte i n the external phase. 

B u k a t a a n d M a r i n s k y (4 ) considered the zeolite's s tructura l r i g i d i t y , 
h i g h resistance to electrolyte intrus ion ( a consequence of the h i g h nega
tive charge p r o v i d e d b y the rings of oxygen atoms i n its u n i t cub i c c e l l ) , 
a n d the constancy of solvent uptake u n t i l very l o w external solvent ac-

t i v i t y values sufficient to m a i n t a i n the In 4 - t erm of E q u a t i o n 2 invar iant 

at any external electrolyte concentrat ion so l ong as the in terna l i on c o m 
posit ion remained fixed. T h e y also suggested that the osmotic pressure, 
π, c ou ld be evaluated b y use of E q u a t i o n 1 i f as of this equat ion is con
stant at every exper imental s i tuation. Since the t h i r d t e rm of E q u a t i o n 2 
is avai lab le as w e l l , b y u t i l i z a t i o n of the H a r n e d - C o o k e equat ion ( 1 7 ) , 
the value of KM

N as a funct ion of external electrolyte concentrat ion was 

expected to be ca lcu lab le after evaluat ion of the ^ (VM — VN) + In 
ft! 

y M 

— term f rom a single measurement of KN
M at any external electrolyte 

concentration. 
T o demonstrate the v a l i d i t y of this m o d e l , a series of experiments 

was per formed ( 4 ). T h e exchanging i on Ν was kept at radioact ive tracer 
l eve l concentrations i n solutions of MX (0.05m a n d greater ) . Since the 
ion- fract ion of M was essentially un i t y i n b o t h the zeolite a n d external 
so lut ion phases a n d since the ion-concentrat ion of the zeol ite was con
stant i n a fixed geometry b y this exper imental arrangement, the value 

ΎΜ 
of In was presumed to r e m a i n constant. T h e va lue of π was obta ined 

JN 

as a funct ion of electrolyte composi t ion f r om E q u a t i o n 1 b y consider ing 
the change i n the act iv i ty , ajy of the solvent component of the solut ion 
phase w i t h exper imental condit ions. T h e va lue of âj was obta ined f r o m 
adsorpt ion isotherm data as descr ibed i n Ref . 4. Br ie f ly , that solvent 
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416 MOLECULAR SIEVE ZEOLITES 1 

act iv i ty va lue b e l o w w h i c h solvent adsorpt ion showed a m a r k e d decrease 
was presumed to ident i fy âj. I t was assumed that the p a r t i a l mo lar v o l 
ume of solvent (18 m l ) a n d ions (10) were constant. T h e act iv i ty co
efficient of M X , since N X was present i n trace quantit ies , was ident i ca l 
w i t h the pure MX solutions a n d was f rom the l i terature (17). T h e ac
t i v i t y coefficient for trace N X i n the presence of M X was ca lculated b y 
use of the H a r n e d - C o o k e equat ion (17) i n the f o r m 

log r o ( i v x ) = log yNXiO) + am + (3) 

T a b l e I . Se l e c t i v i ty D a t a 

System: NaA-NaCl-CsCl 

External NaCl 
Molality Kjv a

C e ( ex P ) Ki\raCS(pred) 

0.053 2.77 2.81 
0.106 2.78 2.83 
0.537 2.56 2.55 
1.085 2.22 2.31 
2.255 1.85 a 
3.383 1.61 1.52 
4.510 1.37 1.32 
6.068 1.18 1.09 

System: KA-KCl-CsCL 

External KCl 
Molality KK

C\pred) 

0.049 2.92 2.80 
0.098 2.77 2.80 
0.499 2.67 2.72 
1.000 2.58 2.66 
2.090 2.48 a 
3.220 2.45 2.39 
4.414 2.45 2.36 

System: KA-KCl-NaCl 

External KCl 
Molality ΚκΝα(βχρ) K K

N a
i p r e d ) 

0.109 3.42 3.41 
0.439 3.52 3.48 
0.891 3.49 3.51 
1.831 3.59 a 
2.829 3.75 3.69 
3.885 3.80 3.77 

° Computation base. 
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where y0(NX) is the act iv i ty coefficient of a trace of N X i n the presence of 
MX at mo la l i t y m, y M ( 0 ) is the ac t iv i ty coefficient of pure N X at mo la l i t y 
m, a n d a a n d β are exper imental ly determined parameters. 

Representative results of these studies are presented i n T a b l e I , 
where exper imental KM

N values are compared w i t h the KM
N values pre 

d i c ted f rom E q u a t i o n 2 on the basis of a single select ivity measurement. 
T h e y ± values a n d interact ion parameters for use i n E q u a t i o n 3 were 
obta ined f r om the data of Rob inson (14, 15, 16, 17). 

T h e excellent agreement over the large concentrat ion range examined 
of KM

N ( exp) a n d KM
N ( p r e d ) i n these a n d the other un i -un iva lent sys

tems s tudied strongly support the v a l i d i t y of the osmotic m o d e l that was 
employed . 

Solvent-Selectivity of the Synthetic Α-Zeolite in Mixed Media 

T h e osmotic m o d e l has been shown b y Barrett , M a r i n s k y , and Pave -
l i c h (2 ) to be app l i cab le as w e l l for the interpretat ion of the solvent-
select ivity properties of the synthetic Α-zeolite i n m i x e d media . T h e y 
s tudied the compet i t ive sorpt ion of several alcohols a n d water b y the 
Α-zeolite f rom two-component mixtures. T h e results of these solvent d is 
t r ibut i on studies are reported i n T a b l e I I as stoichiometric d i s t r ibut ion 
coefficients, 8K2

1, def ined b y E q u a t i o n 4 

8Kt
l = ^ · - (4) 

X2 Xi 

where χ is the mole fract ion of solvent, a n d subscripts 1 a n d 2 ident i fy 
the compet ing solvent components. A s before, the bar over the s y m b o l 
designates the in terna l phase. 

It was not possible to obta in a direct measurement of the solvent 
composi t ion of the interna l phase at e q u i l i b r i u m i n these studies. A m a 
ter ia l balance needed to be effected b y accurate analysis of the i n i t i a l 
phases a n d the final e q u i l i b r i u m solut ion to y i e l d this in format ion . T h i s 
exper imental restr ict ion b l u n t e d the accuracy a n d range of the exper i 
menta l p rogram as descr ibed be low. 

Exper iments were confined to a l coho l - r i ch solutions because of the 
h i g h affinity of the water component for the zeolite phase. B y l i m i t i n g 
experiments to this composit ion range, the in terna l solvent ratio was 
mainta ined near un i ty to assure reasonably re l iable results. W i t h one 
interna l component s ignif icantly i n excess of the other, this ratio is sus
cept ib le to sizeable distort ion b y smal l errors i n analysis of the external 
phase. 

I n spite of these precautions, the determinat ion of 8K2
1 r emained 

subject to large uncertainty . I n a g iven experiment, the i n i t i a l composi -
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418 MOLECULAR SIEVE ZEOLITES 1 

T a b l e I I . 

No. x w x w
 s K m

w 

System: ΝaA-Water-Methanol 

A - l 0.0203 0.34 4 <25.0 < 67 
2 0.0270 0.55 24 <44.0 < 76 
3 0.0242 0.56 51.3 
4 0.0253 0.49 37.0 
5 0.0262 0.53 41.9 
6 0.0262 0.52 40.3 
7 0.0262 0.54 43.6 
8 0.0301 0.675 35 <68.5 <137 
9 0.0520 0.635 32.0 

10 0.0700 0.57 18.0 
11 0.0700 0.78 30 <47.0 <100 
12 0.0900 0.675 21.5 
13 0.0900 0.834 33.0 
14 0.1340 0.877 46.0 

System: ΚA~Water-Methanol 

B - l 0.0130 0.62 123 
2 0.0130 0.68 163 
3 0.0143 0.62 114 
4 0.0154 0.66 125 
5 0.0177 0.63 96 
6 0.0552 0.845 96 
7 0.0770 0.83 58 
8 0.0820 0.86 67 
9 0.121 0.964 152 

10 0.124 0.92 93 

t ion of bo th phases was precisely k n o w n b y their control led preparat ion . 
Assay of the solut ion phase at e q u i l i b r i u m was based on density a n d K a r l 
F i s c h e r determinat ion at the lowest water concentrations, w i t h good 
agreement. A t the h igher water concentrations, the determinat ion of S K 2

1 

was based solely on density measurements. A n error l i m i t of ± 0 . 1 % i n 
the density measurements, w h i c h is be l i eved to be real ist ic , leads to the 
representative error l imits i n 8K±

2 that are l isted. Since the K a r l - F i s c h e r 
m e t h o d at l o w water concentrations is more accuate than the ± 0 . 1 % 
uncerta inty ascr ibed to the density measurements, the solvent select ivity 
coefficients presented are be l ieved to f a l l w i t h i n the error hmits because 
of the good agreement between the 2 methods of measurement w h e n 
bo th were employed . 

A p p l i c a b i l i t y of the osmotic m o d e l for interpretat ion of these solvent 
select ivity data was demonstrated (2 ) as fo l lows : T h e thermodynamic 
expression for the exchange react ion of 2 solvent components between 
zeolite a n d solut ion phases ( E q u a t i o n 1 ) is accord ing to the osmotic m o d e l 
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Solvent Se le c t i v i ty 

No. Xw s K e
w 

System: NaA, Ka-Water-Ethanol 

ïaA 1 0.0184 0.74 156 
2 0.0209 0.76 155 

K a 1 0.0130 0.89 806 
2 0.0104 0.87 631 

System: NaA-Water-Ethylene Glycol 

C - l 0.0425 0.667 44.9 
2 0.0451 0.604 32.3 
3 0.0601 0.667 27.2 

No. Xeg Xeg 
System: Ethylene Glycol-Ethanol-NaA 

D - l 0.045 0.637 36.5 
2 0.048 0.594 28.5 
3 0.017 0.451 50.6 
4 0.018 0.427 38.8 
5 0.019 0.405 34.9 
6 0.019 0.360 29.4 
7 0.043 0.520 23.7 
8 0.036 0.554 33.3 
9 0.032 0.634 51.2 

10 0.032 0.578 40.8 

In - 1 = In rKl* = J L (Fx - Vt) (5) 

I n order to use E q u a t i o n 5 successfully, the α parameter must be 
k n o w n for each component. I n the case of water , i t was possible to 
assign a value of 0.0127 for the N a - f o r m zeolite f rom recent adsorpt ion 
isotherm data ( 1 ) b y assuming the v a l i d i t y of the B u k a t a a n d M a r i n s k y 
(4 ) analysis of such data. T h e value for âm (methano l ) was less certain 
(5 ) , a n d s imi lar data were unavai lab le for ethanol a n d ethylene g lyco l . 

Because of the unava i lab i l i t y of pert inent adsorpt ion isotherm data 
for the various solvents s tudied , the interpretat ion of solvent selectivity 
b y the m o d e l proposed c o u l d not be expl ic it . Resort to the m o d e l itself 
was consequently made to estimate the chemica l composit ion t e rm (RT 
In a) c ontr ibut ing to the c h e m i c a l potent ia l (μ) of each solvent compo
nent for w h i c h adsorpt ion isotherm data were l a c k i n g i n the zeolite phase 
of e q u i l i b r i u m mixtures. T h i s approach to the evaluat ion of a, because 
i t was not expl ic i t , h a d to be justified i n an unambiguous manner. T h i s 
was attempted i n the f o l l o w i n g fashion. 
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420 MOLECULAR SIEVE ZEOLITES 1 

T a b l e I I I . Sys tem: S o d i u m 

Mole Mole 
No. %H20 s K m » T m 
A - l 2.03 34 25 1.47 1.00 2.80 

2 2.70 55 44 1.28 1.03 2.70 
8 3.0 67.5 68.5 1.13 1.16 2.60 

11 7.0 78 47 1.10 1.30 2.41 

B y us ing an exper imental select ivity po int obta ined w i t h m e t h a n o l -
w a t e r - N a A a n d the adsorpt ion isotherm deduced aw value, the in te rna l 
pressure of the exper imental mixture was evaluated first w i t h E q u a t i o n 
6a. 

In ^w w ^^«j (6a) 
RT 

Since the in terna l methano l component must be subject also to the same 
pressure, E q u a t i o n 6b c o u l d be employed to evaluate âm° for methanol . 

In * ^ T O TC^WI (6b) 

RT v 7 

E q u a t i o n s 6a a n d 6b are based on E q u a t i o n 1. I n the m i x e d solvent sys
tem, the dj parameter of E q u a t i o n 1 has to be modi f ied to account for 
the fact that there are 2 solvent components o c cupy ing the zeolite matr ix . 
It has been considered, a priori, that â J ( E q l ) = âj°Ê/yy ( E q . 6 a i b ) where â°, 
the ac t iv i ty parameter obta ined i n the pure solvent m e d i u m , must be 
modi f i ed to account for its f ract ional const itut ion of the zeolite phase 
(XJ) a n d for so lvent -so lvent interact ion ( γ ; ) . I n the l i m i t i n g case of 
Xj = 1, γ ; = 1, a n d Equat i ons 6a a n d 6b reduce to E q u a t i o n 1. 

T o fac i l i tate the computat ion of am°, the assumption was made that 
the ac t iv i ty coefficients of the 2 components as a funct ion of composi t ion 
were the same i n bo th phases. D a t a f rom experiment A - 2 i n T a b l e I I 
were used for the computat ion . Solut ion of E q u a t i o n 6a y i e l d e d a value 
of 2850 a tm for π. T h e value of am ° that resulted f rom E q u a t i o n 6b was 
0.020, i n reasonable agreement w i t h the âm° value of 0.03 deduced f r o m 
the only adsorpt ion isotherm data (5 ) avai lable for methanol . As a con
sequence of this agreement, i t was thought justifiable to suggest that the 
adsorpt ion isotherm data were re l iable a n d supported the use of this 
approach to the evaluat ion of a. B y a p p l y i n g these parameters to the 
data l i s ted i n T a b l e I I , the select ivity that was pred i c t ed b y m u l t i p l y i n g 

8Km
w b y the ratio _ ™ ° M m to obta in TKm

w is c ompared i n T a b l e I I I w i t h 

the value of TKm
w, the thermodynamic select ivity constant pred i c ted b y 
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31. BARRETT ET AL. Properties of Linde A 421 

A - H 2 0 - M e O H 

(&w TfwYra\ 
\3;m Ύ m Y w / 

antilog 

( V m - Vw) 
2.3 R T 

1.4 < 8.4 <23 2960 15.5 
7 <12.8 <22 2850 14 
8.3 <16.2 <33 2830 13.6 
6.9 <10.7 <23 3700 31.2 

Table IV. Evaluation of a° Parameter 

2.00 
2.00 

2.32 
2.32 
2.32 

1.00 
1.00 

1.82 
1.80 
2.00 

Jw Te i V e 
System: EtOH-H20-NaA 

1.09 
1.09 

1.48 
1.48 

156 
155 

System: Et(0H)-H20-NaA 

1.72 2.40 32.3 
1.61 1.54 44.9 
1.61 1.54 27.2 

1670 
1872 

2770 
2700 
3170 

0.0586 
0.0334 

0.00215 
0.00586 
0.00163 

the ant i l og 2 3RT A p p a r e n t molar volumes (9, 11) were sub
st i tuted for p a r t i a l m o l a l vo lumes wi thout detr iment to this treatment. 
A l t h o u g h there are strong interactions i n the m e t h a n o l - w a t e r system, the 
difference ( V M e o H — V H 2 o ) remains fa i r l y constant at 22.6 c c / m o l e over 
the entire mole f ract ion composit ion range (11). Since the sorbates were 
envis ioned to be under considerable pressure, molar compressabil it ies 
were considered and f ound rough ly equa l at 2500 a tm (9). E t h a n o l -
water mixtures were amenable to the same treatment (9). 

A t the higher a l coho l concentrations, the agreement between the 2 
computations of TK was good. H o w e v e r , i n the less a l coho l - r i ch systems, 
considerable discrepancy between the 2 computations suggested either 
fa i lure of the m o d e l or fa i lure of the assumption that act iv i ty coefficients 
i n the interna l phase are environment- independent . W e consider the 
second alternative more l ike ly . 

A d d i t i o n a l support for the proposed m o d e l was p r o v i d e d f rom the 
correlat ion obta ined between the 2 computations of TK for the ethylene 
g lyco l , ethanol , N a A system w h e n solvent select ivity data for the 2 sys
tems, ethanol , water , N a A a n d ethylene g lyco l , water , N a A were e m 
p l o y e d i n the m o d e l to evaluate ae a n d âeg. T h e a° values for ethylene 
g l y c o l a n d ethanol , respect ively , that were obta ined ( T a b l e I V ) were 
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422 MOLECULAR SIEVE ZEOLITES 1 

averaged for app l i ca t i on to the pred i c t i on of thermodynamic select ivity 
constants for the anhydrous system, ethylene g lyco l , ethanol , a n d N a A . 
I n the absence of act iv i ty coefficient data for ethylene g l y c o l - e t h a n o l 
mixtures , i d e a l behavior , observed i n m e t h a n o l - e t h a n o l mixtures , was 
assumed. T h e results of these computations are g iven i n T a b l e V , together 
w i t h the In T K e 2

s l values pred i c ted w i t h E q u a t i o n 5. 
T h e interna l consistency between the 2 computed values of TKe

eg is 
be l i eved sufficient to prov ide add i t i ona l mean ing fu l support for the 
v a l i d i t y of the osmotic treatment i n v i e w of the error possible i n eva lua
t ion of BKe

e°. T h e i m p l i c a t i o n that the general shape of exper imental ly 
diff icult adsorpt ion isotherms can be approx imated b y the analysis of 
solvent selectivity data is of great importance . 

Ion-Exchange Selectivity of the Synthetic Α-Zeolite in Mixed Media 

A n important observation that derives f rom the solvent selectivity 
data is that water is pre ferred h i g h l y over alcohols b y the zeolite phase. 
A s a consequence, the zeolite solvent is essentially aquat ic even w h e n i n 
contact w i t h a l coho l - r i ch solutions. Since this is the case, the osmotic 
m o d e l shou ld be app l i cab le as w e l l to the examination of ion-exchange 
phenomena i n m i x e d m e d i a w h i c h contain a h i g h proport ion of the n o n 
aqueous mater ia l . 

T h e terms ^ (VM — VN) + In ^ of E q u a t i o n 2 are avai lable f r o m a 
RT JN 

single ion-select ivity measurement i n an aqueous m e d i u m , as descr ibed 
earl ier . B y a l ter ing the solut ion composi t ion w i t h the control led add i t i on 
of a lcohol , on ly π is expected to be affected i n these 2 terms as l ong as 
a l coho l incurs ion is m i n i m a l . T h e var ia t ion of π can be accurately as
sessed b y app l i cat ion of E q u a t i o n 1. T h e var iat ion of the ion-exchange 
d is t r ibut ion measurement w i t h solvent composit ion should be identi f iable 

w i t h the change i n —2 In y ± f ^ y , the t h i r d term of E q u a t i o n 2. 

Table V . Prediction of Solvent Selectivity Constants 

Expt. W S K eg a eg° Teg Ye log T K e
e g = X · 

No. log s K e
e * g e a e ° Ye Ye g χ (aim) ( V i - V 2 ) / 2 . 3 R T 

System: Ethylene Glycol-EtOH-NaA 

1 1.464 0.310 1490 0.531 
2 1.70 0.546 1555 0.554 
3 1.607 0.453 1660 0.591 
4 1.557 0.403 1740 0.619 
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Table VI . Ion Selectivity in Mixed Media 

System: KA-O.ôm ΚΙ, Na™I-H20, MeOH 

W t % M e O H 0 17 50 80 85 90 98.8 99.2 99.6 100 

KK
N*22 3.52 3.72 4.47 5.25 5.40 5.60 10.3 27 33 43 

Table VII. Computation of the Mean Molal Activity Coefficient Ratio 
of Simple Electrolytes in Mixed Media 

Wt.%MeOH R T γ N a In Kexp γ + N a I 

0 1.091 1.235 0.142 
10 1.077 1.280 0.203 
20 1.058 1.344 0.286 
30 1.037 1.385 0.348 
40 1.009 1.440 0.431 
50 0.970 1.500 0.530 
60 0.917 1.549 0.632 
70 0.842 1.610 0.768 

Ion selectivity data were obta ined as funct ion of solvent composi t ion 
w i t h the system KA-0.5™ K I , N a 2 2 I - H 2 0 , M e O H . These data are pre 
sented i n T a b l e V I a n d the KK

Na values interpo lated f r om these data 
have been used i n E q u a t i o n 2 to evaluate the t h i r d term of E q u a t i o n 2 
at the selected solvent composi t ion values. T h e results of this computa 
t ion are presented i n T a b l e V I I . 

T h e increas ing deviat ion between the mean m o l a l act iv i ty coefficient 
of K I a n d N a i w i t h methano l content is to be expected. As the die lectr ic 
of the m e d i u m decreases w i t h larger methano l content, differences i n the 
i on p a i r format ion capab i l i ty of N a + a n d K + are be l i eved to be enhanced 
w i t h the more h i g h l y po lar izab le i od ide ion. 

O n the basis of the above result , i t is suggested that the osmotic 
pressure approach m a y be as useful for the estimate of thermodynamic 
properties of s imple electrolyte mixtures i n m i x e d solvents as i n aqueous 
media . A d d i t i o n a l research w i t h a l k a l i chlorides i n alcohol—water m i x 
tures is i n progress to substantiate this conclusion. T h e m e a n m o l a l co
efficient data that are p u b l i s h e d for the a l k a l i chlorides (12) are expected 
to fac i l i tate a mean ing fu l prognosis of the osmotic pressure mode l . 

A t present, this m o d e l cannot be employed useful ly to interpret i on 
select ivity i n the essentially pure nonaqueous solvent. V a r i o u s parameters 
essential to the m o d e l are not yet avai lable i n the l i terature. H o w e v e r , 
since i o n select ivity is so sensitive to the solvent content of the exchanger, 
i t appears that the most important select ivity t e rm i n E q u a t i o n 2 must 
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424 M O L E C U L A R SIEVE ZEOLITES 1 

be l n i ^ p A n u m b e r of speculative approaches are presently under con
s iderat ion to faci l i tate a quant i tat ive interpretat ion of the ion-select ivity 
of the A zeolite i n anhydrous media . 
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Discussion 

A . Dyer ( U n i v e r s i t y of Sal ford , Sa l ford , Lanes . , E n g l a n d ) : H a v e y o u 
est imated w h a t the concentrat ion of water per i o n is at the po int of change 
of slope i n the graph of Κ vs. % methanol? 

R. B. Barrett: It appears that the var iat ion of the trace i on selectivity 
coefficient is a l inear funct ion of internal a lcohol concentration. 

H . S. Sherry ( M o b i l Research & Deve lopment C o r p . , Pr inceton , N . J. 
08540 ) : Successful use of the osmotic approach depends on the fact that 
y o u have chosen a very special system—zeol i te A at 25° C and trace con-
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31. BARRETT ET AL. Properties of Linde A 425 

centration of the exchanging ion . T h u s , two terms i n your equations are 
fixed—the water act iv i ty i n the zeolite phase a n d the term conta in ing 
the zeolite phase ion ic act iv i ty coefficients. H a v e you ever w o r k e d i n a 
system i n w h i c h salt imb ibement takes place l ike zeolite X a n d at macro 
scopic levels of i on exchange? 

R . B . B a r r e t t : Solvent exchange ( Η , Ο - M e O H ) studies on N a - 1 3 - X 
have been invest igated but since the external phase is electrolyte-free, 
the l imitat ions y o u ment ion are not serious. O u r results are i n accord 
w i t h the osmotic pressure mode l . 
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Thermodynamics of the Exchange of 

Alkylammonium Ions in Synthetic Faujasites 

E. F. VANSANT and J. B. UYTTERHOEVEN 

University of Leuven, de Croylaan 42, 3030 Heverlee, Belgium 

The thermodynamics of exchange of alkylammonium ions 
in synthetic faujasites is studied. A correlation exists be
tween the maximum limit to exchange and the selectivity. 
Both properties are controlled by the same factors. An 
adapted form of the Gaines and Thomas formula is pro
posed, allowing the calculation of the equilibrium constant 
when the exchange reaction is incomplete. Values of ΔG, 
ΔΗ, and ΔS were calculated. Interaction with the lattice is 
the most important factor in the exchange with low alumi
num faujasites (Y). In the X-like samples, exchange seems 
to be ruled by the change in hydration state of the large 
cavities. A possible redistribution of the exchangeable cat
ions during the exchange reaction is assumed. 

T o n sieve effects are observed i n i on exchange reactions o n synthetic 
faujasites w h e n the dimensions of the ingo ing i on are such that they 

cannot diffuse ins ide the smal l cavities. These phenomena were reported 
b y Sherry (8, 9) for exchange w i t h inorganic ions a n d b y Barrer a n d 
coworkers ( J ) for the exchange of organic ions. Barrer emphasized the 
influence of space requirements , w h i c h he considered to be the m a i n 
factor determining the m a x i m u m l i m i t to exchange. 

T h e n g et al. (12) s tudied the exchange of several a l k y l a m m o n i u m 
ions on a t y p i c a l X a n d a t y p i c a l Y zeolite. These ions c o u l d on ly exchange 
i n the large cavities. T h e y conc luded that the exchange is lower than 
the l i m i t imposed b y possible space requirements. T h e h m i t to exchange 
was different for the X a n d Y zeolites a l though the avai lable vo lume is 
almost the same. 

T h e m a x i m u m l imi t to exchange was a l inear funct ion of the mo lecu 
lar we ight of the ingo ing ions. T h e decrease of that funct ion w i t h increas-

426 
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32. VANSANT AND UYTTERHOEVEN Alkylammonium Ions 427 

i n g molecu lar we ight was more pronounced i n X than i n Y . T h e exchange 
l i m i t was inf luenced also b y the nature of the ions in i t i a l l y present. F r o m 
the correlat ion between the l i m i t to exchange a n d the AG of exchange, 
T h e n g et al. (12) c onc luded that the m a x i m u m h m i t to exchange was 
determined b y the same factors as the exchange selectivity. T h e y assume 
that the d i s t r ibut ion of the ions over different exchange sites i n the smal l 
a n d large cavities is not fixed but contro l led b y the nature of the exchang
i n g ions. These hypotheses were conf irmed b y Vansant et ah (13) i n a 
study of the exchange of aromatic a n d heterocycl ic a m m o n i u m d e r i v a 
tives. A very pronounced selectivity i n favor of these organic ions was 
observed and , i n agreement w i t h the hypothesis of T h e n g et ah (12), the 
amount of ingo ing ions was also very h igh . P a c k i n g calculations p r o v e d 
a m a x i m u m filling of the zeol ite cages w i t h the aromatic a n d heterocyc l ic 
a m m o n i u m ions. 

I n this work , a study is made of the exchange of the n -a lky lammo-
n i u m ions, going f rom N H 4

+ to b u t y l a m m o n i u m , on 4 synthetic faujasites 
di f fering b y their A l content. A n extensive thermodynamic treatment of 
the exchange w i t h the p r o p y l a m m o n i u m i o n is i n c l u d e d . 

Experimental 

Materials. F o u r different samples w i t h A l / S i ratios rang ing f rom 
an extreme Y to an extreme X were supp l i ed b y the L i n d e C o . , N e w York . 
A s they constitute a complete subst i tut ional series, the indicat ions X a n d 
Y w i l l not be used further but w i l l be rep laced b y the s y m b o l F f o l l owed 
b y the name of the saturating i o n a n d a figure ind i ca t ing the n u m b e r of 
ions per un i t ce l l . I n order to ensure complete saturation, the samples as 
rece ived were treated w i t h a I N N a C l so lut ion a n d washed free f r o m 
excess electrolyte. T h e chemica l composi t ion was determined a n d ex
pressed i n terms of un i t ce l l f o rmula , as fo l lows : 

T h e symbols M e , E t , P r , a n d B u w i l l be used to symbol ize the ions 
m e t h y l a m m o n i u m , e t h y l a m m o n i u m , p r o p y l a m m o n i u m , a n d b u t y l a m m o 
n i u m , respectively. 

Exchange Procedure. Zeolite samples of 0.1 gram were equ i l ib ra ted 
overnight i n 40 m l of a solut ion conta in ing appropriate proport ions of N a + 

a n d a l k y l a m m o n i u m ions. A fixed temperature ( 4 ° , 17° , 25° , 40 ° , or 

Sample Composition 

F N a 49 
F N a 55 
F N a 71 
F N a 85 

N a 4 9 ( A 1 0 2 ) 4 9 ( S i 0 2 ) 143 
N a 6 5 ( A 1 0 2 ) B 5 (S iOi ) 137 
N a 7 , ( A l O O n (SiOi) 121 
N a 8 5 ( A 1 0 2 ) 8 6 (S iOi ) 107 
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428 MOLECULAR SIEVE ZEOLITES 1 

5 5 ° C ) was m a i n t a i n e d d u r i n g the equ i l ibrat i on . T h e amount of a l k y l 
a m m o n i u m ions adsorbed was ca lcu lated f r om the var ia t i on i n the con
centrat ion of the e q u i h b r i u m solution. T h e v a l i d i t y of this m e t h o d was 
tested i n a f ew cases b y m a k i n g a complete stoichiometric balance. M o r e 
details of the ana ly t i ca l procedures have been g iven elsewhere ( I I ) . 

