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ABSTRACT

In  t h o s e  p r o c e s s e s  i n v o l v i n g  th e  s e p a r a t i o n  o f  s o l u t i o n s ,  

a d s o r p t i o n  column d e s i g n  has b een  one o f  t h e  l a t e s t  u n i t  o p e r a t i o n s  t o  

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

m echanism s  i n v o l v e d .  The p u r p o se  o f  t h i s  i n v e s t i g a t i o n  i s  t o  e s t a b l i s h  

an improved method f o r  s o l v i n g  a d s o r p t i o n  p r o b l e m s ,  e s p e c i a l l y  where  

i n t r a p a r t i c l e  d i f f u s i o n  i s  a r a t e  c o n t r o l l i n g  mechanism.  In  p a r t i c u l a r  

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

a d s o r p t i o n  f r a c t i o n a t i o n  i n  a column i n  term s  o f  c o n c e n t r a t i o n ,  bed  

d e p t h ,  t im e  and p a r t i c l e  r a d i u s .  The a p p r o p r i a t e  boundary  c o n d i t i o n s  

f o r  l i q u i d - p h a s e  a d s o r p t i o n  and a g e n e r a l  n o n - l i n e a r  e q u i l i b r i u m  r e l a ­

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

d e s c r i b i n g  t h e  p r o c e s s .

The m a t h e m a t i c a l  model c o n s i s t s  o f  a b u l k - p h a s e  m a t e r i a l  

b a l a n c e ,  an i n t r a p a r t i c l e  d i f f u s i o n  e q u a t i o n ,  and a r a t e  e q u a t i o n  f o r  

i n t e r p h a s e  t r a n s f e r  a c r o s s  t h e  s u r f a c e  f i l m ;  t h e s e  e q u a t i o n s  must  be 

s o l v e d  s i m u l t a n e o u s l y  w i t h  the  b oundary  c o n d i t i o n s  and e q u i l i b r i u m  

f u n c t i o n .  The e q u a t i o n s  a r e  e x p r e s s e d  i n  term s o f  c e r t a i n  d i m e n s i o n l e s s  

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

e r t i e s  o f  an y  p a r t i c u l a r  a d s o r b e n t  b e d .  T h i s  n o n - l i n e a r  s e t  o f  e q u a t i o n s  

r e q u i r e s  a s u i t a b l e  n u m e r i c a l  means o f  s o l u t i o n .  A n u m e r i c a l  p r o c e d u r e  

i s  d e v e l o p e d  and d i s c u s s e d  f o r  u s e  on a h i g h - s p e e d  c o m p u te r .  The program  

u s e d  t o  s o l v e  t h e  prob lem  on an IBM 7040 computer  i s  d e s c r i b e d .

i x
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The r e s u l t s  o b t a i n e d  i n  t h i s  work a r e  s e t s  o f  computed c u r v e s  

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

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

The computed c u r v e s  a r e  matched  w i t h  e x p e r i m e n t a l  d a t a  on t h e s e  s y s t e m s  

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

d e s i g n  p u r p o s e s .  I t  i s  shown t h a t ,  f o r  t h r e e  o u t  o f  f o u r  s y s t e m s  

t e s t e d  i n  t h i s  r e s e a r c h ,  e x p e r i m e n t a l  d a t a  c o r r e l a t e  w i t h  computed r e ­

s u l t s  b e t t e r  th an  i n  e a r l i e r  work.  T h i s  f a c t  l e n d s  su p p o r t  t o  t h e  

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

from t h e  i n v e s t i g a t i o n  a r e  w i t h i n  an o r d e r  o f  m a g n i tu d e  o f  v a l u e s  found  

i n  an i n d e p e n d e n t  d e t e r m i n a t i o n ,  a g a i n  g i v i n g  some c r e d e n c e  t o  t h e  

p r o p o s e d  m o d e l .  A l t h o u g h  t h e  s o l u t i o n  o f  t h i s  model has  b een  c a r r i e d  

out  f o r  p a r t i c u l a r  e x a m p l e s ,  i t  s h o u l d  be a p p l i c a b l e  i n  t h e  c a s e  o f  o t h e r  

l i q u i d - p h a s e  s y s t e m s  f o l l o w i n g  t h e  mechanism s  d e s c r i b e d ,  a s  w e l l  a s  t h e  

assumpticns i n v o l v e d  in  d e r i v i n g  t h e  m o d e l .

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

r e s u l t s  t o  an a c t u a l  co lum n.  For p u r p o s e s  o f  c o m m erc ia l  d e s i g n  e q u a t i o n s  

a r e  d e v e l o p e d  t o  compute wave f o r m a t i o n  t im e  and c o r r e s p o n d i n g  bed d e p t h ,  

d e g r e e  o f  s a t u r a t i o n ,  and l e n g t h  o f  th e  u l t i m a t e  wave i n  f i x e d - b e d  

a d s o r b e r s .

