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ABSTRACT

The C o n c e n t r a t i o n  Dependence o f  Z e o L i t i c  Sorp  

W. W. B r a n d t ,  W. R u d l o f f 1 ' 2

D e p a r tm e n t  o f  C h e m is t ry  
I l l i n o i s  I n s t i t u t e  o f  T e c h n o l o g y *  

C h ic a g o ,  I l l i n o i s  60616
lea s#

The c o n c e n t r a t i o n  d e p e n d e n c e  o f  s o r p t i o n  r a t e s  o f  s e l e c t e d  g a s e s  on c h a -  

b a z i t e  h a s  b e e n  d e t e r m i n e d  and  i n t e r p r e t e d  i n  t e r m s  o f  t h e  v a r i o u s  r a t e  c o n 

t r o l l i n g  mechan isms  p r e s e n t .  Argon and  s e v e r a l  o t h e r  g a s e s  e x h i b i t  c o n c e n t r e ,  

t i o n  i n d e p e n d e n t  a c t i v a t e d  d i f f u s i o n  i n t o  t h e  b u l k  o f  t h e  z e o l i t e .  F reon  21 

o c c u p i e s  o n l y  t h e  p o r e s  o r  c r e v i c e s  o f  t h e  m i n e r a l ,  and t h e  r a t e s  a r e  c o n 

t r o l l e d  by Knudsen o r  g a s e o u s xb u l k  d i f f u s i o n ,  d e p e n d in g  on t h e  c o n c e n t r a t i o n  

r a n g e .  F i n a l l y ,  c a r b o n  d i o x i d e  s o r p t i o n  r a t e s  s t r o n g l y  i n c r e a s e  w i t h  s o r b a t e  

c o n c e n t r a t i o n s .  T h i s  p r o b a b l y  means t h a t  a t  low c o n c e n t r a t i o n s  t h e  s low  a d 

s o r p t i o n  on t h e  i n t e r n a l  s i t e s  i s  t h e  r a t e  c o n t r o l l i n g  p r o c e s s ,  w h i l e  a t  

h i g h e r  c o n c e n t r a t i o n s  t h e  d i f f u s i o n  r a t e  o f  t h e  g a s  i n t o  t h e  b u l k  o f  t h e  z e o 

l i t e  becomes  i m p o r t a n t .
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I n t r o d u c t i o n:

S o r p t i o n  r a t e s  o f  g a s e s  on z e o l i t e s  seem t o  depend  on t h e  s o r b a t e  co n 

c e n t r a t i o n  i n  v a r i o u s  ways .  B a r r e r  and F e n d e r  d e t e r m i n e d  d i f f u s i o n  c o e f f i c i -

( 3 )e n t s  o f  s o r b e d  H^O from D^-H^O e xc hange  r a t e  m ea s u rem e n ts  on s e v e r a l  z e o l i t e s ;

( 3 )  R. M. B a r r e r ,  B. E. F.  F e n d e r ,  J .  P h y s .  Chem. S o l i d s ,  ,21,  12 ( 1 9 6 1 ) .

t h e y  n o t e d  t h a t  i n  t h e  l a y e r  s i l i c a t e  h e u l a n d i t e  t h e s e  c o e f f i c i e n t s  m a r k e d ly  i n -

(4 )
c r e a s e  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n .  H^O c a u s e s  t h e  m i n e r a l  t o  e x p a n d ,

(4 )  R. M. B a r r e r ,  B . E. F e n d e r ,  J .  P h y s .  Chem. S o l i d s ,  _21, 1 ( 1 9 6 1 ) .

and  t h i s  p r e s u m a b ly  l e a d s  t o  t h e  i n c r e a s e d  m o b i l i t y  o f  t h e  d i f f u s i n g  m o l e c u l e s .

Thus ,  t h e  s i t u a t i o n  i s  a n a l o g o u s  t o  t h a t  e n c o u n t e r e d  i n  s w e l l i n g  o r g a n i c  h i g h

, (5 )p o l y m e r s .

(5 )  See  f o r  exam p le ,  R. J .  Kokes,  F. A. Long,  J .  Am. Chem. S o c . ,  75 ,  6142 ( 1 9 5 3 ) ;  
75 ,  2232 ( 1 9 5 3 ) .

I n t e r e s t i n g l y ,  B a r r e r  and  F e n d e r ' s  d a t a  a l s o  show t h a t  t h e  H^O d i f f u 

s i o n  c o e f f i c i e n t s  i n  g m e l i n i t e ,  a  t y p i c a l  f ramework  z e o l i t e ,  i n c r e a s e  somewhat  

w i t h  s o r b a t e  c o n c e n t r a t i o n .  Thus ,  t h e  w id e n in g  o f  a  l a t t i c e ,  a s  e s t a b l i s h e d  

f o r  h e u l a n d i t e ,  i s  n o t  n e c e s s a r i l y  t h e  o n l y  p o s s i b l e  r e a s o n  f o r  t h e  o b s e r v e d  

upward t r e n d .  The s i t u a t i o n  i s  f u r t h e r  c o m p l i c a t e d  by t h e  f a c t  t h a t  i n  some 

g a s - z e o l i t e  s y s te m s  one  f i n d s  a  marked  d e c r e a s e  o f  t h e  s o r p t i o n  r a t e s  w i t h  i n 

c r e a s i n g  s o r b a t e  c o n c e n t r a t i o n . S o m e t i m e s  upward and  downward t r e n d s  a r e

( 6 )  R. M. B a r r e r ,  D. W. Brook ,  T r a n s .  Fa rad a y  S o c . , 49 ,  1049 ( 1 9 5 3 ) .

fo u n d  w i t h  t h e  same z e o l i t e  i f  t h e  p r e t r e a t m e n t  i s  v a r i e d . 7

( 7 )  H. W. Habgood, Can. J .  Chem.,  36 ,  1384 ( 1 9 5 8 ) .