T h e results of the exchange can be expressed as exchange isotherms 
p lo t t ing the equivalent f ract ion of the exchange capaci ty of the zeolite 
( Z ) saturated w i t h a l k y l a m m o n i u m as a funct ion of S, the equivalent 
f ract ion of a l k y l a m m o n i u m ions i n the solution. T h e isotherms for the 
p r o p y l a m m o n i u m exchange are g iven i n F i g u r e 1. T h e m a x i m u m l imits 
to exchange were determined on separate samples. These were e q u i l i 
brated w i t h 0 . 5 N solutions of the appropr iate a l k y l a m m o n i u m chlorides. 
T h e equ i l ib ra ted so lut ion was renewed twice ; then the samples were 
washed free f r om excess a l k y l a m m o n i u m , a n d the adsorbed amount of 
organic ions was analyzed . T h e m a x i m u m l imits to exchange obta ined 

Figure 1. Exchange isotherms of the propylammonium ions in the different 
samples at different temperatures 
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32. VANSANT AND UYTTERHOEVEN Alkylammonium Ions 429 

i n this w a y corresponded to the l imi ts that c o u l d be der ived f r om the 
isotherms us ing the extrapolat ion procedure proposed b y Barrer a n d 
M e i e r ( 3 ) . T h i s procedure is based on the l inear re lat ionship between 

ZM a n d ^ p 1 ZM. 

Estimation of Thermodynamic Functions for Partial Exchange. A n 
exchange of ions between a so l id a n d a l i q u i d phase can be represented 
b y : N a +

( 2 ) + M +
( s ) ^ M\z) + N a +

( s ) . T h e subscripts ζ a n d s refer to 
the zeolite a n d the l i q u i d phase. A c c o r d i n g to Gaines a n d Thomas ( 6 ) , 
the thermodynamic e q u i l i b r i u m constant is expressed as fo l l ows : 

i. 

InK = J In Kc d 

where Kc is the "corrected" select ivity coefficient defined as 

__ ZMS^a ^ y Ν a, 

Ζ a n d S are the equivalent fractions of the ions o n the zeolite a n d i n 
solution, a n d γ is the act iv i ty coefficient of the ions i n solut ion. 

W i t h a total i o n concentration of 0 .05N, the ratio of the act iv i ty 
coefficients does not deviate signif icantly f r om un i ty ( 7 ). T h i s expression 
of the e q u i l i b r i u m constant can be used only i f there is a complete 
exchange. A number of workers a p p l i e d this equat ion on incomplete 
exchanges i n zeolites (8-12) after a normal i za t i on p u t t i n g the exper i 
menta l m a x i m u m exchange equa l to un i ty ( ZM

max = 1 ) · 
S u c h a normal i za t i on assumes that the res idua l N a + ions are inac 

cessible for exchange a n d have no influence on the selectivity coefficient. 
T h a t this assumption is incorrect results f r om the fact that the m a x i m u m 
l i m i t to exchange is inf luenced b y the nature of the outgo ing a n d ingo ing 
ions, a n d also b y the A l / S i ratios of the zeolites. In order to obta in 
comparable values of the e q u i l i b r i u m constant, w e modi f ied the Gaines 
a n d Thomas equation. T h e corrected a n d normal i zed selectivity coeffi
cient is defined as 

g N _ ZMJ $ N a 

(1 — ZM/)SM 

where / = l/ZM
m&x. Introduct ion of this K / i n the Gaines a n d Thomas 

equat ion requires a correct ion t e rm tak ing into account the influence of 
the res idua l N a ions. T h e Gaines a n d Thomas equat ion n o w can be 
wr i t ten as 

1 

In Κ = I f i n K»\ ~ lM{d ZMf 
J J J — AM] 
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430 MOLECULAR SIEVE ZEOLITES 1 

Κ represents the rea l e q u i l i b r i u m constant for an exchange between 
Ζ = 0 a n d Ζ = Z m a x . T h e standard free energy of exchange is obta ined 
as AG = —RT In K. T h e enthalpy of exchange is der ived f r o m the V a n t 
Hof f equat ion, a n d the entropy change is ca l cu lated f rom the AG a n d 
Δ Η values : 

IAG/T AH ^ x r i . „ _ 4 σ 

8 Γ = ψϊ a n c * = AH — TAS 

Results 

T h e exchange isotherms, established w i t h the i on P r on the 4 zeolite 
samples, are g iven i n F i g u r e 1. T h e exchange was independent of the 
temperature on the samples w i t h h i g h a l u m i n u m content: F N a 8 5 a n d 
F N a 7 1 . O n the other samples, especial ly F N a 5 5 , the extent of exchange 
increases f rom 4° to 25 ° C , ind i ca t ing an endothermic process, a n d de
creases again at h igher temperatures, w h i c h is t y p i c a l for an exothermic 
process. T h e values of AG, AH, a n d AS der ived f rom these isotherms are 
col lected i n T a b l e I. 

T h e over -a l l order of affinity of the zeolites for the p r o p y l a m m o n i u m 
ion , der ived f r om AG values i n T a b l e I , is : 

F N a 85 <F N a 71 <F N a 55 <F N a 49. 

T h e affinity order is reflected also i n the m a x i m u m l imits to exchange, 
w h i c h are col lected i n F igures 2 a n d 3 for a l l the ions, i n c l u d i n g p r o p y l , 

Table I. Thermodynamic Values of the 
Exchange Na-Propylammonium 

Temp., AS, Cal 
Sample °C A G , Cal Mole-1 Δ Η , Cal Mole-1 Mole-1 

F N a 85 4 + 5 0 5 0 - 1 . 8 2 
25 + 5 4 4 0 - 1 . 8 2 
55 + 5 9 8 0 - 1 . 8 2 

F N a 71 4 + 4 6 5 0 - 1 . 6 7 
25 + 5 0 0 0 - 1 . 6 7 
55 + 5 5 0 0 - 1 . 6 7 

F N a 55 4 + 3 9 3 + 3 9 3 0 
17 + 3 9 3 + 3 9 3 0 
25 + 3 0 3 - 1 3 1 3 - 5 . 4 2 
40 + 3 1 5 - 1 3 1 3 - 5 . 2 0 
55 + 3 9 3 - 1 3 1 3 - 5 . 2 0 

F N a 49 4 + 3 8 2 + 1835 +5 .11 
17 + 3 4 9 + 1127 + 2 . 6 
25 + 3 3 3 + 6 7 6 + 1 
55 +381 - 1 1 2 7 - 4 . 7 
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32. VANSANT AND UYTTERHOEVEN Alkylammonium Ions 431 

at r oom temperature. I n F i g u r e 2 is p lo t ted the var ia t i on of the exchange 
capac i ty as a funct ion of the molecu lar we ight of the a l k y l a m m o n i u m 
ions on the different samples. T h e decrease is steeper for the samples 
w i t h h i g h a l u m i n u m content. W h e n these data are replot ted ( F i g u r e 3 ) 

meq (J1 

4 ο 
~~B o -

N H ; 
1. 

Ptr ψ, MW 
20 40 60 80 

Figure 2. Maximum limit to exchange 
(meq gram'1) as a function of the mo

lecular weight of the ingoing ions 

1 = FNa 85, 2 = FNa 71, 3 = FNa 55, 
4 = FNa 49 

max 

60 h 

Figure 3. Maximum limit to exchange 
(ions per unit cell) for the alkylam
monium ions as a function of the total 
amount of exchangeable ions per unit 

cell 

1 = NHS, 2 = Me, 3 = Et, 4 = Pr, 
5 = Bu 
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i n terms of m a x i m u m l i m i t to exchange as a funct ion of the total exchange 
capac i ty of the samples, the data converge to a l i m i t of 32 ions per un i t 
ce l l , independent of the nature of the ions. 

Discussion 

Since the a l k y l a m m o n i u m ions cannot penetrate i n the cuboocta-
hedra , the exchange react ion can take place only i n the large cavities. 
T h e present results confirm the hypothesis of T h e n g et al. (12) that the 
avai lable space is not the l i m i t i n g factor. Indeed, the free space i n the 
large cavities is almost the same i n the 4 samples, a n d important v a r i a 
tions of the m a x i m u m l i m i t to exchange ( M m a x ) are observed, depending 
on the zeol ite sample a n d the ingo ing i o n (F ig ures 2 a n d 3 ) . T h e v a r i a 
b i l i t y of the shape of the isotherms f r om sample to sample ( F i g u r e 1 ) , 
but also f rom one a l k y l a m m o n i u m i o n to another, indicates that M m a x is 
re lated to the selectivity. 

T h e cont inui ty of the lines i n F i g u r e 2 further indicates that M m a x 

cannot be interpreted i n terms of a fixed cat ion d is t r ibut ion . It is possible 
that the in troduct ion of organic ions into the large cavities provokes a 
migra t i on of N a + ions a n d a red is t r ibut ion of the cations between the 
large a n d the smal l cavities. Moreover , i t is not evident that the exchange 
react ion necessarily replaces a l l the N a + ions i n the large cavities. I f this 
were the case, one w o u l d expect a m i n i m u m exchange of 32 ions per 
uni t ce l l , corresponding to the number of avai lable six-rings i n the large 
cavity . T h i s l i m i t is ind i ca ted i n F i g u r e 3. M m a x for the different ions 
converges to that l imi t i n the sample F N a 4 9 . A l l the ions, except B u , 
exchange more than 32 ions per un i t ce l l . T h e exchange l i m i t for B u is 
be l ow 32 for the samples w i t h h i g h exchange capacity . 

T h e behavior of the p r o p y l a m m o n i u m i on was considered character
ist ic for the series of ions, a n d a more extensive thermodynamic invest i 
gat ion was made w i t h this ion . T h e values i n T a b l e I show that AG is 
posit ive i n any case, a n d that the affinity for the P r i o n decreases w i t h 
increasing latt ice charge. T h i s var ia t ion i n AG is not caused b y the 
amount of organic ions, because the n u m b e r of P r per uni t c e l l is almost 
constant i n the different samples ( F i g u r e 3 ) . 

T h e tota l changes i n entropy a n d enthalpy ( T a b l e I ) can be con
s idered to be composed of 2 terms, one account ing for the changes i n the 
energy of interact ion w i t h the lattice, the other for the changes i n the 
hydrat i on of the ions. T h i s was discussed earlier b y Sherry et al. (10) 
a n d b y Barrer et al. (2). T h i s gives us the f o l l ow ing equations where 
the index 1 indicates the interact ion terms w i t h the latt ice , a n d the index 
h the h y d r a t i o n terms. 

AS = AS1 + ASh = (Sr , 1 - S N a 1 ) + 0S Na* " ^ Ρ Γ

Λ ) 
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AH = AH1 + AHh = (17ρ / - H*J) + ( f f N a * - # P r " ) 

T h e lack of in format ion on the thermodynamic properties of the 
a l k y l a m m o n i u m makes i t impossible to calculate absolute values for the 
AH1, AHh, AS1, ASh terms. T a k i n g into account the hydrophob i c nature 
of the P r ion , it seems reasonable to assume that H?T

h is smaller i n abso
lute values than H N a

/ l . T h e hydra t i on of ions be ing an exothermic effect, 
the AHh is expected to y i e l d a negative value. T h e entropy of h y d r a t i o n 
is also negative a n d increases i n absolute value w h e n the i on is more 
hydrated . T h u s , ASh also w i l l be a negative quant i ty . 

H1 is equa l to the potent ia l energy of the ions w i t h respect to the 
lattice. T h i s electrostatic interact ion is exothermic. A c c o r d i n g to C o u 
lomb's l a w a n d the relat ive dimensions of the ions N a + a n d P r , H^1 w i l l be 
more important than H?1. Δ Η 1 is expected, therefore, to be posit ive, the 
absolute value depend ing on the electrostatic charge associated w i t h the 
exchange site. O n pure electrostatic grounds, the AS1 also is expected to 
be posit ive, a l though it can be inf luenced b y the configuration of the 
organic i o n on its exchange site. O n the basis of these qual i tat ive con
siderations, the data i n T a b l e I can be understood as fol lows. 

It was f ound b y x-ray di f fraction experiments (4 ) that i n hydrated 
zeol ite X N a , an important fract ion of the exchangeable N a + ions cannot 
be located. These ions p robab ly are not i n close interact ion w i t h the 
lattice a n d most l ike ly are located i n the large cavities. Exchange of such 
w e a k l y b o u n d ions is expected to give smal l values of the AH1 a n d AHh 

terms. These 2 terms h a v i n g opposite signs, a very smal l total enthalpy 
effect can be expected. T h e AH observed for the F N a 8 5 a n d F N a 7 1 is 
actual ly zero, w h i c h is consistent w i t h the proposed explanation. O n the 
basis of the same considerations, a smal l entropy effect also w o u l d be 
expected. H o w e v e r , the i n d u c t i o n of large organic ions i n the zeolite 
cages can reduce the hydra t i on state of the remain ing N a + ions a n d thus 
cause a negative entropy effect. T h i s is observed. 

T h e s i tuation is different for the samples F N a 5 5 a n d F N a 4 9 . F r o m 
the comparison of the AG values, it is apparent that the affinity of the P r 
ions for these 2 samples is greater than for those w i t h higher total ex
change capacities. T h e probable reason for this is that i n the F N a 5 5 
a n d F N a 4 9 samples a higher f ract ion of the lattice charge is neutra l i zed 
b y ions on w e l l defined sites. T h i s is i n l ine w i t h Sherry's observation ( 8, 
9) that the " ionic character" of the exchange is more pronounced i n Y 
than i n X zeolites. A t ighter b i n d i n g w i t h the latt ice w i l l increase the 
importance of the enthalpy effects. T h e posit ive AH values obta ined for 
the F N a 5 5 a n d F N a 4 9 samples indicate an increased b i n d i n g energy of 
the ions to the latt ice ; replacement of N a + b y P r requires energy, as ex
p l a i n e d earl ier i n this note. A t h igher temperature, the enthalpy effects 
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434 MOLECULAR SIEVE ZEOLITES 1 

become negative. T h i s impl ies that the interact ion w i t h the latt ice be 
comes less important , a n d that the negative effect of the h y d r a t i o n term 
predominates. These variat ions cannot be expla ined easily b y only the 
effect of increased thermal mot ion . T h i s w o u l d cause a g r a d u a l change 
i n the thermodynamic values rather than a discontinuous change l ike 
that observed i n F N a 5 5 . W e bel ieve that the increase of the temperature 
delocalizes a fract ion of the cations a n d m a y cause a red is t r ibut ion of 
the res idua l N a ions i n i t i a l l y present inside the smal l cavities. S u c h a 
red is tr ibut ion can affect the charge associated w i t h the exchange sites 
a n d expla in important changes i n the exchange properties. I n the F N a 4 9 , 
where the number of ions is smal l , the loca l izat ion of the latt ice charges 
w i l l be the most pronounced , w h i c h is effectively reflected i n the h igher 
AH values. T h e invers ion of AH f rom endothermic to exothermic is 
shifted also to higher temperatures for the F N a 4 9 sample as compared 
w i t h the F N a 5 5 . T h e evo lut ion of the AS values confirm the var iat ion i n 
contr ibut ion of the interact ion phenomenon w i t h the latt ice a n d the 
h y d r a t i o n term der ived f rom the Δ Η values. 

O u r interpretations are based on speculations about the d i s t r ibut ion 
of N a + ions i n hydrated Y . N o x-ray data are avai lable on this subject. If 
the s ituation is comparable to this i n dehydrated Y samples, w e can con
c lude f rom Eulenberger 's data (5 ) that approximate ly 30 ions per un i t 
ce l l are inside the large cavities on s ix-membered rings of oxygen; the 
rest is i n the hexagonal p r i s m a n d inside the cubooctahedra. It seems 
reasonable to assume that this i on d i s t r ibut ion i n hydrated samples is 
temperature-dependent, but more deta i led speculations are impossible . 

T h e thermodynamic data presented here are conf irmed b y more 
extensive experiments w i t h the other a l k y l a m m o n i u m ions. It is impos
sible to give an extensive rev iew of these complementary data i n the 
l i m i t e d length of this article. T h e p r o p y l a m m o n i u m system was the 
easiest to interpret because the n u m b e r of ingo ing ions was almost the 
same for the different samples. 

F r o m a prac t i ca l v iewpo int , i t m a y be important to k n o w that the 
N H 4

+ exchange is an exothermic process at room temperature or higher . 
I n the preparat ion of so-cal led decationated samples, the N H 4

+ exchange 
is often made at h igher temperatures. H o w e v e r , the extent of the N H 4

+ 

exchange is m a x i m u m at room temperature. 
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Discussion 
H . S. S h e r r y ( M o b i l Research & Deve lopment Corp . , Pr inceton , N . J. 

08540): H a v e y o u considered the vo lume of the N a + ions a n d water 
molecules i n the zeolite? I n your F-49 zeol ite there should be only 33 
N a + ions per un i t ce l l i n the large cages. Y o u do get essentially complete 
replacement of these N a + ions w i t h a l k y l a m m o n i u m ions. Fur thermore , the 
number of N a + ions replaced i n the X type zeolites is h igher , a n d complete 
replacement of the ions i n the large cages should not be expected. 

J . B. Uytterhoeven: T h e p r o p y l a m m o n i u m i o n was chosen for the 
thermodynamic study because i t rep laced a constant number of ions 
(~32) per uni t ce l l for the different samples. T h i s c ou ld be taken as 
an ind i ca t i on that space requirement is the predominant factor, bu t i t is 
not. T h i s is very clear w h e n other ions are considered, especial ly the 
b u t y l a m m o n i u m ion , w h i c h exchanges m u c h less i n Y than i n X zeolite. 
Some estimates were made tak ing into account the water of hydrat i on 
of the N a + molecules, but the hydra t i on state of the N a + ions i n the 
zeolites w i t h organic ions can on ly be approached b y speculation. 

R. B. Barrett (Rosary H i l l Co l l ege , Buffalo , N e w Y o r k ) : D o your 
enthalpy changes perhaps reflect changes i n solvation energetics? H a v e 
y o u f o l l owed the extent of hydra t i on as the ions become increasingly 
hydrophob i c ? 

J . B. Uytterhoeven: W e are t r y i n g to c lar i fy the var ia t i on i n the 
hydrat ion state d u r i n g the exchange w i t h organic ions. H o w e v e r , i t is 
difficult to obtain meaning fu l data about the h y d r a t i o n properties of the 
organic ions. 
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Stability of Heteroionic Forms of the 

Synthetic Zeolite A 

A. DYER, W. Z. CELLER,1 and M. SHUTE2 

University of Salford, Salford M5 4WT, England 

The barium form of zeolite A is of moderate stability, unlike 
other alkali metal and alkaline earth forms which can be 
stable to about 1000°C. This work uses the techniques of 
differential thermal analysis (DTA) and thermogravimetric 
analysis (TGA) in conjunction with isotopic labelling and 
x-ray powder photography to investigate the thermal sta
bility of heteroionic forms of zeolite A. Reasons for the 
instability of BaA and Na/BaA zeolites are suggested and 
comparisons made with A zeolites containing Na and Sr 
cations. 

Thirs t studies ( I , 2) of ion-exchanged forms of zeolite A reported that 
the exchange of N a for certain ions caused the b r e a k d o w n of the 

zeolite lattice. H o w e v e r , Sherry a n d W a l t o n (9 ) reported the existence 
of a h y d r a t e d B a A a n d conc luded that the earl ier reports of the n o n 
existence of this ion-exchanged f o r m were based u p o n x-ray examinat ion 
of ca l c ined samples. D y e r , Gett ins , a n d M o l y n e u x (7 ) conf irmed the 
existence of B a A a n d were able to measure B a cat ion self-diffusion 
parameters i n A . T h e y also conc luded that r e m o v a l of water even at 
temperatures be l ow 100 ° C caused lattice collapse. Recent ly , Radovanov , 
G a c i n o v i c , a n d G a l (8 ) have reported the preparat ion of C o ( I I ) A i n 
h y d r a t e d f o r m , aga in contrary to the o r i g i n a l studies. 

T h i s w o r k forms part of a p r o g r a m to investigate the reasons for the 
observed instabi l i ty i n certain ion-exchanged forms b y examin ing the 
properties of zeolites into w h i c h proport ions of the i on apparent ly caus ing 
t h e r m a l instab i l i ty have been introduced . 

1 Present address: Institute of General Chemistry, Warsaw, Poland. 
* Present address: Allied Chemical Corp., Petersburg, Va. 
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33. DYER ET AL. Synthetic Zeolite A 437 

Experimental 

Zeolite Materials. L i n d e M o l e c u l a r Sieve 4 A i n p o w d e r f o rm was 
sedimented. Part ic les of approximate ly u n i f o r m size were co l lected a n d 
used throughout the exper imental procedures. 

Isotope Experiments. 2 2 N a A was prepared a n d 1-gram samples 
p l a c e d i n sealed tubes at 40 ° C for 2 days i n the presence of appropr iate 
amounts of 0 . 5 M b a r i u m chlor ide solution. T h e extent of exchange w h i c h 
occurred was measured b y de termin ing the amount of 2 2 N a i n solution 
a n d b y flame photometry . Samples of 2 2 N a / B a A were equ i l ibrated for 
1 week i n a desiccator over saturated N a C l . A l i q u o t s (0 .4-gram) were 
heated for 2 hours at 300°C, a l l owed to cool , a n d left i n contact w i t h 
2.0 m l of 1 M N a C l for 24 hours. T h e amount of 2 2 N a w h i c h self-
exchanged into so lut ion then was measured. F u r t h e r determinations 
showed very l i tt le increase i n the extent to w h i c h 2 2 N a can be exchanged 
f rom the ca l c ined samples after 1 week. A determinat ion on an unca l c ined 
sample V showed that a l l the 2 2 N a i n i t i a l l y i n the zeolite was recovered 
b y treatment w i t h 0 . 1 M N a C l at 2 2 ° C after 20 m i n h a d elapsed. A l l 
isotopic determinations were b y l i q u i d sc int i l lat ion count ing ( 5 ) . 

Thermal Analyses. Samples of N a / B a A were w e i g h e d into sample 
tubes a n d subjected to D T A u p to 500°C. Grea t care was taken to 
ensure even p a c k i n g of sample a n d reference mater ia l . T w o series of 
experiments were carr ied out w i t h a l u m i n a a n d N a A as reference mate
r i a l , respectively. Representative samples were also examined b y T G A . 
T h e r m a l analyses were per formed us ing a D u P o n t 900 thermal analysis 
un i t w i t h a 950 T G A attachment. 

X - R a y Investigations. X - r a y powder di f fract ion photographs (Ievins-
Straumanis m o u n t i n g ) were taken of samples as i n i t i a l l y prepared a n d 
after heat ing. Some G u i n i e r photographs were also obtained. V i s u a l 
comparisons of l ine intensities were made. 

Zeolites Containing Strontium. W h e r e appropriate , experiments s im
i lar to those descr ibed were carr ied out on samples i n w h i c h N a h a d 
been par t ia l l y exchanged b y Sr. 

Results and Discussion 

Isotope Experiments. T h e constitutions of the samples used are 
shown i n Tables I a n d I I . These tables also show the extent to w h i c h 
the i n i t i a l 2 2 N a content c o u l d be reexchanged b y un labe l l ed sod ium ions 
after ca lc inat ion ( % N a recovered ). Desp i te repeated attempts, no 
samples i n the range 2.7-3.7 B a p.u.c. were prepared . 

T a b l e I shows that, for the Ba - conta in ing samples, the amount 
recovered suddenly decreases w h e n more than 2 B a p.u.c. are present 
a n d increases w h e n the average concentrat ion of B a rises above 4 p.u.c. 
F o r samples conta in ing Sr, on ly i n those w i t h h i g h Sr contents was the 
recovery of 2 2 N a apparent ly h indered . 

Thermal Analyses. T h e T G A results are i n Tables I a n d I I . Incon
sistencies were observed i n N a / B a samples, whereas those for N a / S r 
zeolite showed a s m a l l regular increase of water content w i t h increasing 
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438 MOLECULAR SIEVE ZEOLITES 1 

Table I. Constitution of Na/BaA Zeolite Samples 

% Na Exchanged by Ba 

Sample 
Number 

Isotopic Flame 
Deter- Photom-

mination etry 

Na 
Ions 

P.u.c." 

Ba 
Ions 

P.u.c." 

Moles 
H20 

P.u.c." 

%Na 
"Re

covered' 

I 8.3 — 11.0 0.5 22.7 95 
I I 31.1 — 8.3 1.8 22.3 96 
I I I 36.3 — 7.7 2.1 25.4 94 
I V 43.3 48.7 6.8 2.6 25.7 89 
V 46.2 — 6.5 2.7 20.6 34 
V I 62.0 62.9 4.6 3.7 23.4 17 
V I I 63.5 68.7 4.4 3.8 26.1 68 
V I I I 65.6 — 4.1 3.9 22.7 25 
I X 73.0 — 3.2 4.4 23.9 65 
X 75.2 75.1 3.0 4.5 25.3 44 
X I 83.5 — 2.0 5.0 29.0 70 

a P.u.c. = per unit cell. 

Table II. Constitution of Na/SrA Zeolite Samples 

Sample 
Number 

% Na Exchanged by Sr 
Isotopic 

Determination 

Na 
Ions 

P.u.c." 

Sr 
Ions 

P.u.c." 

Moles 
H20 

P.u.c." 

%Na 
"Re

covered' 

I 11.8 10.6 0.7 27.3 74.2 
I I 35.0 7.8 2.1 27.4 81.6 
I I I 44.1 6.7 2.6 27.6 71.2 
I V 56.3 5.2 3.4 29.6 66.6 
V 62.5 4.5 3.7 29.7 50.0 

° P.u.c. = per unit cell. 

I I I I —I 1 

IOO 200 300 IOO 200 300 
Figure 1. Sketch of DTA curves obtained for Na/BaA samples 
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33. DYER ET AL. Synthetic Zeolite A 439 

divalent cat ion content. T h e inconsistent water contents of samples con 
ta in ing B a m a y indicate that some lattice collapse occurred w h e n the 
i n i t i a l exchanges of N a for B a were made ( 7 ) . 

T h e D T A curve obta ined for N a / B a A samples are shown i n F i g u r e 1. 
N a A shows 2 b r o a d endothermal water loss peaks at about 125° a n d 
230°C, respectively. T h e introduct ion of B a into the structure increas
ing ly resolves the curve into 2 more discernible peaks, one of w h i c h 
remains at about 125 ° C a n d a second whose pos i t ion varies w i t h B a con
tent. T h i s second peak appears w h e n there are > 2 B a p.u.c. At tempts 
to "balance out" the first peak b y us ing N a A as a reference were unsuc
cessful, thus i m p l y i n g that water loss f r o m b o t h N a a n d B a contributes 
to this peak. T h e areas under the second peak were measured f r o m 
a l u m i n a reference experiments a n d p lo t ted against B a content ( F i g u r e 2 ) . 
These are a funct ion of change i n heat content occurr ing on latt ice co l 
lapse a n d show a m a x i m a at approx imate ly 4 B a p.u.c. T h e D T A curves 
for N a / S r A are compl i cated a n d seem to indicate a var ie ty of i o n - w a t e r 
environments. S i m i l a r curves have been observed i n other heteroionic 
zeolite samples ( 4 ) . 

X - R a y Resul ts . T h e p o w d e r patterns of unca l c ined samples con
ta in ing B a show a s l ight decrease i n intensity w i t h increasing B a content. 
Th i s m a y be an ind i ca t i on of loss of c rysta l l in i ty or it c o u l d be an anomaly 
caused b y the presence of B a w h i c h has a h i g h absorpt ion coefficient 
for the C u Κα rad ia t i on used to obta in the p o w d e r patterns ( 6 ) . X - r a y 
patterns of ca l c ined samples ( F i g u r e 2) showed that w h e n B a is present 
at > 2 B a p.u.c. extensive loss of structure occurred , but only sample X I 
showed a complete absence of structure. O n l y sample V of the Sr series 
showed any loss of structure on ca lc inat ion as determined b y the absence 
of X - r a y p o w d e r dif fraction pattern, but again a sl ight general decrease 

Peak area 
arbitary 

units 

No. of Ba p.u.c. 
Figure 2. Peak area vs. number of Ba ioris p.u.c. for 

second DTA feature (Ba-containing samples) 
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440 MOLECULAR SIEVE ZEOLITES 1 

i n intensity w i t h d iva lent i o n introduct ion was observed i n patterns f r o m 
u n c a l c i n e d samples. 