The r e s u l t s  o f  t h i s  p r o j e c t  have  l e d  t o  a number o f  c o n c l u ­

s i o n s  and rec o m m e n d a t io n s  f o r  f u t u r e  c o n s i d e r a t i o n .  In  p a r t i c u l a r  i t  has  

b een  found t h a t  a s o l u t i o n  can be found f o r  a d e r i v e d  model w i t h o u t  t h e  

n e c e s s i t y  o f  making o v e r s i m p l i f y i n g  a s s u m p t i o n s .  An improved c o r r e l a ­

t i o n  b e tw e e n  e x p e r i m e n t  and t h e o r y  has  b een  shown,  but a t  t h e  same t im e  

t h e r e  i s  need  t o  c o n s i d e r  o t h e r  m echanisms such  a s  l o n g i t u d i n a l



x i

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

c o e f f i c i e n t ,  and n o n - i s o t h e r m a l  o p e r a t i o n .  In  t h e  f u t u r e  i t  i s  p o s s i b l e  

t h a t  n u m e r i c a l  m eth od s  may be d i s c o v e r e d  t o  h a n d l e  s i m u l t a n e o u s l y  some 

or a l l  o f  t h e s e  f a c t o r s  w i t h  f a s t e r  co m p u te r s  than  a r e  p r e s e n t l y  a v a i l ­

a b l e  .



I .  INTRODUCTION

T h i s  d i s s e r t a t i o n  i s  th e  r e s u l t  o f  r e s e a r c h  on a d s o r p t i o n  

f r a c t i o n a t i o n  o f  b i n a r y  l i q u i d s .  The pr im ary  a n a l y s i s  c o n c e r n e d  th e  

e f f e c t  o f  i n t r a p a r t i c l e  d i f f u s i o n  on the  k i n e t i c s  o f  f i x e d - b e d  

a d s o r p t i o n  c o lu m n s .  A t h e o r e t i c a l  a p p r o a c h  was used  in  w h ich  p a r t i a l  

d i f f e r e n t i a l  e q u a t i o n s  were  d e r i v e d  t o  s i m u l a t e  column o p e r a t i o n .  

A c t u a l  e q u i l i b r i u m  r e l a t i o n s  f o r  r e a l  s y s t e m s  were  i n c o r p o r a t e d  i n t o  

th e  n u m e r i c a l  s o l u t i o n s  w hich  were  o b t a i n e d  on a h i g h - s p e e d  e l e c t r o n i c  

c o m p u t e r .

Much o f  th e  work i n  t h i s  p r o j e c t  i s  an e x t e n s i o n  o f  r e s e a r c h  

by numerous i n v e s t i g a t o r s  a s  o u t l i n e d  in  a s u r v e y  o f  p a p e r s  on 

a d s o r p t i o n  column o p e r a t i o n .  A l a r g e  m a j o r i t y  o f  e a r l i e r  s t u d i e s  

were  l i m i t e d  to  s i m p l e r  c a s e s ,  su ch  a s  l i n e a r  e q u i l i b r i u m  or s t e a d y -  

s t a t e  o p e r a t i o n ,  w h ich  c o u l d  be s o l v e d  e a s i l y .  In t h i s  p r o j e c t  the  

p a r t i c u l a r  boundary c o n d i t i o n s  u s e d ,  th e  g e n e r a l  e q u i l i b r i u m  f u n c ­

t i o n ,  and t r a n s i e n t  o p e r a t i o n  a l l  r e q u i r e d  th e  s o l u t i o n  be o b t a i n e d  

n u m e r i c a l l y .  Both  f i l m  r e s i s t a n c e  and i n t e r n a l  d i f f u s i o n a l  r e s i s ­

t a n c e s  were  i n c o r p o r a t e d  i n  th e  m a t h e m a t i c a l  d e s c r i p t i o n  o f  th e  

p r o c e s s .