2 .

I t  i s  q u i t e  c o n c e i v a b l e  t h a t  d i f f e r e n t  r a t e  c o n t r o l l i n g  mechan isms  a r e  

a t  work i n  t h e  above  s o r p t i o n  and d i f f u s i o n  e x p e r i m e n t s .  Fo r  e xa m p le ,  s o r p 

t i o n  r a t e s  a r e  l i k e l y  t o  d e c r e a s e  w i t h  i n c r e a s i n g  s o r b a t e  c o n c e n t r a t i o n  i f

t h e y  a r e  c o n t r o l l e d  by d i f f u s i o n  i n  and t h r o u g h  p o r e s  o r  c r e v i c e s ,  p r o v i d e d

( B )t h e  c o n c e n t r a t i o n  i s  to o  h i g h  f o r  Knudsen d i f f u s i o n ,  o r  i f  t h e  a d s o r p t i o n

(8 )  C. N. S a t t e r f i e l d ,  T. K. Sherwood,  "The R o le  o f  D i f f u s i o n  i n  C a t a l y s i s " ,  
A d d i s o n -W e s le y ,  R e a d i n g ,  M a s s a c h u s e t t s  ( 1 9 6 3 ) ,  p .  12 and 27.

on ( i n t e r n a l ) s u r f a c e  s i t e s  c o n s t i t u t e s  t h e  r e l a t i v e l y  s low  s t e p .  I n  t h e

l a t t e r  c a s e  t h e  downward t r e n d  i s  due  t o  t h e  d e c r e a s e  o f  t h e  number o f  a v a i l -

(9 )
a b l e  s i t e s  w i t h  i n c r e a s i n g  u p t a k e .

(9 )  R. M. B a r r e r ,  D. A. I b b i t s o n ,  T r a n s .  F a r a d a y  S o c . ,  40,  195 ( 1 9 4 4 ) .

The p r e s e n t  s t u d y  i s  a  s e a r c h  f o r  t h i s  p o s s i b l e  c o r r e l a t i o n  b e tw e en  c o n 

c e n t r a t i o n  d e p e n d e n c e  o f  t h e  s o r p t i o n  r a t e s  and  t h e  u n d e r l y i n g  r a t e  c o n t r o l l i n g  

mechan ism .  E a r l i e r  s t u d i e s  i n  t h i s  a r e a ^ ^ ’ ^ ^  f u r n i s h  a u s e f u l  b a s i s  f o r  t h i s

(10 )  W. W. B r a n d t ,  W. R u d l o f f ,  J .  P h y s .  Chem. S o l i d s , 25 , 167 ( 1 9 6 4 ) .

( 11 )  W. W. B r a n d t ,  W. R u d l o f f ,  Z.  P h y s .  Chemie ( N . F . ) 42 ,  201 ( 1 9 6 4 ) .

work i n  t h a t  f o r  s e l e c t e d  g a s - z e o l i t e  s y s t e m s ,  t h e  r a t e  c o n t r o l l i n g  s t e p s  have  

a l r e a d y  b e e n  i d e n t i f i e d  w i t h  some d e g r e e  o f  c e r t a i n t y .  For  exam p le ,  t h e  s o r p 

t i o n  o f  a r g o n ,  m e th a n e ,  h e l i u m ,  and  h y d r o g e n  on a  p a r t i c u l a r  s am p le  o f  n a t u r a l  

c h a b a z i t e  was found  t o  be  d i f f u s i o n  r a t e  c o n t r o l l e d ,  w h i l e  c a r b o n  d i o x i d e  s o r p 

t i o n  r a t e s ,  e s p e c i a l l y  a t  low t e m p e r a t u r e s ,  a r e  d e t e r m i n e d  by a  r e l a t i v e l y  

s low  s u r f a c e  a d s o r p t i o n .  F i n a l l y ,  F reon  21 was found  t o  d i f f u s e  o n l y  i n t o  t h e  

p o r e s ,  c r e v i c e s ,  o r  open  g r a i n  b o u n d a r i e s  o f  t h i s  m i n e r a l ,  n o t  i n t o  t h e  w e l l  o r 

d e r e d  c r y s t a l l i n e  r e g i o n s .  Thus ,  t h e r e  a r e ,  f o r  t h e  t y p e  o f  s y s t e m s  i n v e s t i g a t e d  i n



t h i s  l a b o r a t o r y ,  and i n  t h e  t e m p e r a t u r e  and  c o n c e n t r a t i o n  r a n g e  c o v e r e d ,  e s s e n 

t i a l l y  t h r e e  c a t e g o r i e s  o f  s o r p t i o n  p r o c e s s e s  f o r  which  t h e  c o n c e n t r a t i o n  d e 

p e n d e n c e  o f  t h e  s o r p t i o n  r a t e s  i s  t o  be  o b t a i n e d .

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

The p r i n c i p a l  sample  o f  c r y s t a l l i n e  e h a b a g i t e  u s e d  i n  t h e  p r e s e n t  work 

was t h e  same one  d e s c r i b e d  p r e v i o u s l y . ^ C e r t a i n  a d d i t i o n a l  s a m p le s  o f  a 

r e l a t e d  n a t u r e  were  i n t r o d u c e d  and a r e  d i s c u s s e d  i n  t h e  Legends  t o  F i g u r e s  (1 )  

and ( 2 ) ,  and  T a b l e  ( 1 ) .