Discussion and Conclusions 

F o r the N a / B a A samples, the x-ray results indicate that the t h e r m a l 
s tabi l i ty of the A lattice is reduced considerably w h e n there are > 2 B a 
p.u.c. T h a t latt ice collapse occurs on ca lc inat ion of samples conta in ing 
this B a concentration is demonstrated also b y a sudden decrease i n the 
ab i l i ty to recover 2 2 N a b y self-exchange a n d the appearance of an endo-
therm on the D T A curve. H o w e v e r , the x-ray results show that u p to a 
concentration of at least 4.5 B a p.u.c. some structure is reta ined after 
ca lc inat ion . T h e isotope experiments also demonstrate that above con 
centrations of about 3.7 B a p.u.c. there is a relat ive increase i n the amount 
of 2 2 N a recoverable f r om ca l c ined samples. These 2 points, taken i n con 
junct ion w i t h the observed m a x i m u m i n F i g u r e 2 a n d the i n a b i l i t y to 
prepare samples i n the concentration range 2.7-3.7 B a p . u . c , m a y indicate 
that the presence of 4 B a ions p.u.c. is one of relat ive stabi l i ty . P r e s u m 
ably , the first 2 divalent ions entering the crystal replace the 4 mono
valent ions w h i c h are not located b y x-ray s tructura l analysis (3 ) a n d 

1 I . 1 . . 
X 0 

1 1 , . I ι 1 . 1 1 I I I J . J 
X b 

I I ι . ι . !.. 
VIII α 

1 I ι ι 1 1 l.ll 111..1 VIII b 

1 1 . I ι I ι I.. . VI α 

I I ι ι 1 1 l.ll IIJ..J 
VI b 

I I ι I ι I .ι . V α 

I I ι . 1 1 .ilk.] V b 

1 . 1 1 . . 1 J I I J H J IV Ob 

1 l i . . tUMi. 1 ab 

- » ' 1 • 1 ^ r — 1 " " " » " • " • ! g-
12 IO 8 6 4 2 dA 

Figure 3. Lattice spacings (dA) for samples of Na/BaA (b) before 
and (a) after calcination 
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are assumed, therefore, to be present as ions "d isso lved" i n the oc c luded 
water of the large cavities. T h e ingress of further d ivalent ions requires 
the replacement of N a ions located i n the hexagonal w i n d o w s of the 
constituent sodalite units. T h i s seems to promote lattice thermal insta 
b i l i t y . T h e introduct ion of more than 4 B a into the uni t c e l l seems to 
stabi l ize the structure, perhaps b y a rearrangement w h e r e b y h y d r a t e d B a 
ions occupy the octagonal w i n d o w s , bu t lattice collapse occurs w h e n 
water is removed. T h i s premise is consistent w i t h the observations of 
Sherry a n d W a l t o n ( 9 ) , w h o conclude f rom their ion-exchange invest iga
tions of the N a - B a A system that the B a ions are equal ly a n d w e a k l y 
b o u n d to the anionic lattice. T h e recovery of 2 2 N a after heat treatment 
is re lat ive ly h i g h at h i g h B a content p.u.c. T h i s m a y result f rom the 
format ion of N a - r i c h parts of the crystal , as the temperature rises, because 
of the h igher m o b i l i t y of the N a compared w i t h that of the large heavy 
B a . T h u s , a type of topotactic change occurs, a n d the lines observable i n 
x-ray patterns of ca l c ined high-Ba-content samples m a y represent preser
vat ion of the N a A structure ( F i g u r e 3 ) . 

T h e foregoing comments do not app ly to the presence of Sr i n the 
A structure. T h e greater stabi l i ty of Sr-containing samples is probab ly 
caused b y the ab i l i ty of the Sr to occupy a posit ion close to the hexagonal 
w indows , w h i c h is denied the larger B a . O n dehydrat ion , the Sr i o n 
"fits" into the w i n d o w and preserves the A lattice. T h u s , i n the absence 
of water , the presence of a cat ion i n the hexagonal w i n d o w s is concordant 
w i t h the stabi l izat ion of the A structure; this is certainly the cation 
posi t ion recognized i n the very stable C a form of this zeolite ( 3 ). 
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Discussion 

D . J . C . Yates (Esso Research C o . , L i n d e n , N . J. 07036) : D o y o u 
th ink that useful in formation i n these cases of b r e a k d o w n can be obta ined 
via surface area measurements? A l s o , under w h a t condit ions was the c a l 
c inat ion done? F o r example, i f fast heat ing was employed , the break
d o w n might be due to the water evo lved rather than to temperature 
as such. 

A . Dyer: I agree that surface area measurements w o u l d be of use, 
b u t w e d i d not pursue this. C a l c i n a t i o n was carr ied out u n d e r D . T . A . 
conditions— i .e . , static a i r — a n d we d i d not investigate the effects under 
either flowing air or nitrogen. O u r previous pub l i ca t i on on B a A (see 
Ref. 7 ) presented definite evidence that water loss under v a c u u m , at room 
temperature a n d at 70 ° C , promoted loss of structure as ev idenced b y loss 
of intensity of x-ray powder dif fraction patterns. 

J . D . Sherman ( U n i o n C a r b i d e , T a r r y t o w n , N e w Y o r k ) : H o w was the 
H 2 0 content determined? C o u l d y o u comment on the reasons for the 
var iab i l i t y of the H 2 0 content i n T a b l e I? H o w were the samples pre 
p a r e d for x-ray examination, especial ly w i t h regard to their state of 
hydrat ion? 

A . Dyer: T h e water content was determined b y T . G . A . W e assess 
the var iab le H 2 0 content shown i n T a b l e I as possibly be ing caused b y 
b r e a k d o w n of crystal structure occurr ing at the i n i t i a l exchange step. A l l 
samples were a l l owed to equi l ibrate over a saturated solution of sod ium 
ch lor ide for one week before x-ray examination. 
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Evolution of the Structure and Texture of a 

Type 4A Molecular Sieve in the Course of 

Thermal Treatments between 400° and 800°C 

J. L. THOMAS, M. MANGE,1 and C. EYRAUD 
Laboratoire de Chimie Appliquee et de Genie Chimique de la Faculte des 
Sciences de Lyon, France 

The experimental techniques used are water adsorption, 
x-ray diffraction, and densimetry. Starting from 550°C, the 
zeolite undergoes a transformation. After thermal treatment 
at 670°C, half of the zeolite phase disappears. The water 
adsorption capacity of the product is practically nonexistent. 
It resumes a noticeable value following a grinding stage, 
indicating that the solid-solid transformation develops from 
the surface of the particles. Since the zeolite density is much 
lower than that of the solid product formed, the transforma
tion is effected with the appearance of a closed macropo-
rosity which is later eliminated by sintering. At each stage 
of the transformation, it is possible to determine the micro-
porosity (residual zeolite) and the macroporosity (fissures 
within the particles). 

V l T T o l f (6,7) set f or th that the transformation of T y p e 4 A zeolite b y 
thermal treatment at 600°C begins at the per iphery of the crystal . 

T h i s o p i n i o n is re lated to the decrease of water adsorpt ion capac i ty at 
600°C observed b y M i l t o n (2) a n d the abrupt disappearance of ac t iv i ty 
i n the sample at 670°C po inted out b y P i g u z o v a ( 5 ) , w h i l e a n x-ray 
crysta l lographic analysis indicates the presence of a large quant i ty of 
untransformed zeolite. I n order to show c lear ly the mechanism of t h e r m a l 
transformation of a T y p e 4 A zeolite, w e dec ided to determine the quant i ty 
of res idua l zeolite a n d the possible macroporosity at each step of the 

1 Present address: Laboratoire d'Etude des Matériaux, Institut National des Sciences 
Appliquées de Lyon, France. 
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transformation. Since neither x-ray crysta l lographic analysis nor differ
ent ia l thermal analysis fu rn i s h quant i tat ive analyses, w e m a d e use of 
more specific techniques : g r i n d i n g of the partic les , g i v i n g rise to the 
res idua l zeolite phase, water adsorpt ion, a n d densimetry. 

Experimental Techniques 

Thermal Treatment. A sample-holder of quartz conta in ing 30 grams 
of T y p e 4 A zeol i te is in t roduced into a stove i n w h i c h the temperature 
is regulated at ± 1 ° C . T h e temperature of the zeol ite is checked b y a 
thermocouple p l a c e d inside the sample a n d protected b y a quartz sheath. 
T h e heat ing a n d coo l ing rates are 300°C per hour . T h e sample is m a i n 
ta ined at the chosen temperature for 2 hours i n a ir at atmospheric 
pressure. 

Grinding. Three grams of sample are d r y - g r o u n d for 3 hours i n an 
agate b a l l - m i l l . 

Water Adsorption. T h e act ivat ion of samples under v a c u u m at 
450°C a n d the study of water vapor adsorpt ion at 25 ° C a n d under 15 torr 
were effected b y means of a n U g i n e - E y r a u d electronic thermobalance 
w i t h a continuous record ing device. 

Densimetry. T h e p i cnometr i c l i q u i d , cyclohexane, is in t roduced 
under v a c u u m a n d does not enter the cavities of T y p e 4 A zeolite. O n e 
g ram of sample p laced i n the p icnometer is desorbed at 450°C, i n a ir , 
for 2 hours. T h e p icnometer e q u i p p e d w i t h the cap i l l a ry a n d its stopper 

Figure 1. Topochemical evolution of the Type 4 A zeolite crys
tal (I) and plot of values of water adsorption capacity ^ C % = 

A-pmg Η,Ο airbed χ \ ^ fl m t h e ^ 
p mg dry Type 4A zeolite / v ' 

mal treatment temperature 
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34. T H O M A S E T A L . Evolution of Structure and Texture 445 

is coo led to room temperature i n a container h o l d i n g d r y nitrogen, then 
w e i g h e d on a prec is ion balance. N o we ight ga in is noted i n the course 
of the measurement. A f t e r the cap i l l a ry has been unstopped , the p i c 
nometer is p l a c e d q u i c k l y i n the cyc lohexane- introduct ion device under 
v a c u u m . A f t e r thermostat izat ion at 21 ± 0.01 ° C a n d adjustment of the 
cyclohexane to a constant leve l , the p icnometer is we ighed . T h e exper i 
ment shows that the amount of water w h i c h can be adsorbed d u r i n g the 
placement of the unstopped picnometer i n the cyc lohexane- introduct ion 
device is negl ig ib le . Another less r igorous method consists i n i n t r o d u c i n g 
into the p i cnometer a sample equ i l ib ra ted w i t h the a ir h u m i d i t y , deter
m i n i n g the water w h i c h the sample contains. I n this case, cyclohexane 
must not be in t roduced under v a c u u m . B o t h methods give concordant 
data. T h e density value is the average of 6 measurements, 3 effected 
b y each of the 2 methods. T h e y are separated b y less than 1 % of the 
average value . 

X - r a y D i f f r a c t i o n . T h e x-ray powder di f fract ion patterns of the 
samples, cooled to r oom temperature, were obta ined w i t h the he lp of a 
P h i l l i p s P W 1009/30 generator, us ing cobalt K « l rad iat ion . 

Results 

F i g u r e 1 shows the adsorpt ion capac i ty of a T y p e 4 A zeolite at the 
e n d of t h e r m a l treatment. T h e water adsorpt ion capac i ty lessens start ing 
at 550°C a n d falls abrupt ly f r om 620° to 670°C. T h e x-ray di f fract ion 
patterns of the samples treated f rom 450° to 670°C are characterist ic 
of pure T y p e 4 A zeolite. W h e n a sample is treated at 740°C, l ines char 
acteristic of l o w f o rm carnegieite appear. A f t e r treatment at 790°C, the 
pattern indicates the presence of a smal l amount of zeol ite , a large p r o 
por t ion of l o w f o rm carnegieite, a n d a very smal l quant i ty of nephel ine . 
A f t e r treatment at 850°C, no th ing remains except l o w f o rm carnegieite 
a n d nephel ine i n smal l proportions. 

T h e t h e r m a l transformation of zeolite p roduced d u r i n g heat ing a n d 
coo l ing of the sample results i n a so l id , B , according to the react ion 

Zeolite T y p e 4A -* sol id Β 

T h e density measurements of the u n g r o u n d samples a n d the water 
quant i ty measurements contained i n the ground samples l ead to the 
results presented b y F i g u r e 2. 

T h e vo lume of each c u b i c a l part i c le of a d imens ion close to 1 m i c r o n 
is made u p of 3 parts i n w h i c h the proport ions change as a funct ion of 
the temperature : the so l id Β defined earlier, the res idua l T y p e 4 A zeolite , 
a n d a c losed macroporosity . It is assumed that the res idua l zeol ite is 
propor t iona l to the water retention capac i ty of the g round sample. T h e 
we ight of the water desorbed under v a c u u m at 450°C b y a sample is 
measured, after h a v i n g been saturated at 25 ° C under a water vapor 
pressure of 15 torr. 
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V o l u m e % V o l u m e % 

Figure 2. Values of volumes in % of residual Type 4 A zeolite, 
of solid B, and of macroporosity as a function of thermal treat

ment temperature 

I f χ is the percentage i n we ight of water contained i n the ground 
sample i n re lat ion to the we ight of a n anhydrous sample a n d y is the 
water adsorpt ion capac i ty of the i n i t i a l zeol ite i n re lat ion to the we ight 
of an anhydrous zeolite, 

D χ · 100 
ι 1 — 

y 

is the percentage i n we ight of the res idua l zeolite i n the g round sample. 
T h e percentage i n weight , P 2 , of so l id Β is obta ined b y subtract ion. 

P2 = 100 - P i 

T h e volumes V i of res idua l zeolite a n d V 2 of so l id Β are obta ined b y 
d i v i d i n g P i a n d P 2 b y their respective densities, p i a n d p 2 . W e took for p i 
the value 1.67 g r a m s / c m 3 , de termined b y N o v i k o v a (4 ) a n d at t r ibuted 
to p 2 the va lue obta ined for the product treated at 850°C, that is, 2.55 
g r a m s / c m 3 . 

T h e macropososity, V 3 , is obta ined b y the difference between the 
apparent vo lume, V 4 , of the u n g r o u n d sample a n d the s u m of the volumes 
V i a n d V 2 

V, = VA - ( F i + V*) 

F i g u r e 2 shows the respective percentages of res idual zeolite, of so l id B , 
a n d of macroporosity . 
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T a b l e I . M a c r o p o r o s i t y , V o l u m e % 

T e m p . , °C 670 740 790 850 

M e t h o d 1 17.7 13.7 8.4 0 
M e t h o d 2 12.0 8.0 2.3 0 

Discussion 

T h e 3 essential points of our study are the f o l l o w i n g : T h e so l id Β 
f o rmed b y thermal treatment masks the adsorpt ion properties of the 
res idua l zeol i t i c phase. T h e adsorpt ion capac i ty reappears w i t h the 
g r i n d i n g of the sample. T h e transformation of the zeolite occurs w i t h the 
appearance of a c losed macroporosity . 

F o r the purposes of our study, the exact nature of the so l id Β is on ly 
a secondary consideration. I n fact, w h e n passing f r o m a s tructura l 
microporos i ty phase l ike zeolite to a dense phase, the vo lume contract ion 
depends to a re lat ive ly sma l l extent on the nature of the final phase. 
H o w e v e r , w e used x-ray di f fract ion to reexamine the so l id product result 
i n g f r o m the thermal treatment. T h e presence of l o w f o r m carnegieite is 
not observed u n t i l after a thermal treatment at 740°C. A t 790°C, a smal l 
amount of nephel ine appears ( I ). T h e D . T . A . was on ly done for a ther
m a l treatment at 850°C. T h e coo l ing stage exhibits an exothermal peak of 
weak intensity, a t t r ibuted to the format ion of l o w f o rm carnegieite. Since 
there is no reason to th ink that thermal treatment at l ower temperature 
leads to the same dense phases, w e dec ided to calculate the macroporous 
vo lume us ing the exper imental density of the product resul t ing f r o m a 
treatment at 850 °C . I n determining the density of the products before 
a n d after g r i n d i n g , the macroporous vo lume can be measured. T h i s n e w 
method of de termining the macroporous vo lume yie lds l ower results t h a n 
those of F i g u r e 2, as ind i ca ted i n T a b l e I. 

T h i s difference can be at t r ibuted to t w o factors. T h e density for 
pure zeolite is that ind i ca ted b y N o v i k o v a , 1.67 g r a m s / c m 3 ( 4 ) . It is 
h igher than our products , 1.57 g r a m s / c m 3 after act ivat ion treatment at 
450°C. T h e g r i n d i n g permits reaching a l l the res idua l zeolite but on ly 
part of the macroporosity . 

T h e res idua l zeol ite does not manifest the same t h e r m a l properties 
as the i n i t i a l zeolite. Its x-ray di f fract ion pat tern is nevertheless the same. 
It loses its adsorpt ion properties w h e n a n attempt is made to desorb i t 
at 450°C for 2 hours. W e l i m i t e d ourselves to de termin ing its water loss 
after saturation at 25 ° C under 15 torr. S ince g r i n d i n g of the untreated 
zeolite does not change its adsorpt ion properties a n d its structure as 
determined b y x-ray di f fraction, w e shal l attr ibute the lack of thermal 
stabi l i ty of the res idua l zeolite to a change i n compos i t ion o w i n g to the 
format ion of so l id B w n j ^ ^ j £ 2 J ^ r C f f ë î î ] i ë à f ^ S d â f e l ^ P o s s e s s t n e e x a c t 

L i b r a r y 
1155 16th St . , N.W, 

WMhinfton, D . C 2 0 0 3 8 
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composi t ion of the i n i t i a l zeolite. Zeolites h a v i n g the same structure as 
ident i f ied b y x-ray di f fract ion can have very different chemica l compo
sit ion. 

T o exp la in the total suppression of adsorpt ion capac i ty f r o m the 
moment of disappearance of ha l f of the zeo l i t i c phase a n d the appearance 
of a closed macropososity, i t seems necessary to invoke the hypotheses of 
W o l f (6 , 7 ) : the s o l i d - s o l i d transformation begins at the per iphery of 
the part ic le a n d progresses t o w a r d the center. I t is sufficient to cause 
the shel l of product Β to break i n order to b r i n g about the res idua l 
zeol i t i c phase a n d thus find the properties of the microporous so l id . A f ter 
thermal treatment at 670 ° C , ca l cu lat ion indicates the presence of 37 
vo lume % of so l id B . I f a cub i c part ic le w i t h an edge equa l to 1 m i c r o n 
is considered, the thickness atta ined b y the layer of so l id Β impervious 
to water is close to 0.1 mic ron . 

Conclusion 

T h e thermal transformation of T y p e 4 A zeolite begins at 550°C, as 
ind i ca ted b y the decrease of water vapor adsorpt ion capacity . T h i s 
capac i ty is nonexistent after a thermal treatment at 670°C. W e have 
demonstrated that, after g r i n d i n g the samples w h i c h have been heated 
prev ious ly at this temperature, hal f of the zeol i t ic phase, character ized b y 
its water retent ion capacity , remained . T h e res idual zeolite is thermal ly 
unstable. It has the same x-ray di f fract ion pattern as the i n i t i a l zeol ite , b u t 
shou ld not have the same chemica l composit ion. W e have shown that the 
s o l i d - s o l i d transformation is accompanied b y a closed macroporosity 
w h i c h disappears gradua l ly w i t h s intering. There is every reason to be
l ieve that the s o l i d - s o l i d transformation begins at the per iphery of the 
partic les a n d progresses towards the center. 
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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 , N e w Y o r k ) : Please de-
scribe the sequence of operations i n v o l v i n g g r i n d i n g a n d sorpt ion meas
urements w h i c h y o u carr ied out after ca lc inat ion , to show that the sorption 
capac i ty is increased b y gr ind ing . 

J . L . Thomas: A f t e r ca lc inat ion a n d cool ing, the sample is d ry -g round 
for three hours. T h e n i t is saturated at 25 °C under 15 torr inside an elec
tronic thermobalance , where the desorption is carr ied out at 450°C for 
two hours. T h e water quant i ty desorbed corresponds to a water retention 
capac i ty of 1 7 % i n we ight for the sample heated at 670 °C , w h i l e the 
water adsorpt ion capac i ty of the same u n g r o u n d sample heated at the 
same temperature is 2 % . T h u s , b y g r i n d i n g the samples heated at 6 7 0 ° -
850 ° C , i t is possible to recover a noticeable value of the sorpt ion capacity . 

R . B . B a r r e t t (Rosary H i l l Co l lege , Buffalo , N e w Y o r k ) : A f ter heat
i n g beyond 650°C, w i l l your samples readsorb water? 

J . L . Thomas: Yes. T h e decrease i n water adsorpt ion capac i ty begins 
at 550°C but at 650°C, the water adsorpt ion capaci ty is s t i l l about 2 0 % 
i n weight . 
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Recovery and Purification of Cesium-137 

from Purex Waste Using Synthetic Zeolites 

LANE A. BRAY and HAROLD T. FULLAM 

Battelle Northwest, Richland, Wash. 99352 

The recovery and purification of cesium-137 from Purex acid 
waste using a synthetic zeolite has been studied. Zeolite 
capacity and selectivity for cesium were determined. Sta
bility of the synthetic zeolite to high radiation fields and 
chemical attack was adequately demonstrated. Kilocurie 
quantities of cesium-137 of 98+% chemical purity were 
prepared using zeolite ion exchange. 

Tn the reprocessing of nuclear fuels, d isposit ion of the radioact ive waste 
A is a serious prob lem. A t H a n f o r d , the Purex process is used to repro
cess spent fuel . T h e radioact ive fission products leave the process as a n 
aqueous n i t r i c a c i d stream. C u r r e n t waste management p l a n n i n g at 
H a n f o r d calls for the separation of the strontium-90 a n d cesium-137 f rom 
the a c i d waste, w i t h subsequent packag ing a n d long-term storage of each 
element as i n d i v i d u a l compounds i n smal l h igh- integr i ty containers. 
C e s i u m chlor ide a n d stront ium fluoride were selected as the o p t i m u m 
compounds for storage. T h e final storage sites have not been selected 
yet, but salt mines are a possible choice. In ter im storage ( 3 0 - 5 0 years) 
w i l l be i n concrete canyons o n the H a n f o r d Reservat ion. 

T h e A t l a n t i c R i ch f i e ld H a n f o r d C o . ( A R H C O ) operates the Purex 
P l a n t at H a n f o r d for the U S A E C , a n d has responsib i l i ty for des ign, c on 
struct ion, a n d operat ion of the W a s t e Packag ing Plant . T h e Paci f ic 
Nor thwest L a b o r a t o r y ( P N L , operated for the U S A E C b y Batte l le 
M e m o r i a l Inst i tute) has responsib i l i ty for deve lop ing the technology 
requ i red for the packag ing plant . 

F o r ces ium, the waste packag ing process calls for the separation of 
the ces ium f rom the a c i d waste, pur i f i cat ion to remove meta l l i c c ontami 
nants, conversion to anhydrous chlor ide , a n d subsequent encapsulat ion 
i n doub le -wa l l ed meta l cans. T h e ces ium current ly is separated f r om the 
a c i d waste b y phosphotungst ic a c i d prec ip i ta t ion a n d par t ia l l y pur i f i ed 
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35. BRAY AND F U L L A M Recovery and Purification of Cesium-137 451 

b y i o n exchange us ing an inorganic exchanger A W - 5 0 0 ( a synthetic 
zeolite p r o d u c e d b y the L i n d e D i v i s i o n of the U n i o n C a r b i d e C o r p . ) . 
T h e p a r t i a l l y pur i f i ed ces ium product f r om the A W - 5 0 0 c o l u m n contains 
large amounts of s od ium a n d potassium, a n d a dd i t i ona l pur i f i cat ion is 
r e q u i r e d before the ces ium is converted to the ch lor ide for packaging . 
Inorganic i o n exchange was selected as the best m e t h o d for ob ta in ing 
the needed puri f i cat ion. 

T h e ces ium product stream f rom the A W - 5 0 0 c o l u m n after concen
trat ion for a m m o n i a remova l is a carbonate solut ion h a v i n g the approx i 
mate compos i t ion : 

R a d i o a c t i v e heat generation ~ 6 watts per l i ter 

Packag ing requirements dictate that the p u r i t y of the ces ium ch lor ide 
be at least 95 w t % . E a r l i e r w o r k at P N L b y M e r c e r a n d others ( I , 2 ) 
us ing a nonradioact ive ces ium solut ion ind i ca ted that i o n exchange us ing 
the synthetic zeolite Zeo lon (3 ) ( p r o d u c e d b y the N o r t o n C o . ) offered 
the best chance of obta in ing the r e q u i r e d ces ium puri f i cat ion. A c c o r d 
ing ly , a series of experiments was carr ied out i n a P N L H i g h L e v e l R a d i o 
c h e m i c a l F a c i l i t y (hot ce l l ) to p u r i f y radioact ive ces ium solution 
obta ined f rom the A W - 5 0 0 co lumn. T h e so lut ion was d i l u t e d three- fo ld 
pr ior to l o a d i n g on the Zeo lon co lumn. 

T w o Zeo lon co lumns were used i n the s tudy : one was a 1.9-cm. 
diameter c o l u m n conta in ing 40 m l of exchanger ( L / D = 7 ) , a n d the 
second was a 5-cm diameter c o l u m n conta in ing 1000 m l of exchanger 
( L / D = 10) . T h e smal l c o l u m n was used to evaluate the performance 
of the Zeo lon exchanger, w h i l e the second was used to prepare large 
quantit ies of h i g h - p u r i t y ces ium solut ion for further processing. 

T h e operat ion of each c o l u m n was essentially ident i ca l . F i r s t the 
c o l u m n was loaded w i t h the ces ium feed at the rate of 2 c o l u m n volumes 
per hour (2 C v / h r ) . T h e c o l u m n then was scrubbed w i t h 8 C v of a 
0 . 1 5 M ( N H 4 ) 2 C O 3 - 0 . 1 M N H 4 O H solut ion at 2 C v / h r . N e x t the c o l u m n 
was e luted w i t h a 3 M ( N H 4 ) 2 C 0 3 - 2 M N H 4 O H solut ion at 2 C v / h r . 
F i n a l l y , the c o l u m n was washed w i t h 4 C v of water before the next l o a d 
i n g cycle. D o w n f l o w was used for a l l c o l u m n operations, a n d the c o l u m n 
temperature was m a i n t a i n e d at approx imate ly 25 °C . E a c h c o l u m n v o l 
ume of effluent was ana lyzed for ces ium b y in - ce l l g a m m a energy analysis. 
T h e entire eluent effluent was c o m b i n e d after each r u n a n d sampled for 
sod ium, potassium, a n d r u b i d i u m analysis b y flame photometry. 

1 3 7 C s - > 1 0 0 0 cur ies / l i t e r Rb+ - 0.004ΑΓ 
N H 4 + - 0 . 0 0 2 4 M C s + - 0 . 3 M 

N a + - 2.0M 
K + - 1.0M p H - 10.7 
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452 MOLECULAR SIEVE ZEOLITES 1 

Variat ions i n c o l u m n operat ing condit ions were l i m i t e d because of 
the h i g h cost i n v o l v e d i n hot ce l l operations. T h e operat ing condit ions 
used for the hot ce l l tests were selected on the basis of tests carr i ed out 
us ing a nonradioact ive ces ium solution. 

Twenty -one exchange cycles were carr ied out us ing the 4 0 - m l c o l 
u m n . C e s i u m breakthrough curves were obta ined for Runs 2, 7, a n d 20 
(see F i g u r e 1 ) . I n each case, a 5 % C s breakthrough occurred at the 10th 
c o l u m n vo lume of feed. T h i s corresponds to a ces ium l o a d i n g of 1.25 
mi l l i equiva lents per gram of d ry Zeo lon at 5 % breakthrough a n d shows 
that the Zeo lon is quite stable to rad ia t i on a n d chemica l attack, a n d l i t t le 
loss of ces ium capac i ty should result f r om extended use. 

I I I ι I I I t t t 1 L_J 

1 2 5 10 15 

COLUMN VOLUMES OF FEED 

Figure 1. Cesium breakthrough curve for Zeolon exchanger, 
Cycle 20 

Decon t am i n at i on factors ( D F ' s ) for sod ium, potassium, a n d r u 
b i d i u m were obta ined at various l oad ing levels us ing the 40 -ml c o lumn. 
T h e results obta ined ( T a b l e I ) show that for sod ium a n d potass ium the 
D F ' s decreased w i t h increased c o l u m n load ing . F o r r u b i d i u m , the D F 
is essentially independent of c o l u m n load ing . 

T h e data presented indicate that l o w ces ium loadings shou ld be used 
i n order to obta in h i g h sod ium a n d potassium D F ' s . H o w e v e r , f r om 
operat ing considerations, the l oad ing leve l should be as h i g h as possible 
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Table I. Effect of Cesium Loading on N a , K, and Rb Decontamination 

Decontamination Factors 

Element 6 Cv Feed 7 Cv Feed 9 Cv Feed 

N a 216 85 31 
Κ 39 25 9 
R b 2.5 3.5 2.5 

Table II. Comparison of DF's Obtained in 40- and 1000-Ml 
Columns at 6 C v Feed Loading 

Element Jfi-Ml Column 1000-Ml Column 

N a 216 600 
Κ 39 87 
R b 2.5 9 

Table III. DF's for N a , K, and Rb Using a Nonradioactive 
Feed Solution 

Decontamination Factors 

Element 2 Cv Feed 6 Cv Feed 8 Cv Feed 

N a 1.3 160 1000 
Κ 4 88 -
R b 1 4 7 

to reduce the n u m b e r of exchange cycles requ ired . Six c o l u m n volumes 
of feed per cycle was selected as the m i n i m u m load ing leve l w h i c h w o u l d 
be acceptable i n a p lant operation. 

Three runs were made i n the 1000-ml c o l u m n us ing a l o a d i n g of 
6 C v of feed per r u n . T h e decontaminat ion factors obta ined i n the large 
c o l u m n were s ignif icantly better t h a n those obta ined i n the 40 -ml c o l u m n 
( T a b l e I I ) , poss ibly because of decreased w a l l effects a n d the greater 
length-to-diameter ratio . T h e ces ium so lut ion f r om the large c o l u m n 
was sufficiently l o w i n sod ium a n d potassium that an anhydrous ces ium 
ch lor ide of 9 8 + % was obta ined on further processing. Several k i locur ies 
of the chlor ide were prepared . 

It is of interest to compare results obta ined w i t h the radioact ive 
ces ium feed w i t h results obta ined us ing s imulated nonradioact ive feed 
solutions. T w o nonradioact ive solutions were tested: one was a ni trate 
feed of p H 5.9; the second a carbonate feed of p H 11.2. T h e cat ion 
composi t ion of each s imulated feed was the same as that of radioact ive 
ces ium feed. A 40 -ml Zeo lon c o l u m n was used a n d the operat ing c o n d i 
tions were s imi lar to those used i n the radioact ive tests. 