A s u c c e s s f u l  c o r r e l a t i o n  o f  e x p e r i m e n t a l  d a t a  o b t a i n e d  in  

e a r l i e r  s t u d i e s  w i t h  t h e  t h e o r e t i c a l  model  d e v e l o p e d  h e r e i n  i s  c o n ­

s i d e r e d  a u s e f u l  c o n t r i b u t i o n  t o  th e  knowledge  o f  a d s o r p t i o n  column  

k i n e t i c s .  A p r o c e d u r e  f o r  s o l v i n g  t h e  m o d e l ,  a l o n g  w i t h  a computer  

program,  i s  o u t l i n e d .  A l s o  p r e s e n t e d  were  means o f  a p p l y i n g  the



s o l u t i o n  t o  t h e  d e s i g n  o f  an a d s o r p t i o n  co lum n ,  t a k i n g  i n t o  a c c o u n t  

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

bed r e q u i r e d  f o r  f o r m a t i o n  o f  th e  s t e a d y - s t a t e  w a v e .  E q u a t i o n s  f o r  

c a l c u l a t i n g  th e  n e t  d e g r e e  o f  s a t u r a t i o n  i n  an o p e r a t i n g  f i x e d - b e d  

co lumn were  d e v e l o p e d  f o r  p u r p o s e s  o f  e c o n o m ic  c o n s i d e r a t i o n s .  The 

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

b r i e  f l y .

I t  i s  hoped t h a t  t h i s  work w i l l  s e r v e ,  a t  l e a s t  i n  p a r t ,  a s  

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



I I . BACKGROUND

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

i n  column o p e r a t i o n  has  u n t i l  r e c e n t  t i m e s  b een  t o o  com plex  f o r  e x a c t
c

s o l u t i o n .  S im p le  c a s e s  have b een  t r e a t e d  from a t h e o r e t i c a l  s t a n d ­

p o i n t ,  but i n  such  i n s t a n c e s  a c t u a l  p r o c e s s e s  d id  n o t  g e n e r a l l y  

f o l l o w  t h e  r e s u l t i n g  t h e o r y .  Some i n v e s t i g a t o r s  have  d e r i v e d  m o d e l s ,  

p r i m a r i l y  f o r  g a s - p h a s e  o p e r a t i o n ,  i n  w h ic h  s i m p l i f y i n g  a s s u m p t i o n s  

such  a s  l i n e a r  e q u i l i b r i u m  r e l a t i o n s h i p s  and no i n t e r n a l  d i f f u s i o n a l  

r e s i s t a n c e s  w i t h i n  th e  a d s o r p t i o n  bed have b een  made.

The b a s i c  i n s p i r a t i o n  f o r  t h i s  r e s e a r c h  p r o j e c t  e v o l v e d  from 

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

p r o b le m s ,  where  t h e  number o f  s i m p l i f y i n g  a s s u m p t i o n s  i s  m in im i z e d  a t  

t h e  e x p e n s e  o f  more d i f f i c u l t  c o m p u t a t i o n a l  t e c h n i q u e s .  The need  f o r  

a d d i t i o n a l  work i n  th e  s u b j e c t  a r e a  o f  a d s o r p t i o n  i s  summarized by  

e x c e r p t s  from Joh n so n  ( 3 0 ) :

S i n c e  t h e  computed s o l u t i o n s  o f  t h i s  work do not  y i e l d  
an e x a c t  f i t  w i t h  d a t a  o f  l a r g e  p a r t i c l e  s i z e  a d s o r b e n t ,  the  
n e x t  l o g i c a l  improvement i n  th e  method o f  a n a l y s i s  w hich  was  
u s e d  h e r e  would  be t o  i n c l u d e  i n  th e  b a s i c  e q u a t i o n s  a 
m a t h e m a t i c a l  e x p r e s s i o n  f o r  th e  i n t r a p a r t i c l e  r e s i s t a n c e .

The a d d i t i o n  o f  an e x t r a  unknown p a r a m e t e r ,  D. and an  
a d d i t i o n a l  i n d e p e n d e n t  v a r i a b l e ,  r ,  makes t h e  prob lem  a much 
more d i f f i c u l t  one than  was s o l v e d  i n  t h i s  w ork .  I t  i s  b e ­
l i e v e d ,  h o w e v e r ,  t h a t  t h e  t e c h n i q u e s  d e m o n s t r a t e d  h e r e  w i l l  
be a p p l i e d  i n  t h e  f u t u r e ,  u s i n g  f a s t e r  and l a r g e r  c o m p u ters  
i f  n e c e s s a r y ,  t o  a p p ro a ch  more c l o s e l y  t h e  e x a c t  s o l u t i o n  to  
a d s o r p t i o n  f r a c t i o n a t i o n  p r o b le m s .