The e x p e r i m e n t a l  m e thods  employed i n  t h i s  work were  o u t l i n e d  e a r l i e r . ^  

D i f f u s i o n  r a t e s ,  D*, were  d e t e r m i n e d  a s  a  f u n c t i o n  o f  t h e  f r a c t i o n a l  amount  o f  

s o r b a t e  y e t  t o  b e  s o r b e d  o r  d e s o r b e d  i n  a  g i v e n  e x p e r i m e n t ,  P*,  a s  d e s c r i b e d  i n  

t h e  p r e c e d i n g  p a p e r  o f  t h i s  s e r i e s .  D* i s  d e f i n e d  a s  D /a^  where  a  i s  a v e r a g e

r a d i u s  o f  t h e  g r a i n s .

The g r a p h i c a l  c o m p a r i s o n  o f  t h e  s o r p t i o n  r a t e s  w i t h  t h e  s o l u t i o n  t o  t h e  

d i f f u s i o n  e q u a t i o n ,  l e a d i n g  to  t h e  r e p o r t e d  D* v a l u e s ,  doe s  n o t  im p ly  t h a t  t h e  

p r o c e s s e s  s t u d i e d  a r e  n e c e s s a r i l y  d i f f u s i o n  r a t e  c o n t r o l l e d .  I n s t e a d ,  t h e  

d i s c u s s i o n  o f  t h e  r e s u l t s  i n  t e r m s  o f  B* v a l u e s  i s  s im p l y  c o n v e n i e n t  and  e f f i c i e n t  

s i n c e  i t  o b v i a t e s  t h e  u s e  o f  n u m e r i c a l  schemes  f o r  t h e  e v a l u a t i o n  o f  c o n c e n t r a 

t i o n  d e p e n d e n t  d i f f u s i o n  c o e f f i c i e n t s  o r  o f  two i n d e p e n d e n t  r a t e  c o n s t a n t s  i f  

t h e  o v e r a l l  r a t e  i s  a f f e c t e d  by two i n d i v i d u a l  m echan ism s .  M ore ove r ,  t h e  d i s 

c u s s i o n  i n  t e r m s  o f  D* a l l o w s  one  t o  a s s e s s  e a s i l y  t h e  r e l a t i v e  i m p o r t a n c e  o f  

m in o r  e x p e r i m e n t a l  e r r o r s .

I n  t h e  e a r l i e r  work,  t h e  s o r b a t e  c o n c e n t r a t i o n  i n  t h e  z e o l i t e  was p e r m i t t e d  

t o  c h a n g e  o n l y  v e r y  l i t t l e  d u r i n g  a  g i v e n  e x p e r i m e n t ,  so t h a t  t h e  r a t e  c u r v e  

s h a p e s  o b t a i n e d  would b e  u n a f f e c t e d  by any  c o n c e n t r a t i o n  d e p e n d e n c e  o f  t h e  r a t e  

c o e f f i c i e n t s .  I n  t h e  p r e s e n t  s t u d y ,  t h e  c o n c e n t r a t i o n  a g a i n  was k e p t  n e a r l y  

c o n s t a n t  d u r i n g  e a c h  i n d i v i d u a l  e x p e r i m e n t ,  b u t  an  a p p r e c i a b l e  r a n g e  o f  c o n c e n -



TABLE (1 ):  Basic Experimental Data on Sorption and D esorption Experiments.

t d, degassing tim e \ ' T, experim ental temperature^ p2, p0 , p® , the gas pressure  

above the sample before a t  th e beginn ing, and long time a fte r  the s ta r t  o f  a run, 

r e sp e c t iv e ly , s ,  amount sorbedj D, apparent d if fu s io n  c o e f f ic ie n t  (s e e  t e x t ) .

Run t d T p x p 2 Pa, s '  D ,
<h rs> <°c > )  l J ±  )- \g  mm Hg)  {  sec  J

Sanple: Chabazite gra in , diameter 0 .8 1  cm. % degassed a t  the experim ental
tem perature, T.

Argon:

13/236 — 9 7 .7 212.64 0 .077 12 ,40 16 x 10 7 2 .9 X
5

10

13/281 12 9 .4 0 201.89 160.36 2 .8  x 10 7 1 .5 X
~6

10

Methane:

13/232 15 97.8 0 27 .10 23 .96 1 .0  x 10 7 1 .0 X
“ 6

10

13/234 — 97.8 76.11 0.18 13.79 2 .5  x 10 7 2 .6 X
~6

10

13/259 — 50.2 93.8 1 .8 5 2U.06 7 .4  x  10 4 .7 X
- 7

10

Hydrogen:

25/28 — 99.5 184.44 1.40 3 .70 — 9.2 X
- 4

10

25/30 99-5 236.05 0.42 3 .43 — 8 .1 X
- 4

10

25/32 49 .1 211.2 0.52 4 .2 9 — 5 .5 X H 0
1

25/34 49 .1 255.42 0.78 5.30 —- 6 .0 X
4

10

25/39 3 .8 211.34 409.50 403.50 3 .1  x 10 8

CO X
- 4

10

25/40 — 3 .6 403.50 249.63 253.71 3 .2  x  10 8 3 .3 X
- 4

10

25/41 — 3 .6 253.71 10.00 16 .57 7.3  x 10 8 3 .6 X
- 4

10



Carbon Dioxide:

25/8 24 99 .7 0 44.11

25/17 12 99 .5 0 22.23

25/19 12 99.5 0 21.14

25/20 — 99.5 12 .15 36.39

25/21 — 9 9 .5 28 .70 52.86

25/22 — 9 9 .5 46 .90 0 .21

25/23 — 99.5 38.52 0 .30

25/10 7 50 .6 0 42.39

25/12 —  . 50 .6 15.43 43.51

25/13 — 50.6 28 .25 0.63

25/15 12 4 9 .4 0 224.69

25/16 12 4 9 .4 0 21 .76

2 5 /5 70 5-7 0 45.67

25 /6 — 5 .7 2 .58 44.31

25/7 — 5 .6 5 .97 45.91

.Freon-21:

25/61 12 1 3 .6 0 31.3

25/65 — 1 3 .6 2 7 .9 77.3

25/66 — 1 3 .6 71.9 128.0

25/67 — 13 .6 122 .0 179.4

25/68 — 1 3 .6 173.8 231.3

25/69 — 1 3 .6 225 .0 276.6

25/70. — 1 3 .6 272 .9 323.9

25/71 — 13 .6 371 .4 394.6

28 .65_ 7.3 X
“6

10 2 .3 X
6

10

13.33 9 .0 X
~6

10 2 .3 X
~6

10

12.15 1 .0 X
~5

10 2 .5 X
"6

10

28 .70 7 .9 x '
**6

10 4 .8 X
~6

10

46 .90 6 .5 X
~6

10 5 .3 X
“6

10

38.52 6 .8 X
“ 6

10 3 .3 X
~6

10

32.57 6 .9 X
~6

10 3 .5 X
“s

10

15 .43 2 .4 X
“ 5

10 1 .1 X
“ s

10

28.25 2 .0 X
“ 5

10 1.2 X
~ 6

10

26 .94 2 .0 X
“ 5

10 1 .8 X
“ 5

10

107.4 1 .5 X
~ 5

10 1 .1 X
~6

10 .

6 .76 3 .0 X
~5

10 1 .1 X
“6

10

2 .58 2 .3 X
~ 4

10 1.3 X
~ 6

10

5 .97 1 .9 X
” 4

10 1 .4 X
~ 6

10

10.76 1 .5 X
”4

10 1 .5 X
~6

10

27 .9  . 1 .2 X
-7

10 6 . 4 X
-4

10

71.9 1 .3 X
-7

10 5 .3 X
~ 4

10

122.0 1 .2 X
” 7

10 3.2 X
~ 4

1 0

173.8 1 .2 X
"7

10 2 .9 X
~ 4

1 0

2 2 5 . 0 1 .2 X
—7

10 2 .9 X
“4

1 0

272.9 1 . 2 X
-7

10 2 .2 X
-4

10

317.4 1 .3 X
-7

10 2 .3 X
-4

10_

3 8 1 . 8 1 . 4 X
**7

10 1 . 6 X
4

10



26/72 — 1 3 .6 381.3 489.5 472.1

26/73 — ' 13 .6 .472.1 592.6 5o8«7

26/74 — 1 3 .6 668.7 628.1 608.3

25/76  — 13 .6 608,3 475 .4 513.8

26/76 — 1 3 .6 513 .3 368 .9 398.8

26/77 — 1 3 .6 398.8 203.3 232.2

Sample: grain  o f  same ch a b a z ite , average diameter 
250° C.

M e th a n e :

13/30 1 2 .5 50 0 27 .3 24 .0

13/32 2 50 0 15 .5 13 .9

13/33 15 50 0 26.3 2 3 .5

13/34 2 50 0 2 8 .1 25.1

13/35 3-9 50 0 108 .0 . 95 .6

13/36 19 50 0 110.7 97.8

13/37 2 50 0 108.6 95.8

13/38 15 5o 0 110.5 97 .4

13/39 2 50 0 201.2 177.7

13/40 16 50 0 113.2 99.2

13/41 — 50 99.2 114 .1 112 .4

13/42 — 50 112 .4 130.8 128.4

13/43 13 50 0 112 .7 98 .5

13/44 — 50 98 .5 211.2 198.6

13/45 — 50 198 .6 307.8 296 .0

1 .5 X
~ 7

10 9 .2 X 10 5

1 .7 X
~ 7

10 7 .3 X
” 5

10

1 .9  x  10 7 4 .3 X
~ 5

10

1 .5 X
- 7

10 9 .1 X
“ s

10

1 .2 X
- 7

10 1 .2
■ 4

x 10

— 3 .3 X
—4

10

0 .6 7  cm; degassed a t above

4 .3 X
“7

10 1 .6 X
“s

10

3 .6 X
" 7

10 2 .5 X
“s

10

3 .7 X
” 7

10 2 .6 X
~5

10

3 .8 X
” 7

10 2 .3 X 10

4 .0 X
—7

10 2 .1 X
“s

10

4 .1 X
” 7

10 2 .1 X
-5

10

4 .1 X
- 7

10 2 .1 X
~s

10

4 .1 X
-7

10 1 .9  x
"s

10

4 .1 X
**7

10 2 .1 X
~8

10

4 .4 X
-7

10 2 .0 X
“s

10

3 .9 X
~7

10 2 .1 X
-5

10

3 .5 X
-7

10 1 .9 X
-5

10

4 .5 X
” 7

10 2 .0 X
”5

10

4 .2 X
-7

10 2 .0 X
■5

10

4 .0 X
“ 7

10 1 .8 X
-5

10



Sample! Chabazite powder, average grain diam eter 0 .0088 cm. I  degassed a t  
the experim ental tem perature, T.