I n the nonradioact ive studies, the decontaminat ion factors for N a + , 
K + , a n d R b + increased w i t h increasing ces ium l oad ing ( T a b l e I I I ) for 
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454 MOLECULAR SIEVE ZEOLITES 1 

b o t h the nitrate a n d carbonate feed solutions. I n add i t i on , the ces ium 
capac i ty of the exchanger decreased substantial ly ( u p to 3 0 % ) w i t h 
extended use a n d also v a r i e d substantial ly f r om lot to lot ( F i g u r e 2 ) . 
H o w e v e r , lots of exchanger obta ined w i t h i n the past year showed more 
consistent l oad ing behavior . 

Reasons for the differences i n behavior of the radioact ive a n d n o n 
radioact ive feed solutions are current ly under invest igat ion. 

0 . 6 1 

10 15 

LOADING CYCLES 

20 25 

Figure 2. Variations in cesium capacity with exchanger lot and load
ing cycle 

O n e p r o b l e m was encountered i n the e lut ion phase of the exchange 
cycle . I n about 1 0 % of the cycles, complete e lut ion of the ces ium f rom 
the exchanger c o u l d not be effected. T h i s occurred i n bo th the rad io 
act ive a n d nonradioact ive tests. Analyses of exchanger samples f r o m the 
nonradioact ive tests after 20 -30 exchange cycles ind i ca ted that the re
s i d u a l ces ium amounted to 0.1-0.15 mi lhequiva lents per g ram of ex
changer. T h i s amounted to about 1 0 % of the i n i t i a l l oad ing capac i ty of 
the exchanger under process operat ing condit ions. V a r i o u s e lut ing agents 
were tested to remove the res idua l cesium. O n l y hot ( 7 0 ° C ) concentrated 
n i t r i c a c i d was effective i n s t r ipp ing the ces ium f r o m the exchanger. 
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Dielectric Study of Synthetic Zeolites 

X and Y 

R. A. SCHOONHEYDT and J. B. UYTTERHOEVEN 

Laboratorium voor Oppervlaktescheikunde, University Leuven, 
42 de Croylaan, 3030 Heverlee, Belgium 

The electrical conductivity and the capacitance of dehy
drated zeolites X and Y, saturated with different monovalent 
cations (Li+, Na+, K+, Ag+, Rb+, and Cs+), were measured as a 
function of temperature and frequency. At higher tempera
tures (>350°K) an ionic conduction mechanism was ob
served. At low temperature (<350°K) a dielectric absorp
tion is superposed on the ionic conduction. The activation 
energies of both ionic conductivity and dielectric absorption 
are comparable in magnitude. The observed phenomena are 
explained by the migration of the exchangeable cations over 
the hexagonal rings and square faces in the large cavities. 
The experimental activation energies are compared with 
theoretical values estimated on the basis of an ionic interac
tion between the exchangeable cations and the zeolite lattice. 

' T ' h e m o b i l i t y of the exchangeable cations has been demonstrated i n 
various types of zeolites, h y d r a t e d or dehydrated . Barrer a n d Rees 

(4) s tudied the self di f fusion of monovalent cations i n analcite . T h e 
act ivat ion energy of self di f fusion increases w i t h increasing radius . A 
l inear re lat ionship was f o u n d between the act ivat ion energy a n d the 
po lar i zab i l i t y of the exchangeable cations. 

Beatt ie (6, 7) invest igated the e lectr ica l conduct iv i ty of dehydrated 
analcites a n d chabazite . F r e e m a n a n d Stamires (19) conf irmed the con
clusions of Barrer a n d Rees (4) a n d Beatt ie (6, 7) b y e lectr ica l con
duc t i v i t y measurements at 200 H z o n various ion-exchanged forms of 
dehydrated synthetic zeolites of type A , X , a n d Y . T h e y f o u n d a pure ly 
i on ic conduct ion w i t h a strong dependence of the act ivat ion energies on 
the nature of the zeolite a n d the k i n d of cat ion. T h e decrease of the 
act ivat ion energy i n X a n d Y zeolites w i t h increasing monovalent cat ionic 
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radius contrasts w i t h the results f o und for analcite , a n d il lustrates the 
openness of the zeol i t i c f ramework i n X a n d Y zeolites. I n the case of A 
zeolites, a steric effect is obvious : the act ivat ion energy decreases f rom L i + 

to N a + a n d increases f rom N a + to K + . F r o m the difference i n act ivat ion 
energy between X a n d Y , F r e e m a n a n d Stamires (19) c onc luded that at 
least 2 types of cat ion sites exist i n that latt ice. I n the X samples, the 
lower act ivat ion energies are expla ined b y the popu la t i on of the less 
energetic sites. 

H o w e v e r , a difference i n cat ion sites between X a n d Y has not been 
conf irmed b y x-ray di f fraction (8-12, 18). T h e crysta l lographic data 
avai lable so far mere ly reveal a different occupancy of the sites i n X a n d 
Y instead of a difference i n the nature of the sites. Recent ly , Schoonheydt 
a n d Uyt terhoeven (33) ascr ibed the e lectr ical conduct iv i ty of dehydrated 
X a n d Y zeolites to the migra t i on of the exchangeable cations located i n 
the large cavities. T h e difference between the 2 types of zeolite was 
expla ined b y the possible h igher occupancy of the sites ins ide the cubo -
octahedron i n X zeolites. A dipo le absorpt ion process was observed at 
l o w temperatures. F o l l o w i n g an hypothesis advanced b y Barrer a n d 
Saxon-Napier ( 5 ) , this d ipo le absorpt ion was ascr ibed also to the m i g r a 
t ion of the cations. M o r r i s (28, 29, 30) reported a die lectr ic s tudy of 
zeolite 5 A i n the presence of various adsorbed molecules. T h e d ie lectr ic 
absorpt ion i n the range of 5 H z to 148 k H z was assigned to a j u m p i n g 
process i n v o l v i n g " in ters t i t ia l " cations. 

Stamires (35) invest igated the effect of various adsorbed phases on 
the e lectr ica l conduct iv i ty of L i n d e synthetic crystal l ine zeolites type X 
a n d Y . H e conc luded that the potent ia l energy barr ier for cat ionic con 
d u c t i o n is decreased b y interact ion w i t h the adsorbed phases, but he d i d 
not investigate the die lectr ic response of the mater ia l . 

I n the present work , a more deta i led mechanism of the d ipo le re 
laxat ion a n d i on migra t i on processes i n zeolite X a n d Y w i l l be proposed. 
Theore t i ca l calculations based o n the proposed m o d e l w i l l be made. T h e 
semi-quantitat ive agreement between the exper imental a n d ca lcu lated 
values favors the proposed mode l . 

Experimental 

Samples. X a n d Y samples were obta ined f rom the L i n d e C o . i n the 
N a + f orm. T h e preparat ion of the samples conta in ing other cations f o l 
lows a convent ional i on exchange method descr ibed elsewhere (37 ) . T h e 
f u l l details for the preparat ion of the decat ionated samples is reported 
also i n a n earlier paper (34 ) . T h e procedure exists i n an exchange w i t h 
N H 4

+ ions f o l l owed b y v a c u u m heat ing. T h e samples lose N H 3 a n d 
protons enter the lattice. H o w e v e r , accord ing to the w o r k of K e r r (26), 
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458 MOLECULAR SIEVE ZEOLITES 1 

our pretreatment condit ions are such that so-cal led "ultrastable zeol ites" 
are obta ined w h i c h suffered almost complete dehydroxy lat ion . T h e 
results of the chemica l analysis, expressed i n un i t c e l l compos i t ion of the 
d r y mater ia l , are reported i n T a b l e I . 

Sample Preparation and Electrical Equipment. T h e conduct iv i ty 
measurements were per formed on compacted cy l inders w i t h a diameter 
of 10 m m a n d a thickness between 1 a n d 2 m m . I n order to create repro
duc ib l e condit ions, the compact ion of the pellets was invest igated as a 
funct ion of the a p p l i e d pressure. A b o v e 3000 k g c m " 2 , the conduct iv i ty 
a n d capacitance of the pellets were independent of the pressure. There 
fore, a s tandard pressure of 3000 k g c m " 1 has been adopted i n the p r e p a 
rat ion of a l l the pellets. T h e pellets were p laced between 2 P t electrodes 
i n a v a c u u m ce l l , a l l o w i n g pretreatment at temperatures u p to 500 ° C 
under constant h i g h v a c u u m . T h e conduct iv i ty a n d capacitance were 
measured at various temperatures between —20 a n d + 5 0 0 ° C , w h i l e 
continuous evacuat ion ( 10" 5 torr ) prevented rehydrat ion of the samples. 
Measurements have been made over the frequency range 200 to 20,000 
H z us ing an A C W a y n e K e r r B r i d g e B221 i n connect ion w i t h a W a y n e 
K e r r W a v e f o r m A n a l y z o r A 2 3 1 , a n d a W a y n e K e r r A u d i o S igna l G e n e r a -

Table I. Analytical Data of the Zeolite Samples0 

Sample Unit Cell Composition 

L i X LÎ67.38 NaiT.e ( A 1 0 2 ) 85 ' S l O 2 ) i 0 7 
N a X Nass ( Α Ι Ο , ΐ 85 ^ S i O 2 ) l 0 7 
A g X Ag84 ( A 1 0 2 ; 84 ' S l O 2 ) l 0 8 
K X Ks2.43 N a 2 . 5 7 ( A i o 2 ; '85 ^S lO2 ) l07 
K 7 7 X Κβ4.62 Nai9.38 ( A 1 0 2 184 , S l O 2 ) l 0 8 
K 4 7 X K 4 0 . 5 1 Na 4 3 .49 ( A 1 0 2 •84 , S l O 2 ) l 0 8 

RbeeX Rbô6.4 Na 2 8 . e ( A i o , ; 85 ( S i O 2 ) 1 0 7 
C S 5 4 X CS45.9 N a 3 9 . i (AIO 2 ; 85 ( S i 0 2 ) l „ 7 
C s 4 0 X CS31.15 Na 4 8.85 ( A l O i ) 80 
L i 5 0 Y L ï 27.28 Na 2 7 .72 ( A i o 2 ; 55 ( S i 0 2 ) l 3 7 
N a Y N a 5 5 ( A i o 2 ; 55 ( S i 0 2 ) 1 3 7 

A g Y Ag52 ( A i o 2 ) 52 k S l O 2 ) l 4 0 
K Y K45.97 N a 9 . 0 3 ( Α Ι Ο , ΐ 55 ( S i 0 2 ) 1 3 7 

K 8 3 Y K45.88 N a 9 . i 2 ( A i o , ; 55 ( S i 0 2 ) 1 3 7 

K 4 5 Y K24 .96 N a 2 9 . o 4 ( A i o 2 ; '54 ^S l02 ) l38 
R b 7 3 Y R b 4 0 N a i 5 ( A 1 ( V '55 ( S i 0 2 ) 1 3 7 

C s 6 6 Y CS36.6 Nais .4 ( A i o 2 '55 ( S i 0 2 ) 1 3 7 

C s 5 4 Y CS29.07 N a 2 4 . 9 3 ( A 1 O 2 >54 , S l 0 2 ) l 3 8 
H 5 0 Y H24.83 Na 3 o . i7 ( A i o 2 ; '55 ( S i 0 2 ) 1 3 7 

H 9 0 Y H49.58 N a 5 . 4 2 (AIO 2 ; '55 

° The symbols used in this table and in all figures indicate the type of zeolite 
(X or Y) and the nature of the saturating ions. Some samples were only partially 
exchanged. The exchange levels are included in the label of each sample by a number 
which indicates the per cent exchange. The unexchanged fraction of the ions is consti
tuted by N a Y ions. For samples where this indication is missing, the exchange level 
was 100% or nearly so. 
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tor S121. T h e source de l ivered a 30-volt s ignal , but the effective voltage 
on the sample depended on the frequency a n d never exceeded 2 V rms. 
M o r e details on the construct ion of the ce l l a n d the measurements were 
g iven elsewhere ( 29, 31 ). 

Electric Measurements. T h e measurements w i t h the W a y n e K e r r 
equipment prov ide the conduct iv i ty a n d the capacitance of the pellets. 
F r o m these we computed the specific conduct iv i ty ( σ ) , the rea l a n d 
imag inary part (e a n d e") of the die lectr ic constant, a n d the loss factor 

^tg8=V^ a t different frequencies (200-20,000 H z ) a n d temperatures 

( - 2 0 ° to + 4 0 0 ° C ) . 

T h e e lectr ical conduct iv i ty measurements on p o w d e r e d compacts 
suffer f rom 2 major diff iculties: the boundaries between the microcrystals 
introduce a supplementary energy barr ier to current transport k n o w n as 
the inter fac ia l po lar izat ion or M a x w e l l - W a g n e r effect, a n d the current is 
l i m i t e d b y an electrode po lar izat ion caused b y the imperfect contact 
between the electrode a n d pellet surfaces a n d b y the rate of discharge of 
the cations at the electrodes. 

T h e electrode po lar izat ion cou ld be reduced greatly b y i m p r o v i n g 
the electrode contacts w i t h v a c u u m sputtered go ld or s i lver p o w d e r films 
pressed on the pellets. A l so , b l o c k i n g the electrodes w i t h t h i n m i c a sheets 
prevented the discharge of the cations a n d enabled us to recognize i n 
our results the effects of the electrode po lar izat ion . 

I n the interpretat ion of the loss factor tg δ, i t is not easy to make a 
d ist inct ion between a dipole re laxation a n d the inter fac ia l po lar izat ion . 
W i t h meta l l i c electrodes, bo th effects are superposed on the ion ic part of 
the die lectr ic loss a n d not necessarily dist inguishable f rom i t . W i t h b lock 
i n g electrodes, the relat ive intensity of the d ipo le re laxation a n d the 
M a x w e l l - W a g n e r effect depends on the rat io of the thickness of the 
b l o c k i n g layers a n d the zeolite pellets (15 ) . 

H o w e v e r , the M a x w e l l - W a g n e r effect is inherent to powder compacts 
a n d if it were present i n the range of temperature a n d frequency covered 
b y our investigations, i t should be observed w i t h a l l the samples regard 
less of the nature of the exchangeable ions i n the zeolite. O u r results 
indicate that die lectr ic absorpt ion peaks are f o u n d i n the samples con
ta in ing 2 different exchangeable cations. Moreover , the intensity of the 
absorpt ion increases w i t h increas ing difference i n the radius of the 2 
cations. Because of this indirect exper imental evidence, w e th ink that 
the die lectr ic loss observed at l o w temperature can be ascr ibed to a 
d ipo le re laxat ion process, a n d that M a x w e l l - W a g n e r effects are not 
present. E q u i v a l e n t c i rcu i t calculations were attempted to strengthen 
this conclusion but were not entirely successful (2 , 27 ) . 
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460 MOLECULAR SIEVE ZEOLITES 1 

Results 

T h e conduct iv i ty of the samples increases w i t h the temperature. 
T h e re lat ionship c a n be expressed b y a n A r r h e n i u s equat ion , a n example 
of w h i c h is s h o w n i n F i g u r e 1. A t h i g h temperatures, the re lat ion between 
l o g σ a n d 1 / Γ produces straight l ines. A t l ower temperatures, strong 
deviat ions f r om straight l ine behavior occur, especial ly for samples w i t h 
2 k inds of exchangeable cations. F o r samples w i t h on ly 1 saturat ing 
cat ion , the Y species show a f u l l straight l ine behavior . F o r the corre
spond ing X samples, a knee w i l l occur i n the A r r h e n i u s plot at l o w t e m 
perature. T h e trans i t ion temperature between the 2 regions increases 
s l ight ly w i t h increasing frequency. Genera l ly , i t occurs i n the ne ighbor 
h o o d of 400°K. 

T h e specific conduct iv i ty depends s l ight ly o n the nature of the 
electrode contacts, as shown i n F i g u r e 1, a n d a n interpretat ion of the 

10xf o K 
Figure 1. Specific conductivity (ohm'1 cm'1) of RbX at 1000 

Hz as a function of 1 / T with different kinds of electrodes 
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i o - 6 L φ y à 

Li* Na* Ag*K*Rb* Cs* 

Figure 2. Specific conductivity (ohm'1 

cm'1) at 700°Κ and 19,000 Hz as a function 
of ionic radius 

absolute values requires great care. H o w e v e r , the variations of σ as a 
funct ion of the frequency, the temperature, the nature of the zeol ite , 
a n d the exchangeable cations is near ly independent of the electrode 
mater ia l a n d characterist ic for the samples studied. T h u s , comparisons 
can be made between zeolite pellets fitted w i t h the same type of elec
trodes. Conc lus ions about the charge transport mechan ism can be d r a w n 
f rom the re lat ionship σ =(oc". H e r e σ is the specific conduct iv i ty , ω the 
angular frequency, a n d c " the imag inary part of the complex die lectr ic 
constant. I n the high-temperature range, plots of log e" as a funct ion of 
log ν produce straight lines w i t h slope — 1 , w h i c h is characterist ic for a 
D C conduct ion mechanism. Important deviations f rom l inear behavior 
occur i n the low-temperature region, ind i ca t ing that an A C conduct ion 
mechanism predominates. T h e 2 phenomena w i l l be ana lyzed separately 
a n d ind i ca ted further as H T ( h i g h temperature) a n d L T ( l o w tempera
ture) mechanisms. 

T h e H T M e c h a n i s m . F igures 2, 3, a n d 4 resume the m a i n charac
teristics of the H T conduct ion mechanism. T h e conduct ion can be 
ascr ibed to the m o b i l i t y of the exchangeable cations. T h i s is i n agree
ment w i t h conclusions b y other authors (3, 6, 7, 19). T h u s , i n F i g u r e 2, 
the conduct iv i ty at 19 k H z a n d 700° Κ is represented as a funct ion of the 
radius of the exchangeable ions for the X a n d Y zeolites. T h e specific 
conduct iv i ty of X is considerably h igher t h a n that of Y for samples 
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462 MOLECULAR SIEVE ZEOLITES 1 

saturated w i t h smal l ions. T h e differences decrease w i t h increas ing 
radius of the exchangeable cations. T h e conduct iv i ty as a func t i on of 
the N a + content is p lo t ted i n F i g u r e 3 for the series of N a X , N a Y , a n d 
the decat ionated samples. T h e break i n these curves suggests that not a l l 
the N a + ions contr ibute i n the same w a y to the conduct iv i ty . 

F r o m the slope of the A r r h e n i u s plots ( F i g u r e 1 ) , the act ivat ion 
energy Ε of the H T mechanism can be calculated. T h e results are pre 
sented i n F i g u r e 4 as a func t i on of the radius of the cations. These data 
are obta ined at 19 k H z . F o r Y samples, a l inear decrease of Ε w i t h i n 
creasing radius of the cations is observed. Points obta ined w i t h different 
electrode mater ia l differ b y about 2 k c a l , a n d the Ε values obta ined at 
1 k H z are h igher than those obta ined at 19 k H z b y about 1 k c a l . T h e 
accuracy of the determinat ion of the act ivat ion energy is thus of the order 
of 2 kca l . F o r X samples, the same trends are observed but the scattering 
of the points is higher . T h e average values are l ower for X t h a n for Y , but 
the difference is approx imate ly 2 k c a l a n d cannot be considered significant. 
I n a s imi lar comparison, F r e e m a n a n d Stamires (19) f o u n d a difference 
of 4 kca l . 

T h e act ivat ion energies of the decationated samples are strongly 
dependent on the number of res idual N a + ions a n d on the frequency. 
F o r the H 5 0 Y samples, 25.06 a n d 15.76 k c a l mole" 1 are obta ined , respec
t ively , at 19 a n d 1 k H z . T h e corresponding values for the H 9 0 Y samples 
are 20.83 a n d 17.62 k c a l mole" 1 . 

Figure 3. Specific conductivity (ohm'1 

cm'1) as a function of residual Na+ con
tent at 1000 Hz 
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36. SCHOONHEYDT AND UYTTERHOEVEN Synthetic Zeolites X and Y 463 

Figure 4. Activation energy (kcal mole1) 
of the DC conduction vs. the ionic radius, 
obtained with pressed silver electrodes ( x ) 

or with platinum electrodes (O and O) 

T h e A r r h e n i u s equat ion can be interpreted i n terms of the theory 
of the absolute react ion rates ( 20 ) . T a k i n g 4.65 A as the jump distance, 
a n d est imating the n u m b e r of charge carriers f rom the total i o n exchange 
capaci ty of the zeolite, w e can calculate the entropy change of conduct ion . 
T h e values range between —5 a n d — 20 eu. F r e e m a n a n d Stamires 
reported A S values between —2 a n d —11 eu. O u r values have a tendency 
to decrease w i t h increasing cat ionic radius . H o w e v e r , a l l the uncer ta in 
ties of the measurements accumulate in this factor. Indeed, the influence 
of the electrode contact caused variations of equa l importance as the 
size of the cations. F o r this reason, w e prefer not to insist o n the interpre
tat ion of A S values. 

T h e L T M e c h a n i s m . T h e die lectr ic behavior of the zeohtes i n the 
low-temperature reg ion is more compl i cated than at h i g h temperatures. 
A frequency-dependent process is superposed on the ion ic conduct iv i ty , 
a n d the relative intensity of the 2 phenomena varies f r om sample to 
sample. T h e understanding of the L T mechanism requires the interpre
tat ion of the diss ipat ion factor tg δ, w h i c h is obta ined exper imental ly as 
the rat io between the imag inary a n d the rea l part of the complex die lectr ic 
constant: e"/e'. F o r a pure ly i on i c conduct ion mechanism, the p lot of 
t g δ as a funct ion of the temperature at a fixed frequency w o u l d show a 
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464 MOLECULAR SIEVE ZEOLITES 1 

Figure 5. tg8 For K83Y as a function of the tem
perature at different frequencies 

Upper Part: blocking electrodes 
Lower part: Pt electrodes 

continuous exponentia l rise. T h e existence of m a x i m a i n this g r a p h i n d i 
cates the contr ibut ion of other effects. Examples are g iven i n F i g u r e 5. 
T h i s figure also i l lustrates the suppression of a n important electrode 
effect b y the technique of b l o c k i n g electrodes. T h e m a x i m a observed as 
shoulders between 300° a n d 400°Κ ( l ower part ) are resolved w e l l w i t h 
measurements i n experiments w i t h b l o c k i n g electrodes (upper p a r t ) . 
N o t a l l samples show L T absorpt ion max ima . T h e phenomenon is more 
pronounced w h e n 2 different cations are present a n d these 2 cations differ 
considerably i n size. T h u s , the intensity is lowest for L i 7 9 X (tg 8 m a x < 0.1) 
a n d highest for C s 6 e Y ( tg 8 m a x — 0.4). T h e intensities of the dispersion 
peaks w i t h a n d w i t h o u t b l o c k i n g electrodes are comparable . A l s o , the 
intensity of the m a x i m a are near ly independent of the frequency. These 
points , together w i t h the arguments g iven i n the exper imental section, 
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are considered sufficient support for an assignment of the d ie lectr ic d i s 
persion to a d ipo le relaxation phenomenon. T h e frequencies at w h i c h 
the m a x i m a occur are re lated to the temperature : vm = v0 exp ( — E'/RT) 
(16) where vm is the f requency at w h i c h tg δ reaches a m a x i m u m for a 
g iven temperature T. E' is the act ivat ion energy for the re laxat ion proc 
ess. T h e E' values are summar i zed i n T a b l e I I . 

Table II. Activation Energies of the Dipole Absorption 
Process ( ± 1 Kcal) 

Sample E\ Kcal Mole-1 Sample E\ Kcal Mole-1 

L i 7 9 X 15.80 L i 5 0 Y 
N a X - N a Y 
K X K Y 
K 7 7 X 16.56 K 4 5 Y 17.00 
K 4 7 X 16.70 K 8 3 Y 11.53 
A g X - A g Y 
R b 6 6 X 15.53 R b 7 3 Y 16.40 
C s 4 0 X 11.57 C s 5 4 Y 14.02 
C s 5 4 X 11.57 C s 6 6 Y 14.62 

H 5 0 Y 24.20 
H 9 0 Y 20.13 

These energies are very close to the values ca lculated for the H T 
mechanism. Barrer a n d Saxon-Napier (5) f o u n d s imi lar results for a n a l -
cites. These act ivat ion energies are average values for a very hetero
geneous relaxation phenomenon. T h i s is deduced f rom the so-cal led 
" C o l e - C o l e " plots re lat ing e " to e'. A n example of such a p lot is g iven i n 
F i g u r e 6. A s the plot is constructed f rom only 4 points, result ing f r om 
an extrapolat ion on the tg δ a n d e" -curves, w e cannot expect a very accu 
rate estimate of the angle « . Nevertheless, its va lue is h i g h , w h i c h i n d i 
cates an important heterogeneity i n the d ipo le relaxation phenomenon. 

Discussion 

I n agreement w i t h previous workers , w e expla in the die lectr ic p r o p 
erties of the synthetic faujasites b y the migra t i on ab i l i ty of the cations 

Figure 6. Example of a "Cole-Cole" plot 
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(5 , 6, 7, 19). I n add i t i on , w e bel ieve that the conduct ion mechan ism 
can be ascr ibed almost exclusively to the ions i n the large cavities. I n the 
f o l l ow ing paragraphs, w e attempt to substantiate this hypothesis b y 
focusing on a few exper imental points , a n d b y comparison of the ob
ta ined act ivat ion energies w i t h the results of some theoret ical estimations. 

Experimental Evidence. T h e act ivat ion energy of conduct ion repre
sents the highest energy barr ier that the migra t ing cations have to over
come. T h e continuous decrease of Ε w i t h increasing radius s h o w n i n 
F i g u r e 4 reflects the d i m i n i s h i n g cou lombic interact ion between the 
cations a n d the oxygen lattice, as a lready po inted out b y F r e e m a n a n d 
Stamires. T h e Ε values of F i g u r e 4 can be expla ined as corresponding to 
the energy barriers between sites i n the large cavities. T h e influence of 
the act ivat ion energy on the specific conduct iv i ty , accord ing to the A r 
rhenius funct ion , w o u l d cause at a g iven temperature an increase of the 
conduct iv i ty w i t h increasing cationic radius for b o t h X a n d Y samples. 
F i g u r e 2 shows that such an increase is rea l for Y , but for X a decrease 
is observed instead of an increase. T o expla in this , w e assume that only 
the ions located i n the large cavities contr ibute to the conduct iv i ty . I n 
that case, 2 factors must be considered. T h e negative charge of the 
oxygen f ramework along the wal ls of the large cavities w i l l be inf luenced 
b y the n u m b e r of ions i n the smal l cavities. T h e number of ions i n the 
large cavities constitutes the number of charge carriers. A complete 
interpretat ion thus w o u l d require deta i led in format ion o n the d i s t r ibut ion 
of the ions over the different sites for X a n d Y samples saturated w i t h the 
different cations. Unfor tunate ly , the avai lable data on the d i s t r ibut ion 
of monovalent cations are scarce. 

F o r the K Y , N a Y , a n d A g Y samples, this in format ion c a n be taken 
f r om the w o r k b y Eu lenberger et al. (18). T h e n u m b e r of ions i n the 
large cavities is between 28 a n d 30 ions per un i t ce l l . A t r o o m tempera
ture, the b u l k y ions R b + a n d C s + are not i n the smal l cavit ies ; 40 R b + a n d 
36.5 C s + ions per uni t c e l l are located i n i t i a l l y i n the large cavities. H o w 
ever, d u r i n g the pretreatment at h i g h temperature, a f ract ion of these 
large ions m a y penetrate into the smal l cavities. A f t e r heat ing a R b Y 
sample to 300°C, an important f ract ion of the R b + ions became u n a v a i l 
able for i on exchange. I n any case, the number of ions i n the large cavities 
is not very different f rom one Y sample to the other ( m i n . 28, max. 40) 
a n d the var iat ion of the act ivat ion energy explains the change i n con
duc t iv i ty almost completely as a funct ion of the size of the cations. 

W e have no data on the d i s t r ibut ion of the cations i n X zeolites. 
F r o m the w o r k b y Eu lenberger et al. (12) a tendency appears towards 
a h igher popu la t i on of the sites inside the smal l cavities for the larger 
ions ( K + a n d A g + ) . T h e R b + a n d C s + ions, a l though exc luded f r om the 
smal l cavities at l ow temperatures, c o u l d obey the same t rend at h i g h 
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temperatures. A n increase of the populat ion of the sites ins ide the s m a l l 
cavities w o u l d reduce the number of charge carriers as compared w i t h the 
samples saturated w i t h the smaller ions, L i + a n d N a + . These assumptions 
exp la in qual i ta t ive ly the evo lut ion of the conduct iv i ty of the X samples 
g iven i n F i g u r e 2, a n d the different evo lut ion for the Y samples. A real 
quant i tat ive interpretat ion w o u l d require more deta i led in format ion on 
the d i s t r ibut ion of the cations, especial ly i n the X zeolites. 

T h e evo lut ion of the conduct iv i ty as a funct ion of the N a content, as 
shown i n F i g u r e 3, is another argument i n favor of our hypothesis . T h e 
structure of the decat ionated samples H 5 0 Y a n d H 9 0 Y is not k n o w n accu 
rately. Nevertheless, i f a l l the N a + ions were cont r ibut ing i n the same w a y 
to the conduct iv i ty , w e w o u l d expect a l inear re lat ionship between the 
conduct iv i ty a n d the N a + content. I n the preparat ion of the decat ionated 
samples, the N H 4

+ exchange is restr icted to the large cavities ( 3 7 ) . 
Therefore , the res idua l N a + ions p r o b a b l y are located inside the smal l 
cavities. T h i s is consistent w i t h the break i n the conduct iv i ty curves of 
F i g u r e 3. A l s o , the act ivat ion energy of conduct ion i n decat ionated sam
ples is 5 k c a l h igher than i n the N a Y sample. T h i s supplementary energy 
barr ier p robab ly represents the energy r e q u i r e d to pass through a six-
m e m b e r e d r i n g of oxygen ions towards the large cavities. 