With th e  p o s s i b i l i t y  o f  f u r t h e r  im p r o v in g  t h e  t h e o r e t i c a l
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a p p r o a c h  t o  a d s o r p t i o n ,  i t  was d e c i d e d  t o  s e a r c h  f o r  a r e a l i s t i c  model  

w h ic h  i n v o l v e d  t h e  a d d i t i o n a l  mechanism o f  i n t e r n a l  p a r t i c l e  d i f f u s i o n ,  

h o p in g  t h a t  a more a d e q u a t e  m a t h e m a t i c a l  s t a t e m e n t  o f  th e  b e h a v i o r  o f  

an a d s o r p t i o n  column c o u l d  be d e v e l o p e d .  A n u m e r i c a l  s o l u t i o n  t o  th e  

improved  model was  a n t i c i p a t e d ,  r e q u i r i n g  t h e  u s e  o f  a v e r y  h i g h - s p e e d  

co m p u ter .  S i n c e  t h e  e s t i m a t e d  com p u t in g  c a p a c i t y  was a v a i l a b l e  a t  the  

t im e  t h i s  r e s e a r c h  was b e g u n ,  i t  was deemed p r a c t i c a l  t o  u n d e r t a k e  t h e  

p r o j e c t  f o r  t h i s  d i s s e r t a t i o n .  I n i t i a l l y  th e  c o m p u t a t i o n s  were  t o  be 

done a t  a remote  l o c a t i o n  u n t i l  s i m i l a r  f a c i l i t i e s  a t  L . S . U .  were  

i n s t a 1 le d  .

T h i s  r e s e a r c h  h as  c e n t e r e d  around a model i n  w hich  f o u r  major  

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

r a d i u s ,  and c o n c e n t r a t i o n ,  a l o n g  w i t h  a g e n e r a l  e q u i l i b r i u m  f u n c t i o n .  

The l i q u i d - p h a s e  was c h o s e n  t o  d e m o n s t r a t e  th e  model  b e c a u s e  t h e r e  has  

been  l e s s  work i n  t h i s  a r e a ,  and t h e  boundary  c o n d i t i o n s  a r e  more com­

p l i c a t e d .  No r e s t r i c t i o n  was to  be put on t h e  e q u i l i b r i u m  r e l a t i o n .



I I I .  LITERATURE SURVEY

In t h i s  s e c t i o n ,  a b r i e f  s u m m a r iza t io n  w i l l  be g i v e n  t o  t h o s e  

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

c i a l l y  t o  p apers  d e a l i n g  w i t h  column o p e r a t i o n .  A l a r g e  s t o r e h o u s e  

o f  l i t e r a t u r e  e x i s t s  f o r  the  many s e p a r a t e  a s p e c t s  o f  a d s o r p t i o n ,  ea ch  

o f  w hich  i s  i n v o l v e d  i n  th e  o v e r a l l  o p e r a t i o n  o f  a p r o c e s s  f o r  th e  

s e p a r a t i o n  o f  m i x t u r e s .  E a r l y  r e s e a r c h e r s  were  co n c e r n e d  w i t h  the  

m e c h a n ic s  o f  s u r f a c e  p r o c e s s e s ,  e q u i l i b r i u m  r e l a t i o n s h i p s  in  the  form 

o f  i s o t h e r m s ,  a c t i v a t i o n  e n e r g i e s ,  and thermodynamics  o f  a d s o r p t i o n  in  

g e n e r a l .  The i n c o r p o r a t i o n  o f  t h e s e  v a r i o u s  mechanisms i n t o  the  d e s i g n  

o f  a p r o c e s s  f o r  the  f r a c t i o n a t i o n  o f  m i x t u r e s  i s ,  h ow ever ,  r e l a t i v e l y  

r e c e n t ,  due to  th e  c o m p l e x i t y  o f  the  m a th e m a t ic s  when t h e s e  mechanisms  

a r e  combined .  The p a p ers  summarized in  t h i s  s e c t i o n  are  t h o s e  p r im a r­

i l y  i n v o l v e d  i n  the  a t t e m p t  t o  r e l a t e  the  many known v a r i a b l e s  i n t o  a 

u s a b l e  model from which a p r o f i t a b l e  p l a n t  may be d e s i g n e d .

The e a r l y  a t t e m p t s  t o  c o r r e l a t e  r e s u l t s  o f  a d s o r p t i o n  e x p e r i ­

ments  were  u s u a l l y  h i g h l y  e m p i r i c a l .  The v e l o c i t y  o f  a d s o r p t i o n  o f  

carb on  t e t r a c h l o r i d e  on c h a r c o a l  was measured by Hernad i n  1920 ( 2 0 ) .