Carbon D ioxide:

13/183 19 99-2 0 13.2 1 .74 5 .6 X
~ 6

10 4 .2 X
~ 9

10

13/184 99.2 1 .74 13 .6 4 .6 7 3 .7 X
*~6

10 2 .4 X
~ 8

10

13/188 --- 99.2 4 .6 7 1 4 .6 7.62 3 .0 X
“ 6

10 3.7 X
~Q

10

13/186 --- 99.2 7.62 16 .4 10.8 2 .6 X
~ 6

10 4 .1 X
“ a

10

13/187 --- 99.2 10 .8 17 .3 1 3 .1 2 .4 X
“ 6

10 3 .6 X
**8

10

13/188 ----- 99.2 1 3 .1 18.7 15.3 2 .3 X
**6

10 6 .3 X
~ 8

10

13/189 —— 99.2 15 .3 1 0 .6 11.3 3 .0 X
~ 6

10 2 .3 X
—7

10

13/190 •MM* 99.2 1 1 .3 7.8 9 8 .74

COro X
“ 6

10

COCVJ X
“ 7

10

13/191 — 99.2 8 .74 5 .75 6.62 . 4 .9 X
~ 6

10 2 .7 X
“ 7

10



t r a t i o n s  was c o v e r e d  by s e r i e s  o f  c o n s e c u t i v e  s o r p t i o n  and d e s o r p t i o n  e x p e r i m e n t s  

Re s u l t s :

T a b l e  (1 )  g i v e s  t h e  b a s i c  r e s u l t s  f o r  t h e  p r e s e n t  s e r i e s  o f  s o r p t i o n  r u n s . 

The run  numbers  i n d i c a t e d  i n  t h i s  T a b l e  a l l o w  one  t o  c o r r e l a t e  t h e  p r e s e n t  d a t a  

w i t h  t h o s e  r e p o r t e d  p r e v i o u s l y ;  i n  p a r t i c u l a r #  c o n s e c u t i v e  s o r p t i o n  s t e p s  can  

b e  i d e n t i f i e d  a s  such .

F i g u r e  (1 )  shows p l o t s  o f  t h e  a p p a r e n t  d i f f u s i o n  r a t e s ,  D*, a g a i n s t  P * , 

f o r  some t y p i c a l  e x p e r i m e n t s .  F i g u r e  ( 2 )  g i v e s  D a s  a  f u n c t i o n  o f  t h e  c o n c e n 

t r a t i o n  o f  s o r p t i o n  i n  t h e  s o r b e n t  a t  t h e  b e g i n n i n g  o f  e a c h  p a r t i c u l a r  r u n .

Some o f  t h e  d a t a  i n c l u d e d  i n  F i g u r e  (2)  a r e  n o t  r e p o r t e d  e l s e w h e r e  b e c a u s e  t h e y  

a r e  o f  somewhat  lo w e r  p r e c i s i o n  and a r e  o f  u s e  o n l y  f o r  t h e  c o m p a r i s o n  embodied 

i n  t h i s  F i g u r e .  The d i f f u s i o n  c o e f f i c i e n t ,  D, f o r  each  ru n  ( T a b l e  (1 )  and 

F i g u r e  ( 2 ) )  i s  o b t a i n e d  i n  a  r a n g e  o f  P* where  i t  i s  most  n e a r l y  c o n s t a n t  ( s e e  

F i g u r e  (1 )  f o r  e x a m p l e s ) .

None o f  t h e  r e s u l t s  o b t a i n e d  w i t h  h y d r o g e n  a s  a  s o r b a t e  a r e  u s e d  i n  F i g u r e s  

(1 )  and  ( 2 ) ,  b e c a u s e  t o o  l i t t l e  o f  t h i s  g a s  i s  s o r b e d  t o  o b t a i n  p r e c i s e  v a l u e s  

o f  D* o r  D.

Di s c u s s i o n :

The r e s u l t s  o b t a i n e d  f o r  a r g o n ,  m e t h a n e ,  and h y d r o g e n  a r e  p a r t i c u l a r l y  

s i m p l e .  Fo r  o n e ,  D* i s  i n d e p e n d e n t  o f  P* ( F i g u r e  ( 1 ) ) ,  and t h i s  means t h a t  

an i n d i v i d u a l  r a t e  c u r v e  i s  w e l l  f i t t e d  by t h e  r e l e v a n t  s o l u t i o n  t o  t h e  d i f f u 

s i o n  e q u a t i o n .  Next ,  t h e  i n i t i a l  d i f f u s i o n  c o e f f i c i e n t s ,  D, a r e  i n d e p e n d 

e n t  o f  c o n c e n t r a t i o n  o v e r  t h e  r a n g e  c o v e r e d  ( F i g u r e  (2) and  T a b l e  ( 1 ) ) .  Thus ,  

i n  a g r e e m e n t  w i t h  t h e  e a r l i e r  work ,^  t h e  s o r p t i o n  o f  t h e  above  g a s e s  on

t h e  n a t u r a l  c h a b a z i t e  i n v e s t i g a t e d  h e r e ,  a p p e a r s  t o  b e  c o n t r o l l e d  by c o n c e n 

t r a t i o n  i n d e p e n d e n t ,  a c t i v a t e d  b u l k  d i f f u s i o n .



5 .

Next ,  t h e  d a t a  o b t a i n e d  f o r  Freon  21 a r e  o f  c o n s i d e r a b l e  i n t e r e s t .  As i n
t h e

t h e  c a s e  o f  a r g o n ,  e t c . , / r a t e s  conform t o  t h e  s o l u t i o n  t o  t h e  d i f f u s i o n  e q u a 

t i o n  and  t h e  s o r p t i o n  and  d e s o r p t i o n  r e s u l t s  a g r e e  w e l l  ( F i g u r e  ( 1 ) ) .  On t h e  

o t h e r  h a n d ,  t h e  F reon  21 r a t e s  show a d i s t i n c t  and n e g a t i v e  c o n c e n t r a t i o n

d e p e n d e n c e ,  e s p e c i a l l y  a t  t h e  h i g h e r  s o r b a t e  c o n c e n t r a t i o n s  u s e d  ( F i g u r e  ( 2 ) ) .