The L T Conduction Mechanism. Barrer a n d Saxon-Napier (5 ) ex
p l a i n e d the d ipo le absorpt ion effect i n analcites b y a migra t i on of the 
exchangeable cations. T h e y considered the combinat i on of a vacated 
negative site a n d a ne ighbor ing posit ive i on as a d ipole . T h e migra t i on 
of the ions has the effect of a reorientat ion of that d ipole . M o r r i s (28, 29, 
30) observed also a d ipo le re laxation i n zeolite A , a n d ascr ibed it to the 
exchangeable ions w i t h o u t expl ic i t descr ipt ion of the specific mechanism. 
W e agree w i t h these ideas, a n d attempted a theoret ical est imation of the 
expected act ivat ion energy based on the p i c ture descr ibed b y Barrer . T o 
do this , w e used a f o r m u l a proposed b y Breckenr idge (13 ,14) : 

in a - 7 1 ( Ζ β ® (£'°° + 2) tg e w , - 1 8 £ o A T 

I n our experiments, the observed intensity of the absorpt ion phe
nomenon was between 0.1 a n d 0.3. W e considered the distance between 
the centers of a s ix -membered r i n g of oxygens a n d the adjacent f our - r ing 
as the average length d of the dipole . In t roduc ing our exper imental 
values for the die lectr ic constant, w e c o u l d deduce f rom the f o rmula of 
Breckenr idge the n u m b e r of ions per un i t vo lume contr ibut ing to the 
phenomenon. T h i s was of the order of magni tude of 10 1 9 . C o m p a r i s o n 
w i t h the to ta l amount of exchangeable ions a n d app l i ca t i on of B o l t z m a n n 
statistics resulted i n a n act ivat ion energy of ~ 5 k c a l . T h i s is on ly 
between a t h i r d a n d one ha l f of the exper imental values g iven i n T a b l e I I . 
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468 MOLECULAR SIEVE ZEOLITES 1 

A better approx imat ion cannot be expected because of our overs impl i f ied 
assumptions. Nevertheless, the correct order of magni tude is obta ined , 
a n d this is i n favor of the assignment of the d ie lectr ic loss to a d ipo le 
re laxat ion associated w i t h the migra t ing cations. T h e fact that the d ipo le 
absorpt ion is par t i cu lar ly pronounced for the samples conta in ing R b + 

a n d C s + ions, w h i c h are m a i n l y located i n the large cavities, is i n favor of 
the hypothesis that the cations i n the large cavities offer the m a i n contr i 
b u t i o n to the d ie lectr ic phenomena. A g a i n the re laxat ion i n the decat ion
ated samples has act ivat ion energies considerably h igher t h a n i n the 
samples conta in ing ions i n the large cavities. 

M i g r a t i o n i n the large cavities impl ies that an i o n leaves a six-
m e m b e r e d r i n g of oxygen ions a n d passes over a sequence of 3 square 
faces, considered as possible interst i t ia l sites, before a r r i v i n g at another 
s ix-r ing. Energe t i ca l l y , this migra t i on p a t h corresponds to a sequence of 
4 potent ia l wel ls . A treatment insp i red b y H o f f m a n n (21, 22, 23) a n d 
adapted to the zeolite system shows that such a migra t i on produces 3 
re laxat ion times. S u c h a m u l t i p l i c i t y is i n agreement w i t h the in format ion 
of the C o l e - C o l e plot ( F i g u r e 6) a l though the re laxat ion mechanism is 
s t i l l more complex. T h e l o ca l d i s t r ibut ion of the ions can increase the 
heterogeneity of the potent ia l w e l l system a n d broaden the spectrum of 
re laxat ion times. 

T h e H T C o n d u c t i o n M e c h a n i s m . A s stated before, the six-rings i n 
the large cavities are separated f r om each other b y a series of 3 square 
faces. T h e square face i n the m i d d l e of this series belongs to a cubo -
octahedron; the 2 others are part of hexagonal prisms. Geometr i ca l ly , 
the square face of the cubooctahedron seems to be the most probable 
interst i t ia l site. T h e samples w i t h more than 32 ions per u n i t c e l l are 
thought to have the excess of ions located on this site. T h e l i m i t i n g step 
i n the i on migra t i on is the passage f r om a s ix-r ing towards an interst i t ia l 
site. T h e act ivat ion energy represents the energy requ i red to extract the 
ions f r om a n o r m a l latt ice site a n d to induce the migrat ion . T h e mecha 
n i s m is ident i ca l i n X a n d Y samples a n d the sl ight difference i n act ivat ion 
energy between X a n d Y reflects the difference i n electrostatic inter 
act ion between the cations a n d the oxygen lattice. T h i s interpretat ion 
is at var iance w i t h the ideas of F r e e m a n a n d Stamires (19), w h o at t r ib 
u ted the difference between X a n d Y to the existence of low-energy sites 
i n X w h i c h are not present i n Y . 

O n the basis of our mo de l , the act ivat ion energy for i o n migra t i on 
can be ca lcu lated (31) f rom the expression Ε = W — Wp ( i ) . W is the 
M a d e l u n g energy at a s ix -membered r i n g of oxygen ions. Wp is the p o l a r i 
za t ion energy occurr ing w h e n a cat ion leaves a s ix -membered r i n g a n d 
migrates to an interst i t ia l site. I f the zeol i t ic system is considered as a 
homogeneous die lectr ic w i t h die lectr ic constant c, the f o r m u l a of Jost 
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36. SCHOONHEYDT AND UYTTERHOEVEN Synthetic Zeolites X and Y 469 

(25) can be a p p l i e d to calculate this po lar i za t i on energy: Wp = 

-=-. R is the radius of the exchange site a n d e the charge of the 

m i g r a t i n g cation, c Is taken f r om our exper imental values a n d is 8.71 
a n d 15.2 for Y and X zeolites, respectively. In t roduc ing i n ( i ) the M a d e -
l u n g energies reported b y D e m p s e y ( 1 7 ) , w e est imated act ivat ion ener
gies, w h i c h are unreahst ica l ly h igh . Therefore , w e reca lculated W us ing 
the m e t h o d of Y u n - Y a n - H u a n g ( 38 ) . I n this method , the negative charge 
is considered to be spread un i f o rmly over a l l the oxygen ions. T h e l oca l 
modu la t i on of the electrostatic potent ia l is r u l e d b y the d i s t r ibut ion of 
the cations. W e used for the Y samples the d i s t r ibut i on of the cations 
reported b y Eu lenberger (18). F o r the X a n d Y samples conta in ing R b + 

a n d C s + ions, we assumed that these large ions were inside the large 
cavities. F o r the X samples saturated w i t h L i + , N a + , a n d K + ions, w e 
assumed that 48 ions were inside the smal l cavities. These figures are not 
presented as corresponding to the rea l s i tuation, but are used on ly as a 
basis of computat ion . I n this w a y , the ca lcu lat ion of W at a s ix -r ing is 
restricted to the summat ion of the C o u l o m b i c energy over the oxygen 
ions a n d the exchangeable cations immedia te ly surrounding the large 

where e = charge of the cat ion on a s ix-r ing 
&i = charge of any other i on i 
U = distance of i on i to the exchange site on the s ix -membered 

r ing . 

T h e act ivat ion energies estimated i n this w a y are l i s ted i n T a b l e I I I . 
T h e y agree qual i tat ive ly w i t h the exper imental values a n d account for 
the dependence on the size of the cat ion, at least for the Y samples. 

F i n a l l y , an est imation of act ivat ion energies was attempted f o l l o w i n g 
an e m p i r i c a l method proposed b y A n d e r s o n a n d Stuart ( 1 ). I t considers 
the act ivat ion energy as the difference i n electrostatic interact ion be
tween the lattice a n d the exchangeable cat ion on its n o r m a l lattice site a n d 
ha l fway between the s ix -r ing of oxygen ions a n d the interst i t ia l square 
face. T h e A n d e r s o n a n d Stuart ( 1 ) method takes into account the C o u 
l omb i c interact ion (Ec), the repuls ion energy, the po lar i zat ion energy, 
a n d the V a n der W a a l s interact ion. W e neglected the V a n der W a a l s 
energy i n our calculations. T h e first 2 terms are i n c l u d e d i n the f o r m u l a : 

cavit ies : 
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470 MOLECULAR SIEVE ZEOLITES 1 

T o this the po lar izat ion energy, Ep, must be added , w h i c h can be ca l cu 
lated f rom the rat io 

Ε» = 1 g 
Ec 2 (r + roy 

I n these formulas , Ζ a n d r are the valency a n d the radius of the exchange
able ions, Z 0 a n d r0 the valency a n d the radius of the oxygen ions; d/2 is 
ha l f the j u m p distance between a s ix -r ing a n d an interst i t ia l site; e is 
4.774 χ 10" 1 0 ese; a is the po lar i zab i l i t y of the cations; m results f r o m the 
repuls ion energy a n d was g iven the extreme va lue 10. A , the M a d e l u n g 
constant, is not k n o w n for the zeolites but was est imated us ing a m e t h o d 
proposed b y T e m p l e t o n (36 ) . 1.50 a n d 1.49 were the values adopted for 
X a n d Y , respectively. T h e value of c was 15.2 for X a n d 8.71 for the Y 
zeolites. 

T h e results of these calculations are i n c l u d e d i n T a b l e I I I . Agree 
ment w i t h the exper imental values is f a i r l y good for the Y samples. T h e 
values for X are somewhat l ow. T h i s can be at t r ibuted to the va lue of 
c = 15.2 w h i c h was determined b y extrapolat ing our exper imental values 
to infinite frequency. 

Table III. Estimated Activation Energies 

Anderson and Stuart (1) Ε = W — Wp 

(r + r 0 ) d / 2 E, Kcal Mole-1 Ε, Kcal Mole-1 

(A) (A) X Y X Y 

L i + 2.00 3.42 12.34 21.40 20.8 34.6 
N a + 2.35 3.65 9.13 15.83 27.4 30.7 
Ag+ 2.66 3.81 7.50 13.00 14.0 19.4 
K + 2.73 3.85 6.64 11.50 17.3 21.4 
R b + 2.88 3.92 5.86 10.16 - 16.4 
Cs+ 3.09 4.02 4.90 8.48 - 7.85 

Conclusions 

T h e die lectr ic properties of the zeolites X a n d Y can be exp la ined 
b y the migrat i on of the ions i n the large cavities. T h e act ivat ion energies 
of conduct ion represent the energy necessary to extract an i o n f r om the 
hexagonal w i n d o w s of the cubooctahedra. Di f ferent m o d e l calculations 
based on this hypothesis account for the exper imental act ivat ion energies. 
A better knowledge of the d is t r ibut ion of the exchangeable cations, espe
c ia l l y for the X zeolites, is an urgent need. 
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472 MOLECULAR SIEVE ZEOLITES 1 

Discussion 

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) : 
Please contrast a n d compare the d ie lectr i c behavior of decat ionated a n d 
ultrastable faujasite. H o w does the d ie lectr ic behavior of these materials 
change on filling the cavities w i t h po lar molecules such as water? 

R . Schoonheydt: O u r die lectr ic measurements are per formed on 
t i ght ly compacted pellets. Therefore , w e bel ieve that the heat ing process, 
p r o d u c i n g Η-zeolites a n d remov ing N H 3 , gives a sample w h i c h is more 
l i k e l y to be an ultrastable than a decat ionated faujasite. F r o m our results, 
a d is t inct ion is not possible. 

T h e die lectr ic behavior on water adsorpt ion is heterogeneous. F i r s t , 
a regular smal l increase i n conduct iv i ty occurs u p to about three water 
molecules per cat ion i n the large cavities. A d s o r p t i o n of more water 
results i n a sudden increase i n conduct iv i ty , p robab ly because of the h i g h 
m o b i l i t y of the exchangeable cations i n the hydrated state. 

N . G . Parsonage ( I m p e r i a l Co l lege , L o n d o n ) : C a n y o u give a s i m 
p l e p i c ture of the process w h e r e b y the act ivat ion energy decreases w i t h 
increasing size of the cations? 

R . Schoonheydt: T h e interact ion between the exchangeable cations 
a n d the zeol i t i c lattice is m a i n l y electrostatic. Therefore , the b i n d i n g 

e Rr 

energy fo l lows the s imple l a w F = ; - where ec a n d er are the charges 
of the cat ion a n d latt ice , respectively, a n d rrc is the distance between the 
cat ion a n d the lattice. A n increase i n cat ionic radius gives an increase 
i n rrc a n d thus a decrease of F . I n other words , the act ivat ion energy for 
migra t i on decreases w i t h increasing size of the cation. 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

03
6

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



37 

N M R Relaxation of Water in Zeolite 13-X 

H. A. RESING and J. K. THOMPSON 

Naval Research Laboratory, Washington, D. C. 20390 

The nuclear magnetic resonance relaxation times for the 
protons of water adsorbed to saturation in a high-purity 
specimen of zeolite 13-X have been measured between 200° 
and 500°K. The data can be accounted for by the model of 
an intracrystalline fluid which is about 30 times as "viscous" 
as bulk water at room temperature, shows a broad distribu
tion of molecular mobilities, and is about as dense as liquid 
water. The median correlation time (time between molecu
lar flights) is 

τ* = 2.8 Χ 10-12 exp [417/(T - 189)] 

t t T n t r a c r y s t a l l i n e fluid" is the term chosen b y B a r r e r to describe the 
state of water a n d other molecules condensed i n the pores of zeolites 

(1 ) . T h i s report presents a determinat ion of the fluidity of water a d 
sorbed to saturation i n zeolite 13-X. A s a measure of the fluidity, the 
t ime between molecular jumps or correlat ion t ime, r , is employed ; i t has 
been der ived f rom measurements of nuc lear magnet ic resonance ( N M R ) 
re laxat ion times via the theory of B loembergen , P u r c e l l , a n d P o u n d ( B P P ) 
(2 ) . F o r a b u l k l i q u i d , this corre lat ion t ime is re lated to the viscosity, η, 
b y an equivalent of the D e b y e equat ion ( 2 ) : 

τ = χ η α 3 / ( 6 kT) (1) 

where a is the molecular diameter. F o r m a l l y , a viscosity for the i n t r a 
crystal l ine fluid c o u l d be defined thus, bu t w o u l d be w i t h o u t operat ional 
significance; further discussion of fluidity, therefore, w i l l be carr ied out 
i n terms of T . 

T h e zeolite spec imen used i n the present studies was prepared f r o m 
zone-refined a l u m i n u m a n d s i l i con ; its ferr ic i o n i m p u r i t y content of < 6 
p p m is l o w enough to ensure that only " i n t r i n s i c " N M R relaxat ion is 
observed ( I I ) a n d that the effects of paramagnet i c impur i t ies , w h i c h 
t roub led previous studies (4, 6, 8, 10), are complete ly suppressed. T h e 

473 
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474 MOLECULAR SIEVE ZEOLITES 1 

broad- l ine N M R absorpt ion studies of K v l i v i d z e ( 5 ) , w h i c h w e c a l l u p o n 
for support i n this paper , were done on samples of unspeci f ied pur i ty . 
Arguments g iven prev ious ly ( 1 0 ) , however , ind icate that at the l o w 
temperatures of her experiments, the presence of paramagnet ic impuri t ies 
w o u l d not affect her interpretations to any significant extent. T h e speci 
m e n used i n this study was a l l o w e d to come to e q u i l i b r i u m w i t h water 
vapor at a relat ive pressure P / F 0 = 1. T h e total we ight was 0.2886 gram, 
of w h i c h 0.0766 gram is H 2 0 . 

T h e pu lsed N M R apparatus (12 M H z ) a n d methods of procedure 
have been descr ibed prev ious ly (JO, 13). T h e spin—spin re laxat ion t ime, 
T2, equivalent to the inverse absorpt ion l ine w i d t h , is a t ime constant 
for the exponential decay t o w a r d in terna l e q u i l i b r i u m i n the nuclear 
sp in system. T h e s p i n - l a t t i c e relaxation t ime, T i , is the t ime constant 
for the exponential decay t o w a r d e q u i l i b r i u m between the nuclear spins 
a n d a l l other degrees of f reedom of the system. T h e data are presented 
i n F i g u r e 1. N o t e that at h igher temperatures T 2 is m u c h l ower than Τχ. 

τ (-κ) 
500 4 0 0 3 0 0 2 5 0 2 0 0 

10 

τ. H 

H 2 0 on 
ZEOLITE 13-X 

I I I I I L 

3.0 4.0 
I t f Τ (°Κ"') 

J _ J L 
5.0 

Figure 1. Tt and T 2 vs. reciprocal 
temperature at ω = 12 MHz for 

water in zeolite 13-X 

m = τ* 
ο = τ, 
0 = T 2 of Kvlividze 

= Best fit of theoretical expres
sions to data 
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37. RESiNG AND THOMPSON NMR Rehxation of Water 475 

T h i s effect is general i n s o l i d - w a t e r adsorpt ion systems (8 ) a n d is caused 
at least i n some cases b y an exchange process between the protons of 
surface h y d r o x y l groups a n d the protons of water molecules (15). A t 
about 400°K, the hfet ime of a water molecule proton w i t h respect to 
exchange into this other phase is about = T 2 , i.e., 10 msec. W e i n t e n d to 
discuss this more thoroughly i n a future pub l i ca t i on , a n d i n this paper 
we restrict our discussion of T2 to temperatures such that 1 0 3 / T > 3.6. 
I n the low-temperature region, a round 1 0 3 / T = 5 ( F i g u r e 1) 2 values 
of T 2 are ind i ca ted for a g iven temperature; here the " T 2 " process was 
descr ibable as a superposit ion of 2 decays, the relat ive intensity v a r y i n g 
w i t h temperature. E q u i v a l e n t l y , the absorpt ion l ine of K v l i v i d z e (5) 
( g iven as T 2 i n F i g u r e 1) was composed of a b r o a d a n d n a r r o w c o m 
ponent i n this temperature interva l . T h i s is the "apparent phase transit ion 
effect" caused b y a b r o a d d i s t r ibut ion of correlat ion t imes ( 8 ) , as w i l l 
be expla ined. 

T h e fluidity of associated l i qu ids i n general is represented w e l l b y 
the free vo lume m o d e l (3), a ccord ing to w h i c h 

τ* = τ 0 exp [A/(Τ - T0)] (2) 

where T 0 a n d A depend on molecu lar parameters, a n d where T 0 is the 
temperature at w h i c h free vo lume disappears. S u c h a m o d e l is consistent 
w i t h the data of this study. A n a d d e d assumption w h i c h must be made , 
however , is that at any temperature, τ is spread over a b r o a d range of 
values; the d i s t r ibut ion funct ion assumed is the often used l og -normal 
d is t r ibut ion (9) 

Ρ(τ)άτ = (B/Vk) exp ( - B2Z*)dZ (3) 

Ζ = In (τ/τ*) (4) 

Β = α (Τ - To) (5) 

where Β is a spread parameter dependent on temperature a n d τ* is the 
m e d i a n of the d is tr ibut ion . T h i s b r o a d d i s t r ibut ion is necessary to exp la in 
the apparent " two-phase" re laxat ion descr ibed above (9). 

B P P (2) showed that the modu la t i on of the internuclear magnet i c 
field b y the translat ion a n d rotat ion of molecules is an effective m e c h a 
n i s m for relaxation. T h e other impor tant parameter i n their theory 
besides the correlat ion t ime is the second moment or m e a n squared 
nuclear d ipo lar field seen b y a nucleus ( σ 0

2 ) (14): 

σο» = | γ * Α » / ( / + 1 ) Σ ΐ - ο · - β (6) 

where the sum is taken over a l l i ne ighbor ing nuc le i . Because the nuclear 
separation r i ; is ra ised to the s ixth power , the second moment is a sensitive 
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476 MOLECULAR SIEVE ZEOLITES 1 

measure of the density of molecu lar pack ing . W e assume that i t is not 
necessary to d is t inguish between rotat ional jumps ( w h i c h modulate the 
intramolecu lar field) a n d translat ional jumps ( w h i c h modulate the extra-
molecu lar field). I n an associated l i q u i d , b o t h processes shou ld have 
r ough ly the same rate; thus, b o t h fields are i n c l u d e d i n E q u a t i o n 6. T h e 
re laxat ion t ime data show several features i n accord w i t h the B P P theory : 
there is a m i n i m u m i n Tu a n d at l o w temperatures T 2 decreases as the 
temperature is l owered . H o w e v e r , the rat io of Ti to T 2 a n d the va lue of 
Ti at the m i n i m u m are inconsistent w i t h their theory. F u r t h e r , their 
theory does not pred i c t the two-phase T 2 behavior . A l l of these departures 
f r o m the B P P theory can be taken into account b y a l l o w i n g a b r o a d 
d i s t r ibut ion of corre lat ion times ( 9 ) . A t h i g h temperatures, exchange 
between sites of different τ is sufficiently r a p i d that an "average" T 2 is 
observed ( 16). A t l o w temperatures, the averaging is no longer effective; 
there are 2 values of T 2 — t h e mob i l e T 2 a n d the r i g i d lattice T 2 , — a n d as 
the temperature is l owered further , the f ract ion of n u c l e i i n the m o b i l e 
state (fm) decreases w i t h a complementary increase i n the f ract ion 
(1 — fm) of n u c l e i i n the r i g i d state. T h e effect of the d i s t r ibut ion on Γι 
is on ly to broaden the m i n i m u m a n d to raise the expected va lue of T i at 
the m i n i m u m ; no b r e a k - d o w n i n averaging occurs, i n contrast to T 2 . T h e 
equations used are (9 ) 

00 

r , - ' = l «'{tL-fïpW* +f [J£^ + T^?] PMdj (7) 
— 0 0 —CO 

/« = jp{t)dx (8) 

CO 

— 0 0 

T2r = ( σ ο 2 ) " 1 / 2 (10) 

T c = ( σο 2 )~ 1 / 2 (11) 
where tc is the cut-off above w h i c h averaging i n T 2 no longer occurs. 
T h e to ta l n u m b e r of parameters i n the m o d e l is 5: 3 to fit the free vo lume 
m o d e l for τ, 1 to characterize the d i s t r ibut ion w i d t h , a n d the second 
moment . T h e in troduct ion of the d i s t r ibut ion of correlation times in t ro 
duces only 1 n e w parameter , the w i d t h parameter , but i t explains several 
departures f r o m the B P P theory. E q u a t i o n s 7 a n d 9 were fitted s i m u l -
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37. RESiNG AND THOMPSON NMR Relaxation of Water 477 

I0 4l ι ι ι I ι ι ι I ι ι ι 1 ι ι J 
2 0 3.0 4.0 5.0 6.0 

IOVT (°K") 

Figure 2. Median molecular jump rate 
(3τ*)~* vs. reciprocal temperature for liq
uid water, water in charcoal pores, and 

water in zeolite 13-X 

Circles at about 107 represent the respective 
Ti minima. Those at about 105 represent the 
points at which only half the water remains 

in the respective mobile phases. 

taneously to the data of F i g u r e 2 b y a least squares rout ine w h i c h also 
ca l cu lated n u m e r i c a l l y the necessary integrals ( 10 ) . T h e "best-fit" theo
re t i ca l curves are g iven i n F i g u r e 2 a n d agree qui te w e l l w i t h the exper i 
menta l data. T h e second moment extracted f r o m the data is 2.0 Χ 1 0 1 0 

rad 2 sec~ 2 , w h i c h is r o u g h l y e q u a l to the 2.29 Χ 1 0 1 0 rad 2 sec" 2 f o u n d b y 
K v l i v i d z e (5 ) f r o m the low-temperature broad- l ine N M R studies; these 
results concur i n showing that the n u m b e r of nearest ne ighbor water 
molecules is, on the average, less than i n ice. T h e values of the m e d i a n 
jump t ime, τ*, are presented i n F i g u r e 2 i n the f o r m (3τ* ) _ 1 — i . e . , as 
j u m p i n g r a t e s — a n d these are compared w i t h the same quantit ies for 
water i n charcoa l pores and for b u l k water (hypothet i ca l ) at various 
temperatures. T h e hypothet i ca l curve for b u l k water was obta ined b y 
fitting r oom temperature d ie lectr ic data a n d an estimated glass transit ion 
temperature to E q u a t i o n 2 (7 , 12 ) . A t r o o m .temperature, the j u m p i n g 
rate (propor t i ona l to fluidity) is about 100 times h igher for b u l k water 
a n d for water i n charcoa l pores (dia 25 A ) than for the zeo l i t i c " i n t r a -
crysta l l ine - f lu id" water . Nevertheless, the zeo l i t i c water protons are at 
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478 MOLECULAR SIEVE ZEOLITES 1 

least 1000 times more mob i l e t h a n the protons i n ice at 0 ° C . T h i s a n d 
the fact that the free vo lume m o d e l applies to this system show that the 
water adsorbed i n zeolite 13 -X is t ru ly an intracrystal l ine fluid. 
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Discussion 

N . G . Parsonage ( I m p e r i a l Co l lege , L o n d o n ) : Is there any useful 
in format ion w h i c h can be obta ined b y del iberate ly us ing zeolites w h i c h 
have been ion-exchanged so as to contain almost sto ichiometric amounts 
of paramagnet ic ions? 

H . A . Resing: Effects of paramagnet ic ions i n zeolites on re laxat ion 
times have been only cursor i ly examined ( D u c r o s , C o h e n , - A d d a d — 
theses, U n i v e r s i t y of Grenob le ) w i t h not too m u c h success. L a r g e effects 
certa in ly occur, b u t m u c h interpret ive w o r k appears to be requ i red . 

R. A . Munson ( B u r e a u of M i n e s , Co l lege P a rk , M d . 20740) : Y o u 
have compared your mobi l i t ies i n zeolites w i t h those i n pure water and 
ice. W o u l d i t not be more real ist ic to compare w i t h electrolyte solutions 
of analogous concentration? W h a t results w o u l d y o u expect for this case? 

H . A . Resing: I bel ieve that electrolytes of s imi lar concentration 
w o u l d not l ead to such a 20-fo ld l o w e r i n g of mob i l i ty , but on ly to a 2- or 
3-fold effect at most. 
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37. RESING AND THOMPSON NMR Relaxation of Water 479 

D . M . R u t h v e n ( U n i v e r s i t y of N e w B r u n s w i c k , Freder i c t on , N . B . , 
C a n a d a ) : I was interested i n the conclusion that the density of i n t r a -
crystal l ine water is s imi lar to that of the b u l k l i q u i d . T h i s agrees rather 
w e l l w i t h the conclusions of D u b i n i n et al. w h i c h are based on e q u i l i b r i u m 
sorption studies i n N a X zeolite a n d also i n other systems. 

H . A . R e s i n g : S u c h in format ion based on adsorption a n d crysta l log 
r a p h y is certa inly more definitive than that a d d u c e d i n our paper. T h i s 
"externa l " in format ion is i n the nature of a boundary condi t ion on our 
interpretat ion of the N M R results; i.e., i t is a check on the correctness of 
our interpretations. 

P . B . V e n u t o ( M o b i l O i l , Paulsboro , N . J . 08034) : I w o u l d l ike to 
reinforce your comment concerning the decreasing m o b i h t y of water at 
very l o w intrazeol i te concentrations b y c i t ing the extremely h i g h isosteric 
heats of adsorpt ion, @ 30 -45 k c a l / m o l e , reported at l o w θ some t ime ago 
for sod ium faujasite b y Barrer a n d coworkers. 
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Stereospecific Adsorption of Nitrous Oxide, 

Cyclopropane, Water, and Ammonia on 

the Co(II)A Synthetic Zeolite 

K. KLIER1 

Institute of Physical Chemistry, Czechoslovak Academy of Sciences, Prague 

Electronic reflectance spectra of the Co(II)-exchanged de
hydrated Type A zeolite, Co(H)A, show that the cobalt ions 
enter the S-II positions, where they form complexes with 
nitrous oxide, cyclopropane, water, and ammonia. These 
molecules represent ligands of increasing bond strength and, 
with the exception of ammonia, form reversible complexes 
with Co(II)A. In the case of nitrous oxide and cyclopropane, 
these complexes have a C3v symmetry; water and ammonia 
complexes are tetrahedral. On a long exposure to water and 
ammonia, the Co(II) ions become highly coordinated to 
these ligands. 

' T p h e properties of transi t ion meta l ions i n molecu lar sieve zeolites have 
A been invest igated b y various methods, i n c l u d i n g reflectance spec

troscopy ( 4 ) . I n an earl ier w o r k (6, 7, 8), N i ( I I ) A sieves underwent 
changes of color a n d spectra d u r i n g the adsorpt ion of molecules h a v i n g 
permanent dipoles or unsaturated bonds. These changes were interpreted 
as ref lecting the differences i n electronic structure of the N i ( I I ) ions i n 
different l i g a n d environments. T h e spectrum of dehydrated N i ( I I ) A 
sieve was that of N i ( I I ) ions i n Dsh (D6n) field of oxygen atoms, w h i c h 
represents the S-II type pos i t ion i n the large cavi ty of the T y p e A sieve. 
O n adsorpt ion of molecules such as water , cyc lopropane, a n d olefins, a 
bathochromic shift of the m a i n v is ib le spectral b a n d (22,760 cm" 1 ) 
occurred w h i c h was caused b y the format ion of complexes of C 3 v s y m -

1 Present address: Center for Surface and Coatings Research, Lehigh University, 
Bethlehem, Pa. 

480 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

03
8

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 



38. KLiER Adsorption on Co(II)A Synthetic Zeolite 481 

metry conta in ing 1 n i c k e l i on , 1 adsorbed molecule , a n d 3 oxygen atoms 
of the zeolite. 