A r e s u l t i n g  e m p i r i c a l ,  but s a t i s f a c t o r y ,  c o r r e l a t i o n  in  w hich  the  r a t e  

was assumed t o  be p r o p o r t i o n a l  t o  an e x p r e s s i o n  o f  t h e  form, Ae” ‘̂t , 

was u s e d ,  but no e x p l a n a t i o n  o f  th e  r e a s o n s  u n d e r l y i n g  t h i s  approach  

were  g i v e n .  There was some s p e c u l a t i o n  t h a t  d i f f u s i o n  p o s s i b l y  

a f f e c t e d  th e  r a t e .  Most o f  th e  work o f  t h i s  p e r i o d  was s t i l l  on e q u i ­

l i b r i u m  i s o t h e r m s .
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Other  p a p e r s  i n  l i n e  w i t h  th e  work o f  Hernad were  g i v e n  by 

R o g en sk y  ( 4 2 ) ,  Schumann, (47 )  C o n s t a b l e  ( 6 ) ,  and T a y l o r  ( 4 9 ) .  The 

l a t t e r  a u t h o r  was one o f  t h e  f i r s t  t o  a t t r i b u t e • c o n c e p t s  o t h e r  th a n  

a c t i v a t i o n  e n e r g i e s  a s  r a t e - c o n t r o l l i n g  m e c h a n is m s .  Im p or tant  t h e o ­

r e t i c a l  a s p e c t s  o f  a d s o r p t i o n  phenomena were  d e s c r i b e d .  Not o n l y  

a c t i v a t i o n  e n e r g i e s ,  but I n t e r n a l  d i f f u s i o n  a s  a p o s s i b l e  r a t e -  

d e t e r m i n i n g  f a c t o r  were  d i s c u s s e d  i n  T a y l o r ' s  p a p e r .  He o b t a i n e d  d a t a  

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

t r a t i o n ,  s u r f a c e  c h a r a c t e r i s t i c s ,  h e a t  o f  a d s o r p t i o n ,  and t e m p e r a t u r e .

An e a r l y  paper  w hich  i n v o l v e d  t h e  d ynam ics  o f  a g a s - s o l i d  

s y s t e m  was w r i t t e n  by Furnas  ( 1 2 ) .  M a t h e m a t i c a l  e q u a t i o n s  f o r  a h e a t  

t r a n s f e r  p rob lem ,  r e l a t i n g  th e  v a r i a b l e s  o f  t im e  and t e m p e r a t u r e  w i t h  

d i s t a n c e  were  s o l v e d .  E x p e r i m e n ta l  d a t a  were  c o r r e l a t e d ,  u s i n g  th e  

t h e o r e t i c a l  r e s u l t s  o f  h i s  m o d e l .

The d e v e lo p m e n t  o f  more s o p h i s t i c a t e d  t h e o r i e s  o f  a d s o r p t i o n  

f r a c t i o n a t i o n  p r o c e s s e s  i n  a column began  in  t h e  l a t e  1 9 3 0 ' s  and e a r l y  

1 9 4 0 ' s  l a r g e l y  i n  t h e  f i e l d  o f  c h ro m a to g ra p h y .  Some h i g h l y  c o m p l i c a t e d  

m a t h e m a t i c a l  e q u a t i o n s  were  d e r i v e d ,  however  in  many i n s t a n c e s  t h e y  

vjere e i t h e r  o v e r l y  s i m p l i f i e d  or not s o l v e d  f o r  want o f  a p r a c t i c a l  

means o f  s o l u t i o n .  W i l s o n  ( 5 3 )  a p p l i e d  a d s o r p t i o n  t o  th e  s t u d y  o f  r a t e  

p r o c e s s e s  i n  c h r o m a t o g r a p h ic  c o lu m n s ,  making t h e  a s s u m p t i o n  o f  i n s t a n ­

ta n e o u s  e q u i l i b r i u m  b e tw e e n  th e  f l u i d  and a d s o r b e n t  p h a s e s ,  w i t h  

n e g l i g i b l e  d i f f u s i o n .  T h ese  a s s u m p t i o n s  r e s u l t e d  i n  a s t r a i g h t f o r w a r d  

a n a l y t i c a l  s o l u t i o n  f o r  a two-component  s y s t e m .  T h i s  a u t h o r  r e c o g n i z e d  

th e  p r o b a b l e ,  but a d m i t t e d l y  c o m p le x ,  e f f e c t  o f  i n t r a p a r t i c l e  d i f f u s i o n .

D e v a u l t  (7 )  c o n t i n u e d  W i l s o n ' s  work i n  c h r o m a t o g r a p h ic  a n a l y s i s



by d e r i v i n g  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  w hich  c o n s i d e r e d  m u l t i p l e  

components  a l t h o u g h  t h e y  were  not s o l v e d .  The c h a r a c t e r i s t i c  sh apes  

o f  waves  formed i n  ch r o m a to g r a p h ic  columns were  d i s c u s s e d  q u a l i t a t i v e l y .  