( 1 2 )B a r r e r  and  Brook r e p o r t e d  s o r p t i o n  r a t e s  o f  p r o p a n e  and  m e t h y l e n e  c h l o r i d e

(12 )  R. M. B a r r e r ,  D. W. Brook ,  T r a n s .  F a r a d a y  S o c . , 49,  1049 (1953) . .

on some o t h e r  n a t u r a l  c h a b a z i t e .  These  d a t a ,  a s  shown i n  F i g u r e  ( 2 ) ,  show v e r y  

s i m i l a r  t r e n d s  a s  o u r s ,  b u t  t h e  a c t u a l  s o r p t i o n  r a t e s  d i f f e r  g r e a t l y .  O b v i o u s l y ,  

t h e  m o l e c u l a r  s i e v e  e f f e c t  doe s  n o t  a c c o u n t  f o r  t h e  v e r y  h i g h  s o r p t i o n  r a t e s  

m easu red ,  f o r  F reon  21,  a s  compared  t o  t h e  o n e s  o b t a i n e d  f o r  a rg o n  o r  m e t h a n e . I t  

i s  q u i t e  l i k e l y  t h a t  t h e  F re on  21 s o r p t i o n  r a t e s  ( F i g u r e  ( 2 ) )  o b t a i n e d  a t  r e l a 

t i v e l y  h i g h  F reon  21 c o n c e n t r a t i o n s  c o r r e s p o n d  t o  g a s e o u s  b u l k  d i f f u s i o n  i n

( 8 )t h e  p o r e s  o r  c r e v i c e s  o f  t h e  c h a b a z i t e .  E f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t s

o f  t h i s  t y p e  a r e  known to  b e  p r o p o r t i o n a l  t o  t h e  sample  p o r o s i t y  d i v i d e d  by t h e  

d i f f u s i o n  p a t h  t o r t u o s i t y .  At  l ow e r  s o r b a t e  c o n c e n t r a t i o n s  t h e  F reon  21 s o r p 

t i o n  r a t e s  t e n d  t o  become c o n c e n t r a t i o n  i n d e p e n d e n t ,  w h i l e  t h e  r a t e s  o f  B a r r e r  

and  Brook a r e  c o n c e n t r a t i o n  i n d e p e n d e n t  o v e r  an a p p r e c i a b l e  r a n g e .  I t  i s  v e r y  

l i k e l y  t h a t  Knudsen d i f f u s i o n  i s  i m p o r t a n t  i n  t h i s  r a n g e ;  t h e  m e a s u r e d  r a t e s

w i l l  be  p r o p o r t i o n a l  t o  t h e  p o r e  d i a m e t e r  i f  c y l i n d r i c a l  p o r e s  c o n s t i t u t e  t h e

C B)m ost  i m p o r t a n t  d e f e c t s  p r e s e n t .

The n e g a t i v e  c o n c e n t r a t i o n  d e p e n d e n c e  o f  F reon  21 r a t e s  a l s o  i n d i c a t e s  t h a t  

s u r f a c e  d i f f u s i o n  i s  p r o b a b l y  o f  l i t t l e  o r  no i m p o r t a n c e  i n  s p i t e  o f  t h e  f a c t  

t h a t  t h e  e x p e r i m e n t a l  t e m p e r a t u r e  l i e s  o n l y  a  l i t t l e  above  t h e  s o r b a t e  b o i l i n g  

p o i n t .



The r e s u l t s  o b t a i n e d  f o r  c a rb o n  d i o x i d e ,  f i n a l l y ,  a r e  s t r i k i n g  i n  t h a t  

t h e r e  i s  a  d i s t i n c t  i n c r e a s e  o f  t h e  a p p a r e n t  i n i t i a l  s o r p t i o n  r a t e s ,  D*, w i t h  

c o n c e n t r a t i o n  ( F i g u r e  ( 2 ) ) .  O b v i o u s l y ,  t h e  number o f  v a c a n t  s i t e s  y e t  t o  be 

f i l l e d  d o e s  no t  c o n t r o l  t h e  r a t e  o f  t h e  o v e r a l l  p r o c e s s ,  even though  t h e r e  i s  

e v i d e n c e  t h a t  t h e  s o r p t i o n  r a t e s  a r e  s t r o n g l y  d e p e n d e n t  upon t h e  r a t e  o f  a d 

s o r p t i o n  on i n t e r n a l  s i t e s .  I n t e r e s t i n g l y ,  D* a t  t h e  end o f  a  g i v e n  s o r p 

t i o n  run  (P* —> 0)  i s  h i g h e r  t h a n  t h a t  m e a s u r e d  a t  t h e  b e g i n n i n g  o f  a  c o n s e c u 

t i v e  r u n . T h i s  means t h a t  t h e  c o n c e n t r a t i o n  d e p e n d e n c e  seen  i n  t h e  c a r b o n  

d i o x i d e  d a t a  o f  F i g u r e  (2 )  d o e s  n o t ,  by i t s e l f ,  e x p l a i n  t h e  o b s e r v e d  D*/P* 

c u r v e s .  I t  a l s o  means t h a t  t h e  p r o c e s s  c a n n o t  c o n s i s t  o f  a  r a t e  c o n t r o l l i n g  

d i f f u s i o n  s t e p  f o l l o w e d  by an i n s t a n t a n e o u s  i m m o b i l i z a t i o n  o f  t h e  s o r b a t e  on 

( i n t e r n a l )  s o r p t i o n  s i t e s ,  r e g a r d l e s s  w h e t h e r  a l i n e a r  o r  n o n l i n e a r  s o r p t i o n  

i s o t h e r m  i s  a ssumed .

(13 )  J . Crank ,  "The M a th e m a t i c s  o f  D i f f u s i o n " , O x f o r d  U n i v e r s i t y  P r e s s  ( 1 9 5 6 ) ,  
p .  121.