I n the present w o r k a n d i n ( 5 ) , evidence is reported that s imi lar 
complexes are f o rmed w i t h d iva lent cobalt . A l l complexes descr ibed, w i t h 
the exception of ammonia , are reversible . 

Experimental 

T h e reflectance spectra were recorded i n the geometry R 0 , D (4 ) i n 
the f requency range 5000-40,000 c m " 1 i n a prev ious ly descr ibed a p p a 
ratus (4, 6). T h e absorbance is represented b y the l ogar i thm of the 
S c h u s t e r - K u b e l k a - M u n k ( S K M ) funct ion , F ( R . ) = (1 - R X ) 7 2 R M , 
where R X is the reflectance measured against a w h i t e standard. Since the 
compar ison of the reflectance spectra w i t h the transmission spectra of 
complexes i n molecular sieves revealed that the scattering coefficient is 
a constant independent of the wave length ( 4 ) , the l ogar i thm of the S K M 
funct ion is, but for a n add i t i ona l constant, a correct representation of 
absorbance. 

T h e samples were ion-exchanged T y p e A molecular sieves i n w h i c h 
the final concentrat ion of the C o ( I I ) ions approximate ly corresponded 
to 1 cobaltous i o n i n 1 large cavity . A l l adsorbing gases were admit ted 
at pressures between 400 a n d 760 torr at 20° to ensure completeness of 
the adsorbed complex formation. 

Results and Discussion 

T h e spectrum of the h y d r a t e d C o ( I I ) A sieve after i on exchange was 
ident i ca l w i t h that of the hexaquo-complexes of d iva lent cobalt , w h i c h 
is a s i tuat ion complete ly analogous to that i n the N i ( I I ) A sieves ( 4 ) . 

T h e dehydrated C o ( I I ) A sieve ( 3 5 0 ° C i n v a c u u m for several hours ) 
was pale b lue , a n d its spectrum is demonstrated i n F i g u r e 1, curve 1. 
H e a t i n g in vacuo u p to 500 ° C d i d not change the spectrum between 5000 
a n d 30,000 c m ' 1 , but an increased continuous absorpt ion occurred i n the 
ul travio let reg ion between 30,000 a n d 40,000 c m " 1 w h i c h d i d not recede 
on rehydrat ion . T h i s phenomenon is expla ined as be ing caused b y a n 
irreversible react ion of the C o ( I I ) ions w i t h the a luminosi l i cate skeleton, 
w h i c h eventual ly results i n the destruct ion of the zeol i t ic structure. T h e r e 
fore, the temperature range of this beg inn ing destruct ion react ion, i n d i 
cated b y the increased ul travio let absorpt ion, was avo ided b y dehydrat i on 
at l ower temperatures i n v a c u u m a n d for pro longed periods of t ime. T h e 
res idual content of water was s imi lar to the n i c k e l sieves ( 6 ) , i n d i c a t i n g 
that dehydrat ion was essentially complete i n 2 hours at 350°C i n vacuo. 
U n d e r these condit ions, the C o ( I I ) ions were rehydratable into the o r i g i -
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482 MOLECULAR SIEVE ZEOLITES 1 

Τ 

cm'. IO 3 

Figure 1. Spectra of dehydrated Co2*-exchanged Type A molecular 
sieve zeolite pure (1) and after exposure to hydrogen at 250°C (2), to 

ethylene oxide at 20°C (3), and to oxygen at 250°C (4) 

n a i p i n k f o rm, h a v i n g a spectrum ident i ca l w i t h the o r ig ina l spectrum 
of the ion-exchanged sieve, a n d they were back-exchangeable w i t h sod ium 
ions. 

A quant i tat ive interpretat ion of spectrum 1 ( F i g u r e 1 ) depends u p o n 
the determinat ion of the electron repuls ion integrals i n the C o ( I I ) (d7) 
system i n proper l i g a n d field. T h e computations of the repuls ion matr ix 
elements are i n progress. A t the present stage, a qual i tat ive interpretat ion 
of spectrum 1 can be offered on the basis of previous analyses a n d results 
concerning the d1 (d?) a n d the d2 (d*) e lectron systems. F i r s t , judg ing 
f r om the effects of adsorb ing molecules shown be low, the C o ( I I ) ions i n 
dehydrated C o ( I I ) A are i n a l ow-coord inated complex pr ior to adsorp
t ion . F r o m these, the tetrahedral complexes are r u l e d out on the grounds 
that their spectra are different ( F i g u r e 2) f rom spectrum 1 of F i g u r e 1. 
Therefore , the C o ( I I ) ions are probab ly p laced , l ike the n i c k e l ions, i n 
the S-II t r igonal sites. Since i t was shown earl ier that the t r igonal , 
hexagonal , a n d c i rcu lar p lanar l i g a n d symmetries generate the same 
effective l i g a n d fields (6, 7 ) , the ambigu i ty i n the negative charge d i s t r i 
b u t i o n on the oxygen atoms of the a luminos i l i cate skeleton does not 
affect the term spl i t t ing , the l i g a n d fields i n the S-II site be ing represented 
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38. KLiER Adsorption on Co(II)A Synthetic Zeolite 483 

b y one h a v i n g the D3h symmetry of negative charges o n the l igands. 
Secondly , a complete conf iguration interact ion treatment ( w i t h i n the 
d-configurations ) revealed that the Dsh fields act as strong l i g a n d fields 
u p o n the d2 a n d d 8 systems (6,8). A s s u m i n g that this is also true for the 
C o ( I I ) (d7) ions, one can interpret the C o ( I I ) A spectra as e lectron 
jumps among the r e a l one-electron d-functions i n the f o l l o w i n g w a y . 
Since the one-electron (d1) system is sp l i t i n the Dsh fields ( the h i g h -
symmetry axis b e i n g i n the z -d irect ion) into the l o w - l y i n g l eve l dz* (fli')> 
the degenerate levels dzx a n d dyz (e"), a n d the highest degenerate 
in -p lane orbitals , dxy a n d ά&.& (e') (7), the g r o u n d h i g h - s p i n state of 
the C o ( I I ) i o n i n the D 3 f t field w i l l be rea l i zed b y the f o l l o w i n g occupa
t i on of the ai, e", a n d e' orbitals . 

Î Î dX*~y\ dxy («') 

t i Î dzx, dyz (e") 

•ft dz> (a\) 

free i on DZh field 

C o ( I I ) (d7) system 

-

1 I ι 1 1 1 1 

Λ Λ 
λ \ 

/TS\ : ~ ' 

f Ass 
-

i \ 
U N 

"/' 

I 
\ 
Vi 1 
\ 1 
\ 1 

' \J A /S 
^\\\ / / s -

! \\\ / / 

i \ V 
i \ 

-

! V X 
I 
i 
j 1 C 0 A * N 2 0 \ 

I i 2 CoA+cyc lopropane 

-
I 
Ί 
\ 
\ 

3 CoA + hLO 

\ 

• \3 ! ι ι ι ι ι I 
10 20 30 

cm _ , . 10 - 1 

Figure 2. Spectra of dehydrated Co2*-exchanged Type A molecular 
sieve zeolite with adsorbed nitrous oxide (1), cyclopropane (2), and 

water (3) at 20°C 
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484 MOLECULAR SIEVE ZEOLITES 1 

T h e symbols i n parentheses for the i r reduc ib le representations of the D 3 & 
symmetry group are those used i n ( 7 ) , the lower case i n d i c a t i n g that 
they relate to the single-electron system. T h e sp in -a l l owed one-electron 
transitions can take place between the a / a n d e", ai a n d e\ a n d the 
e" a n d e? orbitals . F r o m the two-e lectron transit ions, the on ly s p i n -
a l l o w e d one is that i n w h i c h 1 electron jumps f rom the e " into the e' 
orbitals a n d 1 electron f r om the α± into the e' orbitals . T h i s t rans i t ion 
requires a considerable amount of energy a n d p r o b a b l y is not observed 
i n our spectrum, except perhaps i n the reg ion of increasing continuous 
absorpt ion between 30,000 a n d 40,000 c m - 1 . 

Based on the above considerations a n d on the effects of adsorbed 
molecules, the b a n d at 24,000 c m - 1 is assigned to the highest energy 
one-electron transi t ion a / -> e'—i.e., the transit ion f r o m the dg? o rb i ta l 
w i t h m a x i m u m electron density on the axis perpend i cu lar to the p lane 
of oxygen l igands, to the in -p lane par t ia l l y o c cup ied orbitals dxy a n d 
dX2_y2. T h e intense bands at 15,000-20,000 c m - 1 a n d at 7000 c m " 1 are 
assigned to the r e m a i n i n g one-electron transitions, e" -> e' a n d a± -> e", 
w i t h o u t spec i fy ing, at the present stage, the ir absolute energies. 

The Effects of Hydrogen, Oxygen, and Ethylene Oxide on Spec
trum 1. H y d r o g e n a n d oxygen p r o d u c e d no effects on the C o A spectrum 
( F i g u r e 1, curve 1) w h e n admi t ted at r oom temperature. H e a t i n g of 
C o ( I I ) A i n hydrogen atmosphere at 250°C overnight resulted i n sl ight 
changes of the spectrum ( curve 2) a n d heat ing i n oxygen increased the 
b a c k g r o u n d ( curve 4 ) , l eav ing the b a n d m a x i m a frequencies unchanged . 
These results m e a n that the d ivalent cobalt ions are resistant t o w a r d bo th 
reduc t i on a n d ox idat ion a n d represent stable chemica l species i n the 
T y p e A sieves, u n l i k e i n the oxides a n d hydroxides , where they are easily 
ox id ized . T h e effect of ethylene oxide adsorpt ion ( F i g u r e 1, curve 3 ) is 
also to alter on ly the b a c k g r o u n d a n d not the positions of the bands. 
It is conc luded , therefore, that hydrogen , oxygen, a n d ethylene oxide 
molecules do not adsorb selectively on the C o ( I I ) ions. 

The Spectra of Co ( I I ) A with Adsorbed Nitrous Oxide, Cyclopro
pane, Water, and Ammonia. T h e m a i n effects of adsorbing N 2 0 , C 3 H 6 , 
H 2 0 , a n d N H 3 are to e l iminate or shift to l ower frequencies the b a n d at 
24,000 c m " 1 a n d to produce some sp l i t t ing i n the b a n d at 7000 c m " 1 

( F i g u r e s 2 a n d 3 ) . These changes are so pro found that they are accom
p a n i e d b y a v is ib le change of color f rom pale b lue to violet immediate ly 
f o l l o w i n g adsorption. A f t e r desorpt ion of any adsorbate except ammonia , 
the or ig ina l spectrum of C o ( I I ) A is complete ly regenerated, the mole 
cules of nitrous oxide desorbing w i t h o u t decomposi t ion a n d cyc lopropane 
desorbing w i t h o u t i somerizat ion to propylene. Desorp t i on of water a n d 
a m m o n i a requires elevated temperatures ( 1 2 0 ° C for water ) a n d pro -
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38. KLiER Adsorption on Co(II)A Synthetic Zeolite 485 

Figure 3. Spectra of dehydrated Co2*-exchanged Type A molecular 
sieve zeolite with adsorbed ammonia at temperatures between 20 and 

450°C (1-6) 

l onged p u m p i n g . T h e spectral changes accompany ing a m m o n i a desorp
t i on are represented i n F i g u r e 3. 

T h e qual i tat ive interpretat ion of the spectra of C o ( I I ) A w i t h a d 
sorbed molecules is the f o l l owing . T h e or ig ina l b a n d at 24,000 c m " 1 

reflecting the a / -> e' t ransi t ion shifts to l ower frequencies due to the 
repuls ive interactions between the lone pa i r orbitals (or the σ—π system 
i n the case of C 3 H 6 ) a n d the out-of-plane dz* o rb i ta l of the C o ( I I ) i on , 
whose energy is raised b y this interact ion. T h e magni tude of the spectral 
shift is determined b y the strength of the repuls ive field generated b y 
the l i gand . F r o m the observed shifts, the weakest l i g a n d is nitrous oxide 
( the 24,000 c m " 1 b a n d is shifted to 20,000 c m " 1 ) , then cyc lopropane (the 
shift is to 18,000 c m " 1 ) , a n d eventual ly water a n d ammonia , w h i c h pro 
duce tetrahedral complexes. B o t h molecules are strong l igands , as is 
evident f rom their desorpt ion properties. T h e spectrum of the water 
complex is almost ident i ca l w i t h that of the C o ( O H ) 4

2 " i o n , w h i c h has 
a tetrahedral structure ( 2 ) . T h e solut ion spectra of C o ( O H ) 4

2 " are 
compared w i t h the reflectance spectra of C o ( I I ) A - H 2 0 , C o ( I I ) X , a n d 
C o ( I I ) Y sieves i n F i g u r e 4, showing that a l l these compounds conta in 
tetrahedral ly coordinated cobalt . T h e result for the C o ( I I ) X and 
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Figure 4. Spectra of the complex ion Co(OH)b
2~ from (2) (k m , the molar 

extinction coefficient, curve 1), of molecular sieve Co(II)A with adsorbed 
water (2), and of dehydrated Co2*-exchanged Type X and Y zeolites (3,4) 

C o ( I I ) Y sieves agrees w e l l w i t h the observations of B a r r y a n d L a y ( I ) 
a n d Stone ( 9 ) ; the quest ion of tetrahedral positions i n the X a n d Y sieves 
was discussed i n (I) a n d ( 3 ) , seems to be w e l l resolved, a n d w i l l not, 
therefore, be discussed i n the present work . Spectra l assignments of 
transitions i n tetrahedral cobaltous complexes have been made i n the 
w o r k of C o t t o n , Goodgame, a n d Goodgame ( 2 ) , the high- intensi ty bands 
at 7000 c m " 1 corresponding to the 4 A 2 ( F ) -> 4 T 2 ( F ) a n d 4 T i ( F ) t rans i 
tions, a n d the b a n d centered at 18,000 c m " 1 corresponds to the 4 A 2 ( F ) -> 
4 Ti(P) transit ion. 

B y analogy w i t h the N i ( I I ) A sieves, i n w h i c h the complex of N i ( I I ) A 
w i t h 1 water molecule per n i c k e l i on was identi f ied b y c o m b i n i n g the 
spectroscopical evidence w i t h chemica l analysis, i t is l i k e l y that the 
C o ( I I ) A - H 2 0 spectrum corresponds to an analogous monoaquo-complex. 
I n order to confirm this hypothesis , the content of the water i n C o ( I I ) A -
H 2 0 must be determined. A different possible tetrahedral complex m i g h t 
be one i n w h i c h 4 water molecules are b o u n d to 1 cobalt i on . Since 
complexes conta in ing s imi lar l igands have spectra w h i c h reflect the ir 
symmetry rather than the chemica l ident i ty of the l igands ( 2 ) , our 
measured spectra do not a l l o w one to d i s t inguish between the two possi 
b i l i t ies w i t h o u t analysis for water . 
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38. K L i E R Adsorption on Co(II)A Synthetic Zeolite 487 

I n the case of ammonia , the s i tuat ion is analogous to the C o ( I I ) A -
H 2 0 complex except that after heat ing there remains a n increased back
g r o u n d absorpt ion ( F i g u r e 3 ) i n d i c a t i n g that , contrary to a l l p reced ing 
cases, adsorpt ion of a m m o n i a is not complete ly reversible . A t r o o m 
temperature, the 15,000-20,000 c m " 1 b a n d is shi f ted to h igher f requen
cies ( F i g u r e 3, curve 1 ) possibly reflecting the beg inn ing of the format ion 
of h i g h l y coordinated ammo-complexes such as the hexammo-cobaltous 
ion . 

Conclusions 

T o summarize the present results, C o ( I I ) ions can be in t roduced 
into the T y p e A molecular sieves into the S-II type positions, where 
they are stable a n d resist b o t h ox idat ion a n d reduct ion . These ions b i n d 
nitrous oxide, cyc lopropane, water , a n d a m m o n i a as a d d i t i o n a l l igands, 
their spectra b e i n g s imultaneously changed i n a defined fashion. T h e 
spectrochemical series of these l igands is, i n the order of increas ing 
l i g a n d strength, 

N 2 0 < C 3 H 6 < H 2 0 < N H 3 

Tetrahedra l complexes are f o rmed w i t h water a n d ammonia . Schemat i 
ca l ly , the complex symmetries qua l i ta t ive ly exp la in ing the observed 
spectral changes are represented b y the f o l l o w i n g d i a g r a m , a l though 
some uncerta inty remains as to the n u m b e r of l igands i n the aquo - a n d 
ammo-complexes. 

ligands in 
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Discussion 
P . B. Venuto ( M o b i l O i l , Paulsboro , N . J . ) : D o y o u th ink that the 

lack of select ivity i n hydrocarbon oxidat ion over the Co-zeo l i te to w h i c h 
y o u a l l u d e d i n your paper m a y derive f r om (convent ional ) free r a d i c a l 
chains in i t ia ted b y cobalt cations located at or near the crystal external 
surface? 

K. Klier: I th ink that free r a d i c a l format ion can be in i t ia ted on cobalt 
ions on the in terna l surface of zeolites ( T y p e A ) s imi la r l y to the suggested 
Ο atom format ion i n N 2 0 decomposit ion b y these ions. S m a l l amounts of 
reversible C o 3 + intermediate (not detectable i n the spectra) m a y be i n 
v o l v e d accord ing to the react ion 

C o 2 + + N 2 0 -> C o 2 + - N 2 0 -> C o 3 + - 0 + N 2 -> C o 2 + + O f 

I f the external surface contains sites s imi lar to those i n the cages, 
r a d i c a l react ion cou ld occur more effectively because of better accessi
b i l i t y of the gas phase. H o w e v e r , I doubt that an i rregular external sur
face c ou ld h o l d C o 2 + i n surface positions because of the tendency of C o 2 + 

to find tetrahedral or octahedral positions. T h e present spectra, of course, 
show only complexes f o rmed on internal surfaces because there is a l inear 
correspondence between the absorpt ion coefficient a n d concentration and 
because a l l ions observed on T y p e A are surface ions. 

C o n c e r n i n g selectivity i n ox idat ion reactions, I th ink we must seek a 
system w h i c h does w o r k through valency swi t ch ing of the transit ion meta l 
i o n a n d where the active oxygen species is l o ca l i zed on the interna l sur
face. O n l y i n these systems can the red-ox potent ia l of the catalyst be 
regulated b y the i on ident i ty (atomic n u m b e r ) , M a d e l u n g energy be 
inf luenced through the S i / A l ratio a n d perhaps the field generated b y 
other ions i n the cavity . A c c o r d i n g to m y p r e l i m i n a r y results, an inter 
esting system of this k i n d is the T y p e A - F e n / F e i n system. 

J . P . Thomas (Southwest M inne so t a State Co l l ege , M a r s h a l l , M i n n . 
5 2 6 5 8 ) : George M c l n t y r e a n d myself have also examined the electronic 
spectra of T y p e A zeolite conta in ing C o 2 + , N i 2 + , a n d C u 2 + ions, not on ly 
i n a single l o w concentrat ion but also for a range of concentrations 
(George M c l n t y r e , P h D thesis, I l l inois Institute of Technology , 1 9 7 0 ) . 
M a n y similarit ies exist between your results and ours. There are, h o w 
ever, some pronounced differences. W e have both observed smal l shifts 
i n the b a n d frequencies for the f u l l y hydra ted zeolite samples f rom 
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38. KLIER Adsorption on Co(II)A Synthetic Zeolite 489 

their energies observed for aqueous solutions. O u r spectra correspond 
closely to those observed b y D r i c k a m e r a n d coworkers at the U n i v e r s i t y 
of I l l inois for C o 2 + , N i 2 + , and C u 2 + hydrated salts under an a p p l i e d ex
ternal pressure of 20,000-40,000 atm. Perhaps these numbers delineate 
the range to be expected for the osmotic pressure a n d hydrostat ic tension 
exist ing w i t h i n the zeolite cavities. T h e effects of such interna l pressure 
u p o n the many diverse properties of the zeolites should , perhaps, be more 
general ly considered a n d explored. T h e pronounced differences i n our 
spectra a n d those of K l i e r are difficult to understand at present. Perhaps 
they are attr ibutable to unrecognized slowness i n the attainment of e q u i 
l i b r i u m w i t h i n the zeolite after i on exchange a n d after gas adsorption. 
I n general , w h a t was the t ime interva l between the preparat ion of your 
samples ( fu l l y hydrated , etc.) a n d the record ing of the spectra? H a v e 
y o u observed any variations of spectra w i t h t ime? 

K. Klier: N o t ime dependence of spectra was observed, the com
plexes f o rmed be ing stable for weeks. C o n c e r n i n g the smal l shifts i n 
frequencies of f u l l y hydrated sieves, I refer to our work i n J . Phys. Chem. 
Solids 1968, 29, 951, where s imi lar shifts were observed w i t h h y d r a t e d 
N i A a n d N i X sieves. F r o m these results, i t w o u l d seem that the hexa-
hydrate N i 2 + i on i n T y p e A sieve is i n a posit ive pressure field whereas 
that i n T y p e X is i n a negative pressure field, expanding the complex 
a n d l o w e r i n g effectively the crystal field sp l i t t ing parameters. I should 
be interested to see your [ C o 2 + ( H 2 0 ) G ] spectra, w h i c h I have not f o l 
l o w e d closely, i n order to learn h o w pronounced the differences are. 
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Thermal Decomposition Patterns in 

Methylammonium Cation-Exchanged 

Y-Type Faujasites 

E. L. WU, G. H. KÜHL, T. E. WHYTE, JR., and P. B. VENUTO 
Mobil Research and Development Corp., Paulsboro, N. J. 08066 

The mono-, di-, tri-, and tetramethylammonium exchanged 
forms of a Y-type faujasite have been prepared. The 
cationic size determined the extent of exchange; hydronium 
ion incorporation was indicated. Thermal decomposition 
patterns of the 4 forms are generally comparable. Detailed 
transformations were analyzed for the tetramethylammonium 
(TTMA) form by in situ infrared observations and identifica
tion of decomposition products. These cations decomposed 
by a combination of reactions involving low-temperature de
composition in the presence of the intrazeolitic pool of 
hydroxylic sorbate, "methyl disporoportionation between 
methyl-containing species and possible surface methoxy 
intermediates, and high-temperature ylide or carbene 
mechanisms. The protonic sites generated and associated 
zeolitic changes were compared with those of NH4 faujasite. 

•"phe thermochemistry of N H 4 cat ion-exchanged zeolites has been the 
subject of numerous studies (4, 22, 24, 27, 28). T h e transformations 

i n v o l v e d are re lat ive ly s imple : deammoniat ion to give the hydrogen f o r m 
a n d dehydroxy lat ion b y e l iminat i on of water at h igher temperatures. 
O t h e r s tructural changes m a y occur, depend ing on processing condit ions 
( J O ) . I on exchange of a lky l -subst i tuted a m m o n i u m cations into zeolites 
(2, 26) has been reported ; thermal transformations i n such systems are 
expected to be considerably more complex a n d interesting. 

T h e importance of the anion i n determining the decomposit ion p a t h 
w a y of quaternary a m m o n i u m salts was recognized b y Ingo ld i n 1927 (7). 
A t 1 3 5 ° - 1 4 0 ° C , t e t ramethy lammonium ( T T M A ) hydrox ide decomposes 

490 
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39. w u E T A L . Thermal Decomposition Patterns 491 

to give t r imethy lamine , d imethylether , or methano l , depend ing on exper i 
menta l condit ions (8, 15). W i t h the weaker base, chlor ide , decompos i 
t i on occurs at a h igher temperature ( 3 6 0 ° C ) to f o rm m e t h y l ch lor ide 
(16). Salts w i t h other organic anions decompose between 100° a n d 
250°C, also via s imple displacement of t r imethy lamine (16, 32). M o r e 
complex pathways i n v o l v i n g y l i d e or carbene mechanisms have been 
postulated i n other T T M A - c a t i o n systems (6, 9, 15, 31, 33, 34, 35). 

W e n o w report results of a study of the t h e r m a l decomposi t ion pat 
terns i n the 4 methyl -subst i tuted a m m o n i u m ( M A ) exchanged Y - t y p e 
faujasites, deta i led transformation of the T T M A form, a n d the resul t ing 
generation of protonic ac id i ty . 

Experimental 

Materials. T h e m e t h y l a m m o n i u m Y-zeol ites ( T a b l e I ) were pre 
p a r e d b y ion-exchanging N a Y (5 grams) w i t h 4 100-ml port ions of 1 Ν 
a l k y l a m m o n i u m salt so lut ion at 80 ° C . M o n o m e t h y l a m m o n i u m ( M M A ) 
chlor ide , d i m e t h y l a m m o n i u m ( D M A ) chlor ide , a n d t e t ramethy lammonium 
( T T M A ) bromide ( 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 the t r i m e t h y l -
a m m o n i u m ( T M A ) chlor ide ( E a s t m a n O r g a n i c C h e m i c a l s ) were used 
as rece ived. 

Table I. Unit Cell Composition of Mono-, D i - , T r i - , and 
Tetramethylammonium Y and Parent N a Y Faujasites 

Sample Na Ν A102 Si02 

N a Y 52.2 52 140 
M M A Y 9.3 36.5 6.2 52 140 
D M A Y 11.8 34.0 6.2 52 140 
T M A Y 20.8 25.5 5.7 52 140 
T T M A Y 28.4 17.7 6.0 52 140 

a Calculated by difference, assuming Na + Ν + Η = A10 2. 

T h e a m m o n i a ( M a t h e s o n anhydrous ) was pur i f i ed b y f rac t ional con
densation a n d d is t i l la t ion i n v a c u u m . Research grade h e l i u m ( M a t h e s o n ) 
was d r i e d over 5 A molecular sieve pr i o r to use. 

Apparatus and Procedures. T h e r m a l analyses were per formed us ing 
D u P o n t 900 di f ferential t h e r m a l ( D T A ) a n d 950 thennograv imetr i c 
( T G A ) analyzers. Bas i c decomposi t ion products i n the T G A effluent 
were t i t rated w i t h sul famic a c i d at regular temperature intervals (11). 

T T M A - Y was examined in situ us ing a h igh-temperature in f rared 
ce l l (36) i n w h i c h simultaneous zeolite treatment a n d spectral observa
t ion c o u l d be effected. T h e ce l l was connected to a convent ional vac 
u u m a n d gas -handl ing system (u l t imate v a c u u m , 10" 6 t o r r ) . Spectra 
were recorded on a P e r k i n - E l m e r 421 grat ing spectrophotometer, m o d i 
fied b y the add i t i on of a presample chopper to e l iminate the effect of 
spurious rad ia t i on or ig inat ing f rom the hot sample a n d ce l l . Spectra l 
resolut ion was 4 c m " 1 at 3600 c m - 1 a n d 2 c m " 1 at 1600 c m " 1 . 
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492 MOLECULAR SIEVE ZEOLITES 1 

Samples (2 -gram) of T T M A - Y were ca l c ined i n a tubu lar reactor 
under v a c u u m a n d the decomposi t ion products ( T a b l e I I ) over 2 major 
temperature ranges were col lected. A f t e r gas f ract ionat ion where nec
essary, components i n the various fractions were ana lyzed b y in f rared 
a n d mass spectroscopy ( C E C M o d e l 21-104, i on izat ion voltage 10 e v ) . 

Table II. Analysis of Organic Decomposition Products from 
Thermal Decomposition of T T M A Y in Vacuum" 

Temp. Range, °C 

Product, Estimated Mole %b 150°-275°c 275°-450°ά Total 

( C H . ) 8 N 50 5 9 
C H 4 11 24 23 
N H 3 — 23 21 
C 2 H 4 T r 14 13 
( C H 3 ) 2 0 10 — 1 
C O 9 — 1 
C H 3 O H 6 — 1 
H 2 4 15 14 
C 3 H 6 T r 9 8 
C 4 H 8 4 5 5 

° 10" 6 Torr, held at 275° for 3 hr and 450° for hr. Noncondensables were allowed 
to expand into an evacuated bulb and condensables collected in liquid nitrogen traps. 

6 Estimated, based on relative pressure of the fractions and mass spectral analysis. 
c Trace (Tr)—<2 mole % , including ( C H 3 ) 2 N C E E N and ( C H 3 ) 2 N C H 2 C E E N . 
d Trace of C 5 H i 0 , C 2 H 6 , C 3 H 8 , and H 2 0 . 

Results 

Methylammonium Ion Exchange. T h e observed extent of exchange 
( 7 0 % ) of M M A cations was to be expected since 16 of the N a cations 
( 3 1 % ) i n i t i a l l y present are located i n the small -pore system ( 2 3 ) , into 
w h i c h these M A cations cannot pass. Bulk iness of the cations further 
l imi ts the n u m b e r of N a cations that can be rep laced (2 ) i n the large-
pore system, decreasing w i t h increase i n size of the M A ion . T h e degree 
of exchange of various M A cations i n this s tudy agrees w i t h earl ier 
results ( 2 , 2 6 ) . 