G lu e c k a u f  and C oates  ( 1 6 , 1 7 , 1 8 ) ,  i n  a s e r i e s  o f  p a p e r s ,  d e s c r i b e d  

s t e a d y - s t a t e  a d s o r p t i o n  f o r  both  a s i n g l e  s o l u t e  and a b in a r y  s o l u t i o n  

a s  r e l a t e d  t o  chrom atography .  Thomas (50 )  d e v e l o p e d  a k i n e t i c  approach  

t o  th e  a n a l y s i s  o f  chromatography for  a s i n g l e  s o l u t e .  Cases  f o r  b o th  

i n i t i a l l y  dry and i n i t i a l l y  s a t u r a t e d  beds  a re  c o n s i d e r e d  u s i n g  e q u i ­

l i b r i a  o f  l i n e a r  or  Langmuir t y p e s .  Improved agreement  between  th e o r y  

and e x p e r im e n t  r e s u l t e d  o v e r  t h a t  shown where i n s t a n t a n e o u s  e q u i l i b r i u m  

was assumed .

Other  work,  c a r r i e d  out d u r in g  the  wart im e p e r i o d ,  i n c l u d e d  

s t u d i e s  by Gamson, e t  a l .  (13 )  who d e v e l o p e d  e m p i r i c a l  mass t r a n s f e r  

r a t e  c o r r e l a t i o n s  f o r  v a r i o u s  a d s o r p t i o n  s y s t e m s ;  and by Thomas ( 5 1 ) ,  

who a p p l i e d  a s e c o n d - o r d e r  r a t e  e q u a t i o n  t o  th e  s u r f a c e  r e a c t i o n  s t e p  

w hich was assumed t o  c o n t r o l .

In the  p e r i o d  f o l l o w i n g  World War I I ,  the s t u d y  o f  a d s o r p t i o n  

p r o c e s s e s  in  a column expanded t r e m e n d o u s ly .  In g e n e r a l  most a u t h o r s  

r e c o g n i z e d  a t  l e a s t  q u a l i t a t i v e l y ,  t h r e e  r a t e  mechanisms which  were  

thought  Lo i n f l u e n c e  column o p e r a t i o n :  s u r f a c e  r e a c t i o n ,  i n t r a p a r t i c l e

d i f f u s i o n ,  and e x t e r n a l  d i f f u s i o n  throu gh  a f i l m .  Most o f  the  work 

c e n t e r e d  on g a s - s o l i d  s y s t e m s  and w i t h  l i n e a r  i s o t h e r m s .  Some v e r y  

e l e g a n t  m od e ls  were  proposed  and a n a l y t i c a l  s o l u t i o n s  were found fo r  

r e s t r i c t e d  c a s e s ,  not o n l y  i n  a d s o r p t i o n ,  but a l l  o f  the  u n i t  o p e r a ­

t i o n s ,  a s  d em o n str a ted  by M a r s h a l l  and P i g f o r d  ( 3 7 ) .  T h e o r e t i c a l  

i n v e s t i g a t i o n s  began t o  e x p l a i n  th e  phenomena o f  i o n - e x c h a n g e ,  which
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i s  a l l i e d  i n  many r e s p e c t s  t o  a d s o r p t i o n .  L a r g e - s c a l e  com m erc ia l  

a p p l i c a t i o n s  fo r  n ew ly  d e v e l o p e d  a d s o r p t i o n  o p e r a t i o n s  b eg a n ,  a s  e x ­

e m p l i f i e d  by th e  Hypersorb  and A rosorb  p r o c e s s e s  f o r  s e p a r a t i o n  o f  

p e t r o le u m  f e e d - s t o c k s  ( 4 , 2 4 , 2 7 ) .

Hougen and M a r s h a l l  (25 )  d e v e l o p e d  e q u a t i o n s  d u r in g  t h i s  

p e r i o d  f o r  g as  a d s o r p t i o n  under both  f l o w  and n o n - f l o w  c o n d i t i o n s .

L i n e a r  e q u i l i b r i u m  i n  an i s o t h e r m a l  bed was assumed,  f o r  which a n a l y t ­

i c a l  s o l u t i o n s  were found.  G r a p h ic a l  methods  f o r  the  c a s e  o f  non­

l i n e a r  i s o t h e r m s  were  g i v e n ,  and a l s o  f o r  n o n - i s o t h e r m a l  beds i n  which  

c h e m ic a l  r e a c t i o n  o c c u r s .  E f f e c t s  o f  p a r t i c l e  s i z e  on th e  k i n e t i c s  

was not  t r e a t e d  q u a n t i t a t i v e l y .  A s t a g e - w i s e  approach  was made by 