I t  i s  n o t e w o r t h y  t h a t  t h e  D*/P* c u r v e  o f  t h e  c o n s e c u t i v e  e x p e r i m e n t  r e f e r r e d  

t o  ( s e e  F i g u r e  ( 2 ) )  l i e s  h i g h e r  and h a s  a  somewhat  l ow e r  s l o p e  t h a n  t h a t  r e s u l 

t i n g  from t h e  f i r s t  e x p e r i m e n t .  A l s o ,  t h e  d e s o r p t i o n  e x p e r i m e n t s  r e s u l t e d  i n  

v e r y  h i g h  D* v a l u e s  which were i n d e p e n d e n t  o f  P* ( F i g u r e  ( 1 ) ) .  A l l  t h i s  i s  

r e a d i l y  u n d e r s t o o d  i f  one  a ssum es  t h a t  c o n s e c u t i v e  s o r p t i o n  r u n s  a r e  more and 

more d i f f u s i o n  r a t e  c o n t r o l l e d ,  and t h a t  t h e  s low  s u r f a c e  p r o c e s s  m e n t io n e d  

e a r l i e r  becomes u n i m p o r t a n t .  L e s s  and l e s s  o f  t h e  c a r b o n  d i o x i d e  can  be accomo

d a t e d  on d e f i n i t e  s o r p t i o n  s i t e s ,  and t h e  r a t e  c u r v e s  ( D*/P* o f  F i g u r e  ( 1 ) )  a r e ,  

t h e r e f o r e ,  c h a n g i n g .

F i n a l l y ,  t h e  s o r p t i o n  i s o t h e r m  which  can be  drawn from t h e  d a t a  o f  T a b l e  

( 1 )  shows a  v e r y  p r o n o u n c e d  h y s t e r e s i s ,  and  t h e  d e s o r p t i o n  p r o c e e d s  more r a p 

i d l y  t h a n  one would e x p e c t  f rom an e x t r a p o l a t i o n ,  o f  t h e  s o r p t i o n  r a t e s  ( s e e



F i g u r e  ( 2 ) ) .  Thus,  i t  seems t h a t  t h e  a d s o r p t i o n  o f  c a r b o n  d i o x i d e  on t h e  s i l i 

c a t e  s i t e s  i s  p r a c t i c a l l y  i r r e v e r s i b l e ,  and t h a t  a  s m a l l  f r a c t i o n  o f  t h e  .gas  i s  

p h y s i c a l l y  s o r b e d  o n l y  and  can  l e a v e  t h e  z e o l i t e  by r a p i d  d i f f u s i o n .

The i n t e r p r e t a t i o n  o f f e r e d  h e r e  seems p r e f e r a b l e  t o  t h e  a s s u m p t i o n  t h a t  

d i f f u s i o n  and  i r r e v e r s i b l e  a d s o r p t i o n  a r e  c o m p e t i t i v e  o r  p a r a l l e l  m echan ism s ,  

and  t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t  i n c r e a s e s  w i t h  i n c r e a s i n g  s o r b a t e  c o n c e n t r a 

t i o n s .  T h i s  i s  b e c a u s e  t h e  n o n a d s o r b i n g  g a s e s  ( a r g o n ,  e t c . )  w e r e  found  t o  

have  c o n c e n t r a t i o n  i n d e p e n d e n t  d i f f u s i o n  c o e f f i c i e n t s .

I n  summary, t h e  c a r b o n  d i o x i d e  r e s u l t s  a r e  p r o b a b l y  due  t o  a  s e q u e n c e  o f  

a  d i f f u s i o n  and  a " ' s u r f a c e  a d s o r p t i o n  p r o c e s s .  The l a t t e r  c o n t r o l s  t h e  s o r p t i o n  

r a t e s  a t  low s o r b a t e  c o n c e n t r a t i o n s ,  w h i l e  t h e  f o rm e r  i s  e v i d e n t  i n  s o r p t i o n  e x 

p e r i m e n t s  a t  h i g h  s o r b a t e  c o n c e n t r a t i o n s  and e s p e c i a l l y  i n  d e s o r p t i o n  r u n s . As 

m e n t io n e d  e a r l i e r ,  t h e  s u r f a c e  p r o c e s s  a l s o  i s  r e l a t i v e l y  i m p o r t a n t  a t  t h e

low e x p e r i m e n t a l  t e m p e r a t u r e s .

I t  i s  i n t e r e s t i n g  to  n o t e  t h a t  t h e  a r g o n  s o r p t i o n  d a t a  can  be  f i t t e d  b e t t e r

(14)by t h e  E l o v i c h  e q u a t i o n  t h a n  t h o s e  f o r  c a r b o n  d i o x i d e  ( F i g u r e  ( 3 ) ) .

(14 )  M. J .  D. Low, Chem. R e v s . ,  60,  267 ( I 9 6 0 ) .

O b v i o u s l y ,  t h i s  e q u a t i o n  i s  to o  g e n e r a l  t o  p e r m i t  a  r e l i a b l e  d i s t i n c t i o n  o f  

d i f f u s i o n  and  s u r f a c e  c o n t r o l .  Much l i t e r a t u r e  d a t a  on h e t e r o g e n e o u s  c a t a 

l y t i c  r a t e s  may r e q u i r e  a  r e - i n t e r p r e t a t i o n  i f  a n a l y z e d  on t h e  b a s i s  o f  t h e  

E l o v i c h  e q u a t i o n  o n l y .
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LEGENDS TO FIGURES

Figure (1 ): Apparent D iffu sio n  R ates, D*, a g a in st F raction a l Amount of
2