Since the M A cations cannot occupy exchange sites w i t h i n the soda
l ite cages, r emova l of more than 7 0 % of the N a ions must result f r o m 
h y d r o n i u m ions exchanged into these cages. Since the degree of h y -
d r o n i u m i o n exchange ( T a b l e I ) was about the same for a l l 4 M A cations 
at 80 ° C , i t seems l i k e l y that a l l the h y d r o n i u m ions, even i n cases of 
l ower degree of M A exchange, migra ted into the s m a l l cages. T h e pres
ence of h y d r o n i u m ions i n the smal l -pore system of the faujasite struc
ture has been ind i ca ted b y a recent x-ray a n d ion-exchange study (18); 
h i g h affinity of the sodalite cages for h y d r o n i u m ions is suggested. 
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Figure 1. Thermo gravimetric analysis of methylammonium Y faujasite 

Thermogravimetric Analysis. A l l the M A forms ( F i g u r e 1 ) exhib i ted 
a r a p i d we ight loss at about 100 ° C , caused b y r e m o v a l of p h y s i c a l l y 
sorbed water . O v e r the temperature range of 250° to 450° ( for T M A -
a n d T T M A - Y ) or 475°C, a s low, steady w e i g h t loss occurred w i t h basic 
products i n the effluent. F r o m the observed we ight loss a n d amount of 
base f ound b y t i t rat ion , i t was possible to infer the type of base l iberated . 
It appeared that for each methyl -subst i tuted a m m o n i u m cation, the next-
lower subst ituted amine was e l iminated ( a m m o n i a f r om M M A cation, 
methy lamine f r o m D M A , etc . ) . T h e amount of basic product f ound i n 
this s low step, i n percentage of the total base t i trated u p to 1200 ° C , 
decreasing w i t h increasing m e t h y l subst itut ion, was 74, 61, 43, a n d 2 4 % 
for M M A - , D M A - , T M A - , a n d T T M A - cations, respectively. D o u b l e 
peaks were observed i n the der ivat ive thermograms ( i n a l l but T M A - Y ) , 
suggesting the presence of more than one mode of decomposit ion. 

W h e n sample temperature was raised further , a r a p i d we ight loss 
occurred , accompanied b y increased emission of basic gases. B y 550 ° C , 
more than 9 5 % of the basic amines h a d been t i trated. 

There was a s l ight but dist inct we ight loss near 720 ° C . T h e step 
was not as sharp i n T T M A - Y . T h e observed we ight loss ( 6 0 0 ° - 8 0 0 ° C ) 
was more than 7 0 % of that expected for dehydroxy lat ion , as ca lcu lated 
f r om the total amount of M A cations i n i t i a l l y present. H o w e v e r , since 
the we ight of the sample pr i o r to dehydroxy lat ion i n d i c a t e d that the 
evo lut ion of decomposit ion products was not complete a n d some of the 
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494 MOLECULAR SIEVE ZEOLITES 1 

residue m i g h t desorb over this temperature range, a quant i tat ive deter
minat i on of the extent of dehydroxy lat ion was not possible. 

Differential Thermal Analysis. Deta i l s revealed i n the di f ferential 
thermograms of the 4 M A - Y zeolites ( F i g u r e 2 ) are consistent w i t h the 
T G A results. T h e y a l l exhib i ted an endotherm ( 1 2 2 ° - 1 9 0 ° C ) caused 
b y loss of adsorbed water . O v e r the reg ion where s low decomposit ion 
occurred , there were weak endotherms or inflections i n the curve, a n d 
the r a p i d decomposi t ion was conf irmed b y a sharp endotherm ( 5 1 6 ° -
5 7 7 ° C ) . D e h y d r o x y l a t i o n was c lear ly revealed b y the endotherm at 
785°C i n M M A - Y , but was not as w e l l resolved i n the others. T h e exo-
t h e r m ( 9 7 7 ° - 1 0 2 6 ° C ) was o w i n g to " m u l l i t e " transformation ( I ) . H o w 
ever, a l l the samples were f o und to be amorphous ( b y x-ray) after 1 hour 
at 900°C. 

Decomposition of T T M A Cations. Decompos i t i on of T T M A - Y under 
v a c u u m was moni tored i n de ta i l b y in f rared analysis ( F i g u r e 3 ) . A l l 
bands ar is ing f r om the T T M A cat ion decreased i n intensity above 200°C, 
ref lect ing decomposi t ion of the quaternary ion . W i t h further evacuation, 
absorpt ion bands became resolved i n the reg ion expected for stretching 
v ibra t i on of lattice-associated O H groups ( V O H ) - I n add i t i on to a b a n d 
at 3735 c m " 1 associated w i t h surface s i lano l groups, 2 bands at 3637 
( V H F ) a n d 3550 c m " 1 ( V L F ) appeared. Re lat ive intensity ( J H F / J L F — b a s e d 
on peak absorbance) was one-half ( F i g u r e 3, 275°C, 3 / 4 h o u r ) . 

T h e intensity of V H F a n d V L F ga ined as those of the T T M A bands 
decreased w i t h further ca lc inat ion . These data showed that O H groups 

FLOW RATE - 30 e C/M IN 

S C A L E - Δ Τ - 0.008 MV/IN 

ATMOSPHERE - HELIUM 

Ο X 
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FLOW RATE - I90ML/MIN 
T H E R M O C O U P L E - Pt -

P t ( l 3 % ) R h 

R E F E R E N C E » Α^ΟΛ 

M M AY 

, Τ M AY 
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Figure 2. Differential thermal analysis of methylammonium 
Y faujasite 
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Τ Τ τ τ 
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S P E C T R A : S C A N N E D IN SITU AT T E M P E R A T U R E S 
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Figure 3. Infrared spectrum of TTMA-Y after evacuation at vanous 
temperatures 

were generated as a direct consequence of the T T M A cat ion decomposi 
t ion. T h e intensity rat io of V H F to V L F also increased w i t h increas ing tota l 
O H content. T h e spec trum after 350°C resembles that of H Y (27 ) . 

P r o t o n i c A c i d i t y . T h e protonic nature of the hydrogen on these 
O H groups was conf irmed b y the ir interact ion w i t h a m m o n i a to give 
a m m o n i u m ions, as ev idenced b y the characterist ic in f rared b a n d s — N H 
stretching ( v N H ) at about 3200 a n d 3000 c m " 1 a n d deformation ( δ Ν Η 4 ) at 
1430 c m " 1 ( F i g u r e 4 ) . Some of these ac id i c O H groups exh ib i ted a rather 
weak interact ion w i t h a m m o n i a ; they c o u l d be regenerated b y evacuat ion 
at 100°C ( F i g u r e 4 ) . These weaker groups amounted to about ha l f of 
the total ac id i ty (based on the relat ive intensity rat io of 8 N H 4 a n d sum of 
V H F a n d V L F i n spectrum pr ior to desorpt ion a n d after 19 h o u r s ) . R e 
generation of the hydrogen f o r m was accompl i shed b y evacut ion at 300°C 
to desorb the r e m a i n i n g ammonia . 
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496 MOLECULAR SIEVE ZEOLITES 1 

Decrease i n the intensity of these ac id i c O H bands occurred u p o n 
ca lc inat ion at h igher temperature, a n d 9 0 % dehydroxy lat ion was achieved 
b y evacuat ion at 650°C. 

Lewis Acidity. L e w i s ac id i ty was generated on the present sample 
b y dehydroxy lat ion , as shown b y interact ion w i t h a m m o n i a to give char
acteristic in f rared bands of a m m o n i a coordinated to electron-accepting 
sites (at 3375, 3275, a n d 1615 c m " 1 ) . Interact ion of a m m o n i a adsorbed 
on these L e w i s sites was comparat ive ly weak a n d c o u l d be removed b y 
evacuat ion at 300 °C . 

Decomposition Products. A complex mixture of gases was obta ined 
f r om v a c u u m calc inat ion of T T M A - Y zeolite. Re lat ive amounts of com
ponents i n the mixture v a r i e d w i t h the decomposit ion temperature ( T a b l e 
I I ). Because of var iat ion i n exper imental condit ions, the amount of p r o d 
ucts f ou n d i n the 2 steps cannot be d i rec t ly correlated to we ight loss over 
the same temperature ranges i n F i g u r e 1. T r i m e t h y l a m i n e (account ing 
for ha l f of the produc t s ) , methane, a n d oxygenated products were f o u n d 
i n the low-temperature step. Decompos i t i on at h igher temperature gave 
m a i n l y ammonia , hydrogen , methane, a n d low-molecu lar -we ight olefins. 
Decompos i t i on i n the absence of a ir left a deep p u r p l e organic residue. 

Discussion 

Generation of Acidity from T T M A - Y Zeolite. D u r i n g v a c u u m c a l 
c inat ion of T T M A - Y , V L F appeared first, even p r i o r to any significant de-

3800 3600 3 4 0 0 3 2 0 0 3000 2800 1500 1300 

FREQUENCY ( C M - 1 ) 

Figure 4. Interaction with NHS and subsequent desorption, 
both at 100°C 
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39. WU ET AL. Thermal Decomposition Patterns 497 

composi t ion of the T T M A cations. T h i s Y zeolite contained 6 h y d r o n i u m 
cations per unit ce l l , p resumably located i n the sodalite cages, in t roduced 
d u r i n g the T T M A i o n exchange. Therefore , the L F b a n d can be at t r ibuted 
m a i n l y to O H groups f o rmed b y an interact ion of pro tons—from dehy
drat ion of these h y d r o n i u m i o n s — w i t h specific latt ice oxygens w i t h i n 
the small -cage system. T h i s is consistent w i t h the l o w frequency expected 
for O H groups located on 0 3 - oxygens of the small -cage system (19, 30) 
i n the N H 4 Y - H Y system. 

T h e H F b a n d of the N H 4 Y - H Y system has been correlated w i t h 
separate O H groups located on Oi-oxygens of the supercage system ( 19, 
30). S ince the T T M A cations were located i n the supercages, any protons 
der ived f r om these probab ly w o u l d interact w i t h Oi-oxygens to give a 
h igher frequency b a n d . Consistent w i t h this, intensity of V H F increased 
as those of T T M A cations decreased. 

A m m o n i a adsorpt ion conf irmed that bo th h y d r o n i u m a n d T T M A 
cations were protonic precursors i n T T M A - Y . Generat ion of protons 
f r om the latter i n v o l v e d 2 steps, as shown b y T G A and in f rared analysis. 
T T M A cations c ou ld be decomposed complete ly b y either pro longed 
evacuation at 350 ° C or heat ing to 550 ° C at 10°C /min . A l t h o u g h only 
the T T M A system was studied i n deta i l , the 4 M A - Y zeolites have suffi
c ient ly s imi lar D T A a n d T G A patterns to suggest that in format ion on the 
source of protons a n d their generation is general ly app l i cab le to a l l 4 
systems. 

T h e present a c i d Y-zeo l i te dehydroxy lated at 650°C (in vacuo), more 
than 100°C higher than the N H 4 - H Y system ( 4 ) , p robab ly because of 
the difference i n site density between the 2 Y samples. A s imi lar differ
ence i n thermal s tabi l i ty ( t o w a r d dehydroxy lat ion) was reported (28) 
between 50 a n d 9 0 % ammonium-exchanged N a Y . 

T T M A Cation Decomposition Pathway. Produc t analyses f rom the 
decomposi t ion of intracrystal l ine T T M A cations over 2 temperature ranges 
indicate that different react ion pathways were invo lved . 

L O W - T E M P E R A T U R E D E C O M P O S I T I O N . O v e r the range of 150° -275°C , 
a certain amount of intracrystal l ine water , whether phys i ca l ly adsorbed 
or h y d r a t i n g the hydrogen ions, was present. T h e amount was m i n i m i z e d 
b y pre-evacuat ing the sample at 150°C. A displacement react ion of water 
nuc leophi le on the T T M A cations f o rming methanol , t r i m e t h y l a m i n e — 
a n d zeolite h y d r o x y l g roups—can occur. 

( C H 3 ) 3 N - C H 3 Ο »* (CH 3 ) 3 N + CH 3 OH + H® O-ZEOL (I) 
Θ N H 
Ο ZEOL 

A s imi lar attack b y methano l on T T M A cat ion generates d imethylether 
a n d t r imethy lamine . S u c h subst itut ion reactions i n the T T M A hydrox ide 
system have been proposed b y T a n a k a et al. (25). 
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498 MOLECULAR SIEVE ZEOLITES 1 

F o r m a t i o n of methane, carbon monoxide , a n d hydrogen can be ex
p l a i n e d b y a sequence ( E q u a t i o n 2 -3a ) i n v o l v i n g collapse of T T M A 
cat ion to t r imethy lamine a n d a surface methoxy species ( I ) , analogous 
to that observed on A e r o s i l a n d a l u m i n a (3, 20). 

9 
( C H 3 ) 3 N - C H 3 »· (CH 3) 3 N + C H 3 - O - Z E O L (2) 

θ 
O - Z E O L I 

React i on of I w i t h another C i - f r a g m e n t fol lows i n w h a t best can be 
termed a " m e t h y l d isproport ionat ion react ion . " E q u a t i o n 3 depicts such 
an intermolecular hydride- transfer event between I a n d methanol . 

Η H Η Η 

Η — C - ^ A C / • C H . + (HCHO) + H O - Z E O L (3) 

ο * l o π 
\ 

Z E j 0 L
 H 2 + C S 0 (3a ) 

Decompos i t i on of f ormaldehyde ( I I ) or a closely re lated species w o u l d 
produce hydrogen a n d carbon monoxide ( E q u a t i o n 3 a ) . Instabi l i ty of 
f ormaldehyde i n the intrazeo l i t i c environment is w e l l k n o w n (29). S i m 
i lar h y d r i d e transfers f r om methano l have been reported (5, 14, 17). 

H I G H - T E M P E R A T U R E D E C O M P O S I T I O N . A t h igher temperatures (275° 
to 4 5 0 ° C ) , decomposit ion m a y be affected b y the protonic sites a lready 
generated i n the v i c i n i t y of the remain ing T T M A cations, a n d the i n t r a 
crystal l ine environment is re lat ive ly anhydrous. H e r e , y l i de format ion 
is possible ( E q u a t i o n 4 ) , w i t h at least enough stabi l i ty to a l l ow for char
acteristic y l i de react ions—assuming that the zeo l i t i c anionic oxygens act 
as ( w e a k ) bases or as a s tab i l i z ing "pseudosolvent" (21). A d d i t i o n a l 
protonic ac id i ty is generated as shown. 

(CH 3 ) 3 N - C H 2 • (CH 3 ) 3 N - C H 2 (4) 

Θ ^ ~ * Η θ θ 
O - Z E O L Η Ο - Z E O L 

ΠΙ 

A carbanionic mechanism s imi lar to that proposed b y W i t t i g a n d 
Krauss (33) i n v o l v i n g a Stevens rearrangement can reasonably f o l l ow 
( E q u a t i o n 5 ) , i.e., an intramolecular attack on y l ide ( I I I ) m e t h y l f o r m 
i n g d imethy le thy lamine . Protonat ion of d imethy le thy lamine f o l l o w e d b y 
H o f f m a n n e l iminat ion ( E q u a t i o n 5a ) w o u l d y i e l d ethylene. 

Φ Θ φ θ 
(CH 3 ) 2 - N j - C H 2 • (CH 3) 2 N C H 2 C H 3 + H O - Z E O L (5) 

ι 
Φ " θ Φ Θ 

\ C 
i n 

1 Φ Θ 
( C H 3 ) 2

N H + C H 2 = C H 2 + Η O - Z E O L ( 5 α ) 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
, 1

97
4 

| d
oi

: 1
0.

10
21

/b
a-

19
71

-0
10

1.
ch

03
9

In Molecular Sieve Zeolites-I; Flanigen, E., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1974. 
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Repet i t i on of such processes or ac id - cata lyzed po lymer i za t i on of l ower 
olefins c ou ld afford a who le spec trum of hydrocarbon products , ( C H 2 ) n . 
T h e presence of the protonic sites, generated i n the low-temperature 
step, effectively intercepts dif fusion of the amines f rom the zeo l i t i c pores 
u n t i l most of t h e m are degraded to ammonia . O n l y traces of t r i m e t h y l 
amine escaped a n d were f o und i n the product . 

I t is conceivable that the T T M A cat ion c o u l d decompose to f o rm 
tr imethy lamine , ac id i c lattice hydroxyls , a n d a b iva lent " carbeno id " or 
methylene species. P o l y m e r i z a t i o n of methylene cou ld l ead then to the 
observed olefinic products . H o w e v e r , such carbene po lymerizat ions have 
been accorded l o w p r o b a b i l i t y (12,13, 33). 

T h e " m e t h y l d isproport ionat ion react ion" appeared to occur at the 
h igher temperatures. H y d r o g e n - r i c h species—methane a n d h y d r o g e n — 
were observed i n the gaseous products . I n the absence of carbon monox
ide or other mul t ip l e -bonded gaseous molecules, i t m a y be assumed that 
an amine or nitrogenous species was the h y d r i d e donor, a n d that h y d r o 
gen-deficient moieties (n i tr i les , polyunsaturates, etc.) r emained as a d 
sorbed "coke" (0.2 w t % N , 2.2 w t % C ) on the zeolite surface. 

Decompos i t i on of the 3 lower-subst i tuted M A cations (based on the 
T G A data) m a y not be v i sua l i zed as easily as o c curr ing i n 2 stages. N e v e r 
theless, the various mechanisms ( w h i c h coherently ra t i ona l i zed the ob
served products obta ined f r om the T T M A cations ) p robab ly funct ioned 
i n these other systems as w e l l , a l though the extent to w h i c h they con
t r ibuted m a y have differed. 

I n conclusion, examinat ion of the M A cat ion-zeo l i te system reveals 
a s ignif icantly greater temperature requirement a n d considerably more 
complex pathways for decomposit ion of intrazeo l i t i c M A cations than 
those for pyrolysis of most s imple quaternary salts (15, 16, 32, 35). I n 
add i t i on , the M A cations funct ion as ac id i ty precursors i n zeolites. T h i s 
suggests an important role for the zeol i t i c latt ice i n determin ing the course 
of intracrystal l ine quaternary fragmentations, i n c l u d i n g b o t h p o r e - c h a n 
n e l geometry (steric a n d mass transport aspects) a n d c h e m i c a l factors 
(anionic oxygen base strength, site density, a n d t y p e ) . 
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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) : A l l 
of your samples, after a 1-hour treatment at 900°C , were f o u n d b y x-ray 
examinat ion to be amorphous. T h e N a 2 0 content reported for your sam
ples ranged f r om about 3 - 1 3 % b y weight . T h e mul l i t e transformation 
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y o u ment ioned , w h i c h rea l ly occurs i n two parts, is a k inet i ca l ly - con -
t ro l l ed process. T h i s product is also rather difficult to detect b y the usua l 
x-ray methods. F u r t h e r m o r e , the D T A m u l l i t i z a t i o n peak size is strongly 
dependent on the sod ium content, as shown b y the data p u b l i s h e d b y 
A m b s a n d F l a n k . C o n s i d e r i n g these factors, your data are not at a l l sur
p r i s i n g or inconsistent for the materials a n d techniques used. One fur 
ther po int is that the exotherm identi f ied i n F i g u r e 2 as the mul l i t e 
transformation is more l ike ly the collapse of the zeol i t i c structure w h i c h , 
w i t h the re lat ive ly h i g h sod ium content i n these samples, is l i k e l y f o l 
l o w e d b y a m u c h smaller m u l l i t i z a t i o n peak at a somewhat higher tem
perature. T h e data i n F i g u r e 2 are somewhat suggestive of this. 

E . L . W u : Y o u r alternative assignment to the high-temperature exo
thermic peaks i n F i g u r e 2 may be reasonable. 

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) : Y o u 
state that your samples were amorphous, as determined b y x-ray dif frac
t ion after heat treatment at 900°C. Is it possible that the use of other 
techniques, such as electron di f fract ion, might show some retention of 
crysta l l in i ty? 

E . L . W u : W e have not carr ied out such experiments a n d do not 
want to venture a guess as to the possibi l i ty of such techniques to deter
mine res idua l crysta l l in i ty . 

W . M . Meier ( Eidgenossische Technische Hochschu le , Z u r i c h ) : I n 
connect ion w i t h the postulated formation of a surface methoxy species 
on heat ing T T M A - Y , it might be of interest to note that w e have observed 
pronounced m e t h y l - o x y g e n interact ion i n the structures of T T M A - s o d a -
l ite a n d T T M A - g i s m o n d i n e ( C . Baer locher a n d W . M . M e i e r , Helv. Chim. 
Acta 1969, 52, 1853, a n d i n press ) . 

R. L . Wadlinger ( N i a g a r a U n i v e r s i t y , Ν. Y . 14109 ) : H a v e y o u ever 
re-exchanged your samples after the cation decomposit ions? 

E . L . W u : N o . W e have not examined the i on exchange properties 
after decomposing the organic cations.  P
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40 

Properties of Aluminum-Deficient 

Large-Port Mordenites 

W. L. KRANICH, Y. H. MA, L. B. SAND, A. H. WEISS, and I. ZWIEBEL 
Department of Chemical Engineering, Worcester Polytechnic Institute, 
Worcester, Mass. 01609 

A series of aluminum-deficient mordenites, ranging in Si/Al 
ratio from 6 to greater than 600, has been prepared by ther
mal and acid treatment of H-mordenite. The series has been 
characterized for cumene adsorption, catalytic activity for 
cumene cracking and hydrocracking, and catalytic activity 
for butene isomerization. Removal of aluminum from the 
lattice results in diminished cumene adsorptive capacity at 
a given pressure for cumene pressures above 0.15 torr, but 
increased capacity at low pressures. Both cracking and hy
drocracking activity decrease with decreasing aluminum 
content at high Si/Al ratios. Initial leaching of H-mordenite 
gives increased isomerization activity, but continued de
cationization results in diminished activity. 

Ο everal authors have reported on changes i n characteristics of mordenites 
^ as a l u m i n u m is removed f rom their structure b y leaching w i t h m i n 
era l ac id . Sand ( 6 ) , Be len 'kaya et al. (3), a n d F r i l e t t e a n d R u b i n (5 ) 
descr ibed the a c i d l each ing of mordenites p r o d u c i n g S i / A l ratios u p to 
about 15. Beecher , Voorhies , a n d E b e r l y (2 ) reported on the catalyt ic 
ac t iv i ty of p a l l a d i u m supported on a mordenite w h i c h h a d a S i / A l "sev
eral - fo ld greater than 5." W e l l e r a n d Brauer (8 ) recently descr ibed 
catalyt ic experiments on mordenite leached to a ratio of about 9. 

A l t h o u g h Barrer a n d M a k k i ( 1 ) succeeded i n reduc ing the a l u m i n u m 
content of c l inopt i lo l i te essentially to zero, the character izat ion of a fu l ly 
decat ionized mordenite has not been reported. 

I n the present study, b y use of a combinat ion of thermal a n d ac id 
treatments, a series of large-port mordenites has been prepared d o w n to 
a mater ia l w i t h essentially no res idual a l u m i n u m but w h i c h retains the 
mordenite crystal structure as determined b y x-ray powder di f fraction 
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a n d s ingle-crystal electron dif fraction. L a r g e - p o r t mordenites are defined 
as those w h i c h sorb molecules larger than 5 A into the 12-membered r i n g 
channels, as contrasted w i t h those w h i c h sorb on ly smaller molecules 
such as methane ( 6 ) . T h e series has been systematical ly invest igated 
for its adsorptive a n d catalyt ic properties at bo th h i g h a n d l o w tempera
tures. P r e l i m i n a r y results are reported i n this paper. 

A s a l u m i n u m is removed , its p lace i n the lattice is taken b y h y d r o 
gen i n h y d r o x y l groups as shown b y in f rared absorption spectra. I n the 
o r ig ina l H-morden i te , the structure i n the v i c i n i t y of the a l u m i n u m m a y 
be represented b y 

ι 

— β ί 

ο 
I I H 3 + O ι 

— S i — Ο — A 1 - — O — S i — 
' Ο ' 

— S i — 
I 

A s the a l u m i n u m is removed f rom the structure, the unba lanced 
charges w h i c h result i n the exchangeable cations are successively re 
moved . T h e f u l l y decat ionized mordenite (a luminum- f ree ) m a y be 
represented as 

ι 

— β ί 

ο 
Η 

I I 
— S i — O H H O — S i — 

' Η ' 
Ο 

I 
— S i — 

T h i s is a s imi lar s tructural a l terat ion to that proposed b y B a r r e r a n d 
M a k k i ( I ) for c l inopt i lo l i te . 

A l t h o u g h no major d isrupt ion of the crystal latt ice occurs, as e v i 
denced b y s tab i l i ty of the x-ray pattern , there are signif icant changes 
i n i on i c character a n d charge d i s t r ibut ion . These m a y be expected to 
l e a d to changes i n the adsorptive a n d catalyt ic behav ior of the mordenite . 
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504 MOLECULAR SIEVE ZEOLITES 1 

Sample No. 

1 
(start ing 
mater ia l ) 

Table I. Data on Hydrogen-Exchanged Large-Port 

Partial 

Wt. % Al2Oz Unit Cell Composition 

11.24 Na e xo.48H e x6.i9Al 6.67Si4o 
not heat treated 

2 
3 
4 
5 

6.90 
1.99 
1.42 
0.10 

HeX4.ooAl4.ooSl40 
H e x i . i 4 A l i . i 4 S i 4 0 

Hexo.8oAlo.8oSl40 
Ηβχο.ΟβΑ1ο. 06̂ 140 

Materials Preparation 

T h e basic mater ia l for preparat ion of the series was a hydrogen-
exchanged mordeni te ( L o t N o . H B - 3 3 - 3 6 ) obta ined f r o m the N o r t o n 
C o . Its chemica l analysis is as fo l lows : 72 .28% S i 0 2 , 9 .8% A 1 2 0 3 , 0 .26% 
T i 0 2 , 0 .08% F e 2 0 3 , 0 .37% N a 2 0 , 12 .09% L . O . I . N o other phases were 
detected b y x-ray dif fraction analysis ; the presence of 5 - 1 0 % of amor
phous mater ia l was est imated b y microscopic examination. T h e treat
ments on this starting mater ia l h a d negl ig ib le effect on the T i 0 2 content 
a n d reduced the F e 2 0 3 a n d N a 2 0 content to less than 0 . 0 1 % . 

T h e A 1 2 0 3 content, reported on an anhydrous basis, of the a l u m i n u m -
deficient mordenites was obta ined b y x-ray fluorescence analysis us ing 
fused l i t h i u m tetraborate discs w i t h a w o r k i n g curve established on 
mixtures of 2 chemica l ly ana lyzed H-mordeni tes of end-member c om
pos i t ion (11.24 a n d 0 .10% A 1 2 0 3 ) . Glass discs were prepared b y ca l 
c i n i n g the mordenite p o w d e r samples at 1100°C for 1 hour, fusing a 
mixture of 2 grams of mordenite a n d 10 grams of l i t h i u m tetraborate at 
1300 ° C , a n d p o u r i n g the l i q u i d into a graphite m o l d kept at r e d heat 
i n a k i l n . T h e bot tom of the glass disc was po l i shed flat before analysis. 
N o significant changes i n latt ice parameters or degradat ion of the crystal 
structure was noted b y x-ray di f fract ion analysis. Increases i n di f fract ion 
peak intensities of 110, 200, a n d 020 resulted f rom the treatments. S u m m a 
tions of peak intensities of the major diffractions f r o m 110, 200, 020, 111, 
510, 022,600, a n d 620 were obta ined a n d compared w i t h those of the start
i n g mater ia l ( 2 — 1 0 0 ) . 

T h e data on sample preparat ion a n d analysis are summar i zed i n 
T a b l e I. A 700°C thermal treatment was used for a l l samples except 
Sample N o . 3 w h i c h was treated at 500 °C . Deta i l s on the preparat ion 
of a luminum-def i c ient mordenites are g iven b y C h a n g a n d S a n d ( 4 ) . 
T h e part ic le size range of the hydrogen-exchanged mordenite used as the 
start ing mater ia l is 5 -10 /xm w i t h an average mean diameter of 7 /xm. T h e 
partic les consist of 4 0 % of single crystals a n d 6 0 % of crystal aggregates. 
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40. KRANiCH E T A L . Aluminum-Deficient Large-Port Mordenites 505 

Mordenite and Aluminum-Deficient Derivatives 

Si/Al Σ XRD Peaks Acid Treat. 

6 100 6N H 2 S 0 4 ambient 

10 
35 
50 

98 
118 
141 
102 

IN H C 1 bo i l 2 hrs. 
6N H C 1 bo i l 6 hrs. 

> 6 0 0 
6N HNO3 bo i l 12 hrs . 
QN HNO3 b o i l 6 hrs . 

T h e severe a c i d treatments separated the aggregates into single crystals 
i n a size range of 0.5-10yx,m w i t h an average mean diameter of 3/rni. 
T w e n t y per cent of the crystals are euhedra l ac icular a n d the remainder 
are equant a n d anhedral . 

I n order to investigate changes i n the characteristics of the mordenite 
as a l u m i n u m was extracted, studies were made of the adsorpt ion of 
cumene, the c rack ing a n d h y d r o c r a c k i n g of cumene, a n d the i somer iza
t ion of 1-butene. 

Experimental Methods 

C u m e n e adsorption experiments were carr ied out i n a microbalance 
apparatus e q u i p p e d w i t h a quartz spr ing whose deflections were meas
u r e d w i t h a cathetometer. T h e unit also i n c l u d e d a v a c u u m system 
capable of r educ ing the pressures to be l ow 0.01 mic ron , a n d a B a r a t r o n 
continuous pressure-sensing device w i t h a sensit ivity of 1 m i c r o n . T h e 
amount adsorbed was measured b y spr ing deflection, a n d checked b y 
mater ia l balance on the gas phase based on an approximate chamber 
vo lume of 600 cc. T h e pressure measurements were noted at regular 
intervals u n t i l " e q u i l i b r i u m " was reached (less than 1 m i c r o n change i n 
5 m i n u t e s ) . These pressure vs. t ime data were used for di f fusivity c a l 
culations. 