M a ir ,  e t  a l . ( 3 6 ) ,  f o r  th e  s e p a r a t i o n  o f  two components  i n  a f a s h i o n  

a n a lo g o u s  t o  d i s t i l l a t i o n .  Lap id u s  and Rosen (35 )  proved  the  e x i s ­

t e n c e  o f  th e  c o n s t a n c y  o f  the  u l t i m a t e  w a v e - s h a p e  i n  a s u f f i c i e n t l y  

l on g  co lumn,  p r o v id e d  the  c u r v a t u r e  o f  the  e q u i l i b r i u m  f u n c t i o n  i s  

n e g a t i v e .  Barrer  (3 )  o b t a in e d  r a t e  d a ta  f o r  b a t c h w i s e  f l o w  o f  ammonia 

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

H e nr y 's  Law e q u i l i b r i u m  r e l a t i o n .  E a g le  and S c o t t  (8 )  p u b l i s h e d  a 

co m p reh en s iv e  paper  g i v i n g  k i n e t i c  and e q u i l i b r i u m  d a ta  a l o n g  w i t h  

o t h e r  s i g n i f i c a n t  m e a su rem en ts ,  f o r  a number o f  l i q u i d - p h a s e  a d s o r p t i o n  

s y s t e m s .

The a c t u a l  s o l u t i o n  o f  e q u a t i o n s  i n  s i m p l e  c a s e s  fo r  which  

a n a l y t i c a l  methods were  u n a v a i l a b l e  or o v e r l y  c o m p l i c a t e d  began i n  the  

e a r l y  1 9 5 0 ' s  p a r a l l e l i n g  th e  i n t r o d u c t i o n  o f  h i g h - s p e e d ,  s t o r e d - p r o g r a m ,  

e l e c t r o n i c  computing m a c h i n e s ,  which c o u ld  o f t e n  p r o v id e  a c c u r a t e  

n u m e r ic a l  r e s u l t s .  An e a r l y  paper d e a l i n g  w i t h  s o l u t i o n  o f  a d s o r p t i o n
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k i n e t i c s  p rob lem s  on th e  computer  was a u t h o r e d  by R o s e ,  Lombardo,  

and W i l l i a m s  ( 4 3 ) ,  i n  a s i m p l e  s t a g e w i s e  a p p r o a c h  t o  f r a c t i o n a t i o n  o f  

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

s u r f a c e  was a s su m e d ,  n e g l e c t i n g  pore  d i f f u s i o n  r e s i s t a n c e s .  Computed 

s o l u t i o n s  were  compared w i t h  e x p e r i m e n t a l  d a t a  o b t a i n e d  from s t e a d y -  

s t a t e  ru n s  u s i n g  a m i x t u r e  o f  b en zen e  and hexane  on f i n e  p a r t i c l e s  o f  

s i l i c a  g e l .  F a i r l y  good agree m en t  was o b t a i n e d  b e c a u s e  o f  t h e  f i n e n e s s  

o f  th e  a b s o r b e n t ,  s o  t h a t  i n t e r n a l  d i f f u s i o n  was l a r g e l y ,  but  not  

e n t i r e l y ,  e l i m i n a t e d .  S i m i l a r  t r e a t m e n t  was g i v e n  t o  l i q u i d - s o l i d  

a d s o r p t i o n  s y s t e m s  i n  t h e  s t e a d y - s t a t e  by S c h m e l z e r ,  e t  a l . ( 4 6 ) ,  who

showed q u a l i t a t i v e l y  by a s e r i e s  o f  i n t e r r u p t e d  runs  t h a t  i n t e r n a l  

d i f f u s i o n  v a s  a s i g n i f i c a n t  m echanism .  In t h e s e  t e s t s  th e  f e e d  r a t e  

was c u t  o f f  d u r i n g  t h e  o p e r a t i o n  o f  an a d s o r p t i o n  e x p e r i m e n t .  The 

p r e s e n c e  o f  a v e r t i c a l ,  downward d i s p l a c e m e n t  o f  th e  e f f l u e n t  c o n c e n ­

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

Amundson ( 1 , 2 )  was one o f  th e  e a r l i e s t  i n v e s t i g a t o r s  t o  a t t a c k  

th e  prob lem  o f  i n t e r n a l  d i f f u s i o n  q u a n t i t a t i v e l y  in  o v e r a l l  column  

o p e r a t i o n .  He c o n s i d e r e d  t h e  p r o c e s s  i n  term s  o f  an i r r e v e r s i b l e  m echan­

ism where  t h e  r a t e  o f  mass  t r a n s f e r  i s  p r o p o r t i o n a l  t o  f l u i d  s t r e a m  g a s  

c o n c e n t r a t i o n  and t o  t h e  q u a n t i t y  o f  a d s o r b a t e  c o n t a i n e d  i n  t h e  b e d .