Sorbate y e t  to  be sorbed or desorbed in  a given  run, P*. D* ^  D/a , where 

D i s  the d if fu s io n  c o e f f ic ie n t ,  a i s  the (eq u iva len t) radius o f  the sorbent

curves are d isp laced  to  higher values o f  lo g  B*, always by one decade. The 

curves r e fe r  to  the fo llo w in g  runs, counting from top to bottom, along the  

l e f t  hand, ends o f  the cu rves, g iv in g  the run numbers in  parentheses: Freon-21,

sorp tion  a t  1 3 .6°  Cj (2%/6h) , same, but higher c o n cen tra tio n ,(2 5 /7L ). Carbon

run? d e so rp tio n ,(1 3 /2 3U)o Carbon d io x id e , sorp tion  a t 99 .7° C, (2 5 /8 )J sorp tion  

a t interm ediate sorbate concen tration  a t 50 .6° C, (2 5 /1 2 )J aame (25/15)> same, 

(2 5 /1 0 ) . Carbon d iox ide sorp tion  a t r e la t iv e ly  high sorbate concentration  a t  

5 .7 °  C, (2 5 /7 ) ,  and a t low er con cen tration , a t  the same tem perature,(2 5 /5 ) .

Figure (2 ):  Apparent D iffu sio n  C o e ff ic ie n ts , D, as a Function o f  the Concen

tr a tio n  o f Sorbate in  the Sorbent, A, a t the s ta r t  o f  each Run. Sample o f
3

ch ab azite , grain  diam eter 0 .81  cm5 degassing a t  experim ental tem perature:

sorp tion  a t  5 .7 °  C .e Sample o f  chabazite powder, average grain  diameter 0 .19  cm .,

gpain s. The top curve i s  d isp laced  to  lower values and' th e two bottom

d io x id e , desorption  a t 50 .6°  C, (25 /13 )» argon, desorption  a t 97 .7° C, (13/235) »
. 1

argon, desorption  a t  97 .7° C, (1 3 /2 3 6 ) . Argon, sorp tion  a t 50 .3° C ,(13/257) p 

Methane, sorp tion  a t 9 7 .8°  C, (13/231)** same, (13/233) \  superposes preceding

(®) , Freon-21 sorp tion  and desorption

100° C . I methane sorp tion  a t 50° C . * ( 3  ,  carbon d iox ide sorp tion

a t  100° C .  ̂ (3 » carbon d iox id e  desorption  a t 100° C.J (D , carbon d ioxide

methane methane sorp tionsorp tion  at 150° C



1 0 .

a t  100°  Cj ( J )  ,  c a r b o n  d i o x i d e  s o r p t i o n  a t  150°  C. Sample o f  s m a l l  

c h a b a z i t e  g r a i n s ,  a v e r a g e  d i a m e t e r  0 . 6 8  c m . , d e g a s s e d  above  250°  C: <\ / > ,  

m ethane  s o r p t i o n  a t  50° Co Sample o f  c h a b a z i t e  powder  a v e r a g e  g r a i n  

d i a m e t e r  0.0088  c m . ,  d e g a s s e d  a t  t h e  e x p e r i m e n t a l  t e m p e r a t u r e :  ,  c a r b o n

d i o x i d e  s o r p t i o n  a t  100°  Cj j c a r b o n  d i o x i d e  d e s o r p t i o n  a t  100p C.

S i m i l a r  s a m p l e ,  y j y /  > m e thane  s o r p t i o n  a t  100° Cj x- y  ,  c a r b o n  d i o x i d e
A A A

s o r p t i o n  a t  100°  C. The e x p e r i m e n t s  \ y  ,  \ y  ,  <^x ,  CiP , Tire r e  o b t a i n e d

on e q u ip m e n t  o f  somewhat  l e s s e r  p r e c i s i o n  t h a n  t h e  o t h e r s .  They  a r e  r e p o r t e d  

o n l y  i n  t h i s  F i g u r e .  The D v a l u e s  c o r r e s p o n d  t o  t h e  maximum D* v a l u e s  o b t a i n e d  

f o r  e a c h  r u n  ( s e e  F i g u r e  ( l ) ) .  The t e m p e r a t u r e s  g i v e n  a r e  a p p r o x i m a t e  v a l u e s . 

,  p r o p a n e  s o r p t i o n  on c h a b a z i t e  a t  150° C (R. M. B a r r e r , D. W. Brook ,

R e f .  ( 6 ) ) .  l_ X ,  m e t h y le n e  c h l o r i d e  s o r p t i o n  on same c h a b a z i t e  a t  0°  C

(same r e f e r e n c e ) .

F i g u r e  ( 3 ) :  E l o v i c h  P l o t  o f  S o r p t i o n  Runs .  P* i s  the  f r a c t i o n a l  amount o f

g a s  y e t  t o  b e  s o r b e d  i n  g i v e n  r u n j  t 0 i s  a c o n s t a n t ,  c h o s e n  t o  p r o d u c e  t h e  b e s t

c u r v e  f i t . c a r b o n  d i o x i d e  s o r p t i o n  on c h a b a z i t e  p o w d e r ,  a v e r a g e  g r a i n

d i a m e t e r  0 . 0 0 8 8  c m . , d e g a s s e d  a t  t h e  e x p e r i m e n t a l  t e m p e r a t u r e ,  9 9 . 5 °

s c a r b o n  d i o x i d e  s o r p t i o n  e n  c h a b a z i t e  g r a i n ,  0 . 8 l  cm. d i a m e t e r ,  a t  9 9 . 8 °

and 5• 7°- C, r e s p e c t i v e l y .  ,  a rg o n  s o r p t i o n  on s a n e  p o w de r ,  a t  97*6°

O  € ,  a r g o n  s o r p t i o n  on same g r a i n ,  a t  9 7 . 7 °  and 9 . i | °  C,  r e s p e c t i v e l y .
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