Cumene Cracking and Hydrocracking. C r a c k i n g studies were con
ducted i n a tubular stainless steel microreactor inserted i n a bronze 
block. T h e entire assembly was constructed w i t h i n the oven of a P e r k i n 
E l m e r M o d e l 880 gas chromatograph. 

W i t h this construct ion, the reactor c ou ld be f ed i n 5-μ\ pulses d irect ly 
f r o m the inject ion b lock into a stream of hydrogen or h e l i u m flowing 
at a rate of 282 standard cc per minute . A fract ion of the product gases 
was conducted d i rec t ly to the chromatograph co lumn. 

T h e catalyst, d i l u t e d 1000:1 w i t h glass sand, was pretreated at 538 ° C 
for 15 hours w i t h hydrogen or h e l i u m pr i o r to use. 
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506 MOLECULAR SIEVE ZEOLITES 1 

T y p i c a l l o a d i n g for cumene conversion of 0.1 to 1.0% was 4 X 10~4 

g r a m of catalyst at a temperature of about 371 ° C a n d atmospheric pres
sure. W i t h o u t catalyst, the benzene y i e l d f rom t h e r m a l c rack ing at 421 ° C 
was only about 0 .002% of the cumene fed. T h e very smal l charge of 
catalyst a l l o w e d study of intr ins ic act iv ity decl ine at l o w conversion levels 
w h i l e operat ing at temperatures of p rac t i ca l interest w h i c h were h i g h 
enough to avo id desorption problems. Unfor tunate ly , this same smal l 
catalyst charge resulted i n an uncertainty i n mass as great as ± 4 0 % , 
w i t h a corresponding uncerta inty i n comparison of different i n d i v i d u a l 
catalyst charges. 

Successive pulses of cumene were f ed to the reactor u n t i l the i n i t i a l 
h i g h act iv i ty l eve l h a d been reduced to approx imate ly steady state. 

Butene Isomer izat ion . A steady-flow tubular reactor was used for 
studies of i somerizat ion of 1-butene to cis- a n d frans-2-butene. 

T h e catalyst powder was pressed into a t h i n disk, crushed, screened, 
a n d d r i e d at 200 °C . A f t e r be ing d i l u t e d about 5 to 1 w i t h glass beads 
a n d p a c k e d into a c y l i n d r i c a l flow reactor, the catalyst was act ivated i n 
p lace b y heat ing i n a stream of d r y h e l i u m for 2 hours at 350°C. 

T h e catalyst mass of about 0.75 g ram was then brought to the reac
t ion temperature a n d exposed to a mixture of 1-butene ( 132 c c / m i n ) a n d 
h e l i u m (260 c c / m i n ) . Temperature was ma inta ined constant b y i m m e r 
sion of the reactor i n a fluidized sand bath . 
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T h e r a p i d decrease i n ac t iv i ty characterist ic of fresh, act ivated cat
alysts was f o l l owed b y t r a p p i n g a n d ana lyz ing successive gas samples at 
measured intervals i n a gas chromatograph. T h e butene—helium mixture 
was a l l owed to f low over the catalyst for several hours, u n t i l successive 
samples showed essentially no change i n composit ion. Steady-state ac
tivit ies were measured at several temperatures. 

Results 

Cumene Adsorption. C u m e n e adsorpt ion e q u i l i b r i u m data are pre 
sented i n the f o r m of isotherms at room temperature i n F i g u r e 1. 

A t the high-pressure end of the graph (above P / P 0 = 0.15) the a d 
sorption capaci ty at a g iven pressure decreases m a r k e d l y as a l u m i n u m is 
leached f r om the mordenite . I n mid-range , however , the curves cross, 
so that at l o w pressures ( be l ow P / P 0 = 0.01) the adsorpt ion capaci ty i n 
creases as a l u m i n u m is removed . T h i s effect is par t i cu lar ly m a r k e d i n 
the f u l l y decat ionized mordenite . T h i s mater ia l adsorbs as m u c h cumene 
at a pressure of 0.005 torr as the other mordenites adsorb at pressures 
about 50 times as great. 

Ef fect ive diffusion coefficients were ca lcu lated f rom adsorpt ion rate 
data on 3 materials based on a spher i ca l mode l . T h e crystall ites were 
assumed to be spheres w i t h a d iameter of 3.0 microns. 

F o r comparison, the diffusion coefficients were ca lcu lated f r om each 
adsorpt ion rate curve at the po int where the cumene uptake was ha l f of 
its e q u i l i b r i u m value. T h e results are shown i n T a b l e I I . 

Table II. Effective Cumene Diffusion Coefficients at 50% Uptake 

% Al203 D X W12 Cm*/Sec 

11.24 10.0 
6.90 5.2 
1.42 3.4 

T h e results indicate that the o r i g i n a l mordenite permits s ignif icantly 
easier dif fusion of cumene than does leached mater ia l . F u r t h e r w o r k 
is u n d e r w a y to c lar i fy this rather unexpected re lat ionship. 

Cumene Cracking. F igures 2 a n d 3 show cumene conversion per 
gram of catalyst for runs i n H e a n d i n H 2 , respectively, at 360°C as a 
funct ion of the cumulat ive quant i ty of cumene injected over each cat
alyst s tudied . A c t i v i t y loss c o u l d be par t ia l l y recovered to as m u c h as 
5 0 % of o r ig ina l b y heating i n H 2 at 538 ° C , ind i ca t ing that bo th the 
format ion of dimers a n d higher , as w e l l as irreversible cok ing , contr ibuted 
to ac t iv i ty loss. T h e activities of the fu l ly - l eached samples appear to be 
almost the same i n H 2 a n d i n H e ; the apparent ly enhanced react iv i ty i n 
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508 MOLECULAR SIEVE ZEOLITES 1 

Figure 2. Cumene cracking activity 

H 2 of the catalysts conta in ing more a l u m i n a is w i t h i n the l imits of error 
of catalyst mass as descr ibed previously . 

A r r h e n i u s plots of nondec l in ing ac t iv i ty data ca lcu lated as first-order 
rate constants were fitted for the 0.1 a n d 1.42% A 1 2 0 3 catalysts. Benzene 
produc t i on on b o t h catalysts can be fitted to the same act ivat ion energy 
of 15.8 K c a l / m o l e for operat ion i n b o t h H 2 a n d H e i n the range of 
3 4 7 ° - 4 5 0 ° C . 

Beecher et al. (2 ) invest igated 1 / 2 % P d on H - m o r d e n i t e a n d 1 / 2 % 
P d o n ΑΙ-deficient H - m o r d e n i t e ( "ac id - leached . . . to give a S i / A l 
rat io several - fo ld greater t h a n 5") . T h e y showed that the a c i d treatment 
great ly i m p r o v e d cata lyt i c ac t iv i ty for h y d r o c r a c k i n g n-decane a n d 
deca l in . T o p c h i e v a et al. ( 7 ) s tud ied pulse microreactor cumene crack
i n g of H-mordeni tes h a v i n g S i / A l ratios of 5, 6.5, a n d 9. T h e data 
obta ined ( b u t not presented) i m p l i e d that catalyt ic ac t iv i ty increased 
w i t h increasing S i / A l rat io . S i m i l a r w o r k b y W e l l e r a n d B r a u e r (8 ) i n 
the range of 7.5 to 9 S i / A l corroborated the increased c rack ing act iv i ty 
of a lumina-def ic ient mordenites , i n this case for hexane crack ing . 

I n the present work , S i / A l ratios v a r i e d f r o m 6 to 600. Ne i ther 
i n i t i a l ac t iv i ty levels nor sustained operat ion showed an act iv i ty a d v a n 
tage for A 1 2 0 3 r emova l . Rather , ac t iv i ty appeared to decrease w i t h i n 
creasing S i / A l at the 1 % cumene conversion leve l , b o t h w i t h H 2 a n d 
w i t h h e l i u m . 
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T h e materials selected for this p r e l i m i n a r y invest igat ion were chosen 
so that S i / A l ratios w o u l d be separated b y about an order of m a g n i t u d e — 
i.e., 6, 50, a n d 600. T h e range s tudied b y the other investigators c i ted 
was between the first 2 of these points. T h i s w o r k does not prec lude 
the poss ib i l i ty that the increase i n act iv i ty w i t h decreasing a l u m i n u m 
content observed b y the others m i g h t exist also i n that same range for 
other materials . W e l l e r a n d B r a u e r (8 ) i n fact d i d report a m a x i m u m 
i n c rack ing act iv i ty at a S i / A l rat io of about 8.7. W o r k is cont inu ing i n 
this range. 

Butene Isomer izat ion . INITIAL D E A C T I V A T I O N . Convers i on of 1-bu
tene to the 2-butenes was m u c h more r a p i d i n i t i a l l y than i n the steady 
state for a l l catalysts at a l l temperatures s tudied . I n i t i a l ac t iv i ty of the 
fu l ly - l eached m a t e r i a l was m u c h greater than that of the o r i g ina l H - m o r -

Figure 3. Cumene hydrocracking activity 
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510 MOLECULAR SIEVE ZEOLITES 1 

Figure 4. 1-Butene isomerization activity 

denite. A p p r o x i m a t e l y 4 0 % of the 1-butene was converted at a t em
perature of 20 ° C b y 0.75 g ram of leached mater ia l after 4 minutes on 
stream. I n contrast, on ly about 1 0 % was converted under the same 
condit ions over the untreated H-morden i te . Catalysts d i d not reach a 
steady state act iv i ty i n the range 2 0 ° - 7 0 ° C , but complete ly deact ivated 
w i t h t ime. A b o v e 90 ° C , a steady-state act iv i ty was reached w h i c h per
sisted for m a n y hours w i t h only sl ight decay. 

A p p r o x i m a t e l y 7 5 % of the lost ac t iv i ty cou ld be recovered b y p u r g 
i n g for several hours w i t h d r y h e l i u m . It is be l i eved that the lost ac
t i v i t y results p r i m a r i l y f r om po lymer i za t i on of the butènes to octenes, 
docecenes, a n d h igher w h i c h cannot r ead i l y escape f r om the pores a n d 
thus prevent access to the inner active sites. O n pro longed p u r g i n g i n 
a h e l i u m stream, these somewhat vo lat i le polymers s l owly diffuse out 
of the catalyst. 

A b o v e about 90 ° C , the vo la t i l i t y of the l o w molecular we ight p o l y 
mer byproducts is sufficient to permit them to diffuse s l owly b u t steadi ly 
out of the pores a n d a l l o w cont inu ing isomerizat ion to occur. T h e pres
ence of vo lat i le po lymers i n catalyst w h i c h h a d reached steady-state 
act iv i ty was conf irmed b y scanning deact ivated catalyst at various tern-
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peratures i n a mass spectrometer. A t 25 ° C , C 8 hydrocarbons were ob
served; at 50°C , C12 compounds appeared ; a n d at 7 5 ° C there were 
significant peaks as h i g h as the C 4 0 range. 

S T E A D Y S T A T E . T h e var iat ion of react ion rate constant w i t h per 
centage a l u m i n a at the steady state is shown i n F i g u r e 4. A s the m o r 
denite is decat ionized , the ac t iv i ty increases to a m a x i m u m a n d then 
falls w i t h further leaching . 

T h i s m a y be exp la ined as an i n i t i a l act ivat ion of in terna l sites b y 
the a c i d a n d heat treatment, f o l l owed b y some loss i n act iv i ty as the 
number of a c id sites is reduced . 

A m a r k e d effect on steady-state selectivity, measured as t rans / c i s , 
results f r om reduct ion i n a l u m i n u m . T h e select ivity of the fu l ly - l eached 
catalyst is about 2.4, w h i l e that of the H-morden i te is about 1.3. 

A p p a r e n t select ivity of the fu l ly - l eached freshly act ivated m a t e r i a l 
was even more m a r k e d than that i n the steady state. I n the first samples 
f r om the fresh catalyst, no cw-2-butene was observed even though h a l f 
of the 1-butene was converted. 

A t present, i t is not k n o w n whether this is observed because the 
cis isomer is not f o rmed at a rate measurable relat ive to trans or whether 
the cis is formed, then strongly adsorbed or q u i c k l y po lymer i zed . 

Conclusions 

A l u m i n u m can be leached f r om H-morden i t e almost complete ly b y 
a combinat ion of thermal a n d a c i d treatment. N o significant var ia t i on 
of the basic mordeni te lattice occurs as a result of this treatment, even 
w h e n the final S i / A l rat io is greater than 600. 

B o t h catalyt ic a n d adsorptive properties of the H - m o r d e n i t e are 
altered s ignif icantly as a l u m i n u m is removed, par t i cu lar ly as decat ioniza-
t ion nears complet ion . 

A s S i / A l is increased b y leaching , adsorpt ion capac i ty for cumene 
at ambient temperature a n d a g iven pressure is enhanced at very l o w 
pressures, but d i m i n i s h e d at pressure above 0.15 torr. 

L e a c h i n g of H - m o r d e n i t e i n i t i a l l y increases catalyt ic ac t iv i ty for 
1-butene isomerizat ion, but above a S i / A l rat io of about 15, the ac t iv i ty 
diminishes . 

A t h i g h S i / A l ratios, r e m o v a l of a l u m i n u m also results i n a loss of 
c rack ing a n d hydroc rack ing act iv i ty for cumene. T h e disappearance of 
a c id sites w i t h decat ionizat ion c o u l d account for loss of ac t iv i ty i n b o t h 
c rack ing and isomerizat ion. 

Studies are cont inu ing w i t h the objectives of further def ining the 
results on adsorption a n d catalysis a n d exp la in ing the phenomena ob
served i n terms of s tructural changes. 
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Discussion 
A l f r e d E . H i r s c h l e r ( S u n O i l C o . , M a r c u s H o o k , P a . ) : I wonder i f 

y o u cou ld be a l i tt le more specific on the manner i n w h i c h the thermal 
a n d a c i d l each ing procedures were combined i n obta in ing the samples 
descr ibed? 

L . B . S a n d : A t y p i c a l procedure was 700°C for two hours i n a d ry 
ni trogen purge f o l l owed b y b o i l i n g i n 6N H C 1 for several hours. D e 
l ineat ion of parameters can be f ound i n H . D . C h a n g s P h D thesis on file 
at the W . P . I , l i b rary . 

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) : Y o u 
reported data for crystal l i te size d is tr ibut ion . H o w d i d y o u measure 
crystal l i te sizes? D i d y o u attempt s ize- fract ionation of the crystallites? 
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L . B. Sand: Crys ta l l i t e sizes were measured w i t h an opt i ca l m i c r o 
scope. N o fract ionat ion was attempted. 

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) : Y o u 
refer to the fact that diffusivities were measured a n d comment that y o u 
are at tempt ing to expla in the variations f ound on the basis of strongly 
adsorbed species b l o c k i n g the diffusion process. D i d y o u measure bo th 
adsorpt ion a n d desorpt ion rates, a n d i f y o u d i d , w h a t were the re lat ive 
values of the two rates? 

W. L . Kranich: Because of l i m i t e d ava i lab i l i ty of sorpt ion apparatus 
w h e n this study was made, w e d i d not take desorption data. I n v i e w of 
the results, we recognize the special value of desorption rates and hope 
to take such data i n the future. 

J . R. Katzer: W e are us ing a s imi lar explanation for our results on 
the desorption of benzene a n d cumene f rom H-morden i te a n d have re
por ted this w o r k at the Puerto R i c o A . I . C h . E . meet ing i n M a y , 1970. (Ind. 
Eng. Chem. Fundamentals, i n press.) I th ink that this is an important 
factor. I f y o u c o u l d do some desorption measurements, the results w o u l d 
be very h e l p f u l a n d w o u l d c lar i fy your speculat ion. W e showed quite 
c lear ly that benzene a n d cumene molecules cannot counterdiffuse i n the 
H-morden i t e pores at reasonable temperatures. 
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Investigation of Oxygen Mobility in 

Synthetic Zeolites by Isotopic 

Exchange Method 

G. V. ANTOSHIN, KH. M. MINACHEV, E. N. SEVASTJANOV, 
D. A. KONDRATJEV, and CHAN ZUI NEWY 

N. D. Zelinsky Institute of Organic Chemistry, Academy of Sciences, 
Moscow, USSR 

A study has been carried out on the O18 exchange between 
O2 and following zeolites: NaX, NaY (SiO2/A2O3 = 3.4), 
NaY (SiO2/Al2O3 = 4.7), Na-mordenite, and Cu and Ag 
forms of Y zeolite. The sodium forms have similar kinetic 
characteristics of oxygen mobility. Activation energies of 
exchange for these forms are about 45-50 kcal/mole. The 
replacement of Na by Cu in Y zeolite causes a large increase 
of oxygen mobility. The same effect, but less pronounced, 
has been found for silver. 

' T ^ h e present paper reports some data on the oxygen m o b i l i t y of N a -
mordenite , a n d N a X , a n d N a Y zeolites, a n d that of s i lver a n d copper 

forms of zeolite Y w i t h various degrees of replacement of sod ium b y the 
cations. These have been obta ined b y s tudy ing the zeo l i t e -mo lecu lar 
oxygen isotopic exchange kinetics . S u c h data m a y prove va luab le i n 
ga in ing insight into the correlat ion dependence between zeol ite chemica l 
composi t ion a n d their properties , such as catalyt ic act iv i ty a n d t h e r m a l 
s tab i l i ty (1,4,6). N o data on isotopic exchange between 0 2 a n d zeolites 
are avai lable i n the l iterature, except one w o r k (3) i n w h i c h the exchange 
between 0 2

1 8 a n d zeolite L i n d e 5 A was not f o u n d at 250 °C . 

Experimental 

Materials. T h e samples were commerc ia l l y s u p p l i e d zeolites N a X 
( S i 0 2 / A l 2 0 3 = 2.45), N a Y ( S i 0 2 / A l 2 0 3 = 3.4 a n d 4.7) , a n d N a - m o r 
denite ( S i 0 2 / A l 2 0 3 = 10) w i thout b inder . T h e crysta l sizes of zeolites 
used were 1-2/x,. S i lver a n d copper forms of zeolite Y were p r e p a r e d b y 

514 
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41. ANTOSHIN ET AL. Oxygen Mobility in Synthetic Zeolites 515 

cat ion exchange between the start ing sod ium conta in ing zeolite Y w i t h 
S i 0 2 / A l 2 0 3 = 3.4 rat io a n d si lver nitrate or copper acetate solut ion. 
Before experiments, the zeolites were washed b y d i s t i l l ed water . Pe l l e ted 
forms of zeolites 4 m m i n diameter a n d 5 m m h i g h were used. Surface 
areas ( B E T ) of X a n d Y zeolites were ca. 700 m 2 / g r a m . T h e correspond
i n g va lue for Na -morden i te was 300 m 2 / g r a m . O x y g e n enr i ched i n O 1 8 

was prepared b y electrolysis of heavy-oxygen water . O x y g e n w i t h O 1 8 

concentrat ion about 7 % atm ( e q u i l i b r i u m mixture of different isotopic 
species ) was used i n most of experiments. 

Apparatus. A v a c u u m c i r cu lar static un i t was used to study the 
isotopic exchange. T h e temperature i n the zeolite b e d was ma inta ined 
w i t h accuracy of d= l °C . Omegatrone was employed to analyze the gas 
isotopic composit ion. 

Procedure. Zeol ite samples were treated i n h i g h v a c u u m ( 10" 5 m m ) 
at 700°C for 5 hours a n d then kept i n oxygen at the same temperature 
for not less than 5 hours at a pressure of 5-10 m m . Isotopic exchange 
was s tudied at 6 0 0 ° - 7 0 0 ° C under 5-60 m m pressure. T h e react ion vessel 
was fitted w i t h traps a n d cooled w i t h l i q u i d n i trogen to prevent grease 
f r o m gett ing into the zeolites. T h e capacity of the zeol ite samples used 
was determined against n i trogen at the temperature of l i q u i d n i trogen 
before a n d after the exchange experiments. 

Results and Discussion 

P r e l i m i n a r y experiments w i t h zeolite N a Y ( S i 0 2 / A l 2 0 3 = 3.4 ) have 
shown oxygen m o b i l i t y (exchange between phases) to be measurable 
only at temperatures exceeding 600 ° C after vacuum-treat ing the zeolite 
showed v a r y i n g increased act iv i ty . Th i s was decreased to a constant 
va lue b y m a i n t a i n i n g the zeolite i n oxygen. T h e data obta ined a l l o w e d 
a choice of conditions for the pre-treatment of the samples. T h e 0 1 8 

concentration increase i n zeolite result ing f r om one exchange w i t h the 
enr i ched gas was negl ig ib le . ( T h e rat io between the n u m b e r of oxygen 
atoms i n the zeolite a n d that i n the gas was about 200 i n most of the 
experiments. ) T h i s made possible a series of experiments w i t h the same 
zeol ite sample to study the dependence of the exchange rate on oxygen 
temperature and pressure. A f ter the series of experiments, the i n i t i a l one 
was repeated under the start ing conditions. T h e r e p r o d u c i b i l i t y of results 
was 1 0 % . 

E v a l u a t i o n of the exper imental data has shown the molecu lar o x y g e n -
zeol i te isotopic exchange kinetics to obey first order equations. F o r 
example, F i g u r e 1 presents some k inet i c data on the exchange between 
0 2 a n d sod ium forms of zeolites s tudied at 620° a n d 700°C. These are 
treated accord ing to the equat ion 
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40 80 120 160 180 220 

% [min] 

Figure 1. Kinetics of exchange between 02 and sodium forms of zeolites 
studied at temperatures 620° C (1) and 700°C (2). Oxygen pressure was 

5 mm Hg. 

where R is the isotopic exchange rate constant, a t o m s / g r a m m i n ; N i is the 
n u m b e r of oxygen atoms i n the gas; N2 is the n u m b e r of oxygen atoms 
i n the zeol ite ; F is the degree of exchange; g is the zeolite spec imen 
( g r a m s ) ; τ is the exchange t ime ( m i n ) . T h e l inear dependence shown 
i n F i g u r e 1 provides evidence that a l l oxygen of the zeolites s tudied is 
equivalent as to its exchange w i t h the gas. These results w i l l be discussed 
further . 

T a b l e I summarizes the m a i n k inet i c characteristics of the isotopic 
exchange between molecular oxygen a n d the zeolites s tud ied : R is the 
rate constant of exchange at 670°C a n d 5-mm pressure, a t o m s / g r a m m i n ; 
Ε is the apparent act ivat ion energy, k c a l / m o l e ; η is the react ion order 
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Table I. Kinetic Characteristics of O 1 8 Exchange between 
Zeolites and Molecular Oxygen 

R X 1 0 - 1 7 E, 
Atoms Kcal 

Zeolite Ratio Gram Min Mole η 

N a X 2.45 8.40 47 1.0 
N a Y 3.4 — 5.70 45 1.0 
N a Y 4.7 — 2.35 49 1.0 
N a - m o r d e n i t e 10 — 2.88 45 1.0 
C u N a Y 3.4 0.14 37.5 38 0.9 
C u N a Y 3.4 0.26 121 33 1.0 
C u N a Y 3.4 0.42 433 23 0.9 
A g N a Y 3.4 0.14 12.7 38 0.8 
A g N a Y 3.4 0.26 21.0 39 

a Ζ = degree of sodium replacement by the corresponding cation. 

against oxygen pressure. A s seen f r om the data presented i n T a b l e I , the 
oxygen m o b i l i t y k inet i c characteristics of the sod ium forms of the zeolites 
s tudied are s imi lar . 

T h e replacement of s od ium b y copper causes a strong p r o m o t i n g 
effect. F o r example, the exchange rate constant is 6 times as h i g h for a 
N a Y sample w i t h Ζ = 0.14 as for the start ing zeolite, the exchange ac t i 
vat ion energy decreasing f r om 45 to 38 k c a l / m o l e . W h e n the degree of 
cat ionic exchange increases u p to 0.42, the rate constant increases further 
a n d the act ivat ion energy decreases to 23 k c a l / m o l e . T h e p r o m o t i n g 
effect also is caused w h e n sod ium is rep laced b y si lver, b u t i n this case 
the effect is less pronounced . 

O n e m a y observe compensat ing dependence between the preex-
ponent ia l factor i n the A r r h e n i u s equat ion a n d the act ivat ion energy. 
T h i s dependence is shown i n F i g u r e 2. A s the act ivat ion energy i n the 
sample w i t h the exchange degree 0.42 decreases to 23 k c a l / m o l e , the 
preexponent ia l factor becomes 3 orders lower . 

Some experiments w i t h various cat ionic forms of zeolite Y at the 
highest temperatures have been carr ied out us ing the gas w i t h O 1 8 

concentration about 4 0 % atm, the content of various isotopic molecules 
of oxygen ( 0 1 6 0 1 6 , 0 1 6 0 1 8 , a n d 0 1 8 0 1 8 ) i n i t be ing close to e q u i l i b r i u m . 
W i t h s o d i u m a n d si lver forms, the e q u i h b r i u m i n the gas phase was 
reta ined , whereas w i t h the copper forms a sharp dev iat ion f r o m e q u i 
l i b r i u m was observed at the i n i t i a l stage of exchange. T h i s i n d i c a t e d (2 ) 
that i n the cases of si lver a n d sod ium forms the exchange w i t h one i o n of 
zeolite oxygen w o u l d be predominant , w h i l e i n the case of copper forms 
it w o u l d be w i t h 2 ions. 
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30 Η 

29 h 

30 40 

E [ k c a l /mo le ] 

Figure 2. The compensatory dependence between parameters in the 
Arrhenius equation for the exchange between 02 and the copper forms 

of zeolite Y 

T h u s , as fo l lows f r om the analysis of the exchange k inet i c charac
teristics, the subst i tut ion of copper for sod ium causes a considerable 
change i n the exchange mechanism. 

T h e temperatures of the p r e l i m i n a r y treatment a n d exchange ex
periments were sufficiently h i g h that one m i g h t suggest that the structure 
of the samples under s tudy should change. H o w e v e r , the data on ni trogen 
adsorpt ion p r o v i d e d evidence i n favor of re ta in ing the structure. 

N o w , w e are to consider the p r o b l e m of zeolite oxygen equivalence 
w i t h respect to exchange. Since most of the experiments have been car
r i e d out w i t h the ratio N2/Nx = 200, that is, i n a large excess of oxygen 
i n the so l id phase, the kinetics observed cou ld be characteristic of the 
exchange of a s m a l l part of zeolite oxygen. T h e n the conclusion about 
the oxygen equivalence c o u l d be true on ly for a smal l part of the oxygen 
i n v o l v e d i n the exchange rather than for the zeolite oxygen as a whole . 
H o w e v e r , i n the experiment w i t h N a Y ( S i 0 2 / A l 2 0 3 = 3.4) at 670 ° C 
a n d at oxygen pressure of 5 m m , w i t h Ν2/Νχ ratio be ing 20.8, the rate 
constant value prac t i ca l ly coincides w i t h the corresponding value pre 
sented i n T a b l e I. F u r t h e r m o r e , a series of as m a n y as 10-15 experiments 
w i t h the same sample showed that the exper imental values of e q u i 
l i b r i u m concentrations obta ined d u r i n g the exchange between n e w por -
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tions of gas a n d the same sample d i d not exceed 0 .5 -0 .7% atm. These 
data a l l o w one to assume that a l l the oxygen of zeolites w o u l d be i n v o l v e d 
and , hence, the conclusion about its equivalence w i t h respect to exchange 
w o u l d be true for the zeolite oxygen as a whole . 

T h e k inet i c dependences observed m i g h t be caused b y the exchange 
dif fusion h indrance . It has been shown exper imental ly that the exchange 
is not l i m i t e d b y outer di f fusion; the results obta ined f r o m the exper i 
ments w i t h various rates of gas c i r cu lat ion coincide. Exchange p r o b a b l y 
is not l i m i t e d b y diffusion i n zeolite pores. I n fact, w i t h as l i t t le as 1 4 % 
of sod ium rep laced b y copper, w h i c h does not prac t i ca l ly affect the porous 
structure, the exchange rate constant of zeol ite Y becomes more than 
6 times as h igh . 

T h e h i g h act ivat ion energy values for sod ium forms also prov ide 
evidence against diffusion h indrance . T h u s , one cannot re ly on the as
sumpt ion that exchange is l i m i t e d b y the dif fusion process to account for 
oxygen equivalence w i t h respect to exchange. It is possible to exp la in 
i t b y m a k i n g the f o l l o w i n g assumptions. 

a) T h e l i m i t i n g stage of exchange m a y be one of the adsorpt ion or 
desorpt ion stages, w i t h a l l the adsorpt ion -desorpt ion sites be ing equ iv 
alent i n their properties . 

b ) A l l oxygen ions of zeolite m a y be ident i ca l , no matter w h a t their 
close surrounding is ( for example, o w i n g to the u n i f o r m d is t r ibut ion of 
the excess negative charge throughout the f ramework of zeo l i te ) . 

T h e data avai lable do not a l l ow one to decide between these 2 
assumptions. S tudy i n this d i rec t ion is under way . 

F i n a l l y , a f ew words should be said about results that f e l l b e y o n d 
the scope of this report. T h e reduced copper forms of zeolite Y 
possess a h i g h catalyt ic ac t iv i ty i n re lat ion to the react ion Q 2

1 6 + 0 2
1 8 = 

2 0 1 6 0 1 8 at temperatures as l o w as 1 0 0 ° - 3 0 0 ° C . T h u s , zeolites c o u l d be 
used as o x i d i z i n g catalysts. 

T o conclude, the zeolites s tudied rank as an intermediate between 
a l u m i n a a n d s i l i ca i n their oxygen m o b i l i t y ( 5 ) ; zeolites are less active 
i n the exchange w i t h 0 2 than a l u m i n a a n d more active than s i l i ca . 
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