He a l s o  found s o l u t i o n s  f o r  t h e  r a t e  where  a k i n e t i c  t h e o r y  was  

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

K a s te n  and Amundson ( 3 2 )  s t u d i e d  a d s o r p t i o n  f r a c t i o n a t i o n  from a t h e o ­

r e t i c a l  s t a n d p o i n t  i n  f l u i d i z e d  b e d s .  S t e a d y - s t a t e  o p e r a t i o n  w i t h  a 

l i n e a r  i s o t h e r m  and a k i n e t i c  r a t e  mechanism was a s s u m e d ,  but w i t h  

q u a n t i t a t i v e  t r e a t m e n t  o f  i n t e r n a l  d i f f u s i o n .  The r a t e  o f  s e p a r a t i o n
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o f  t h e  f e e d  I n t o  two s t r e a m s  was b a s ed  on a p r o b a b i l i t y  t h e o r y .  Other  

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

t h o s e  by E d e s k u ty  and Amundson ( 1 0 ) ,  i n  l i q u i d - p h a s e  a d s o r p t i o n  and i n  

t h e  f i e l d  o f  i o n  e x c h a n g e  by L a p id u s  and Amundson ( 3 3 ) .  In b o th  c a s e s  

l i n e a r  e q u i l i b r i u m  was as su m ed .  As y e t  no s u b s t a n t i a l  t r e a t m e n t  o f  

t h e  f o r m a t i o n  t im e  r e q u i r e d  f o r  t h e  u l t i m a t e ,  or s t e a d y - s t a t e  a d s o r p ­

t i o n  wave i n  f i x e d  bed s  had b een  g i v e n .  O th er  im p o r ta n t  p a p ers  i n  

t h i s  c a t e g o r y  i n c l u d e  work by J u ry  and L i c h t  ( 3 1 )  i n  t h e  d r y i n g  o f  

g a s e s ,  by G e ser  and C anjar  (1 4 )  i n  a d s o r p t i o n  o f  m e th a n e ,  by H i e s t e r  

and V erm eulen  (22 )  i n  i o n - e x c h a n g e ,  and by Rosen  ( 4 4 ) .

One o f  t h e  f i r s t  p a p ers  w here  th e  r e s t r i c t i o n  o f  l i n e a r  e q u i ­

l i b r i u m  c o u l d  be l i f t e d  was by H i e s t e r  e t  a l . ( 2 1 ) .  In t h i s  r e p o r t

d e a l i n g  w i t h  i o n  e x c h a n g e ,  m eth od s  were  p r e s e n t e d  f o r  c o r r e l a t i n g  

e x p e r i m e n t a l  r e s u l t s  when b o th  e x t e r n a l  and i n t e r n a l  d i f f u s i o n a l  r e s i s ­

t a n c e  o c c u r  s i m u l t a n e o u s l y .  S t e a d y - s t a t e  o p e r a t i o n  was assumed a s  

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

d r i v i n g  f o r c e .  S e l k e  e t  a l .  (48 )  o b t a i n e d  d i f f u s i v i t y  d a t a  f o r  i o n -  

e x c h a n g e  columns u s i n g  s h a l l o w - b e d  e x p e r i m e n t s ,  and a g e n e r a l  e q u i l i b ­

r ium.  They s u g g e s t e d  d i v i d i n g  a column i n t o  a s e r i e s  o f  s h a l l o w  bed s  

f o r  a s t e p w i s e  s o l u t i o n .  No c o n s i d e r a t i o n  f o r  wave f o r m a t i o n  t im e  or  

bed d e p t h  was  g i v e n .  G i l l i l a n d  and Baddour (1 5 )  t e s t e d  a s t e a d y - s t a t e  

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

a l l  r e s i s t a n c e s  com bined .  The v a r i a b l e s  c o n s i d e r e d  were  p a r t i c l e  s i z e ,  

bed h e i g h t  and d i a m e t e r ,  f e e d  r a t e  and c o n c e n t r a t i o n .  Column d im en ­

s i o n s  were  found not  t o  a f f e c t  r e s u l t s  o v e r  th e  ran ge  o f  v a r i a b l e s  

i n v e s t i g a t e d .  E b e r l y  and S p e n c e r  ( 9 ) ,  a l s o  u s i n g  a lumped r e s i s t a n c e
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o b t a i n e d  a d s o r p t i o n  r a t e  c o n s t a n t s  by means o f  a p u l s e d - f l o w  e x p e r i ­

m e n t .  I n  t h i s  r e s e a r c h ,  t h e  sh ape  c h a n g e s  i n  t h e  p u l s e  were  a t t r i b u t e d  

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

J o h n so n  (30)  e x t e n d e d  th e  r e s e a r c h  i n t o  l i q u i d - p h a s e  a d s o r p ­

t i o n  f r a c t i o n a t i o n  i n  f i x e d  bed s  by a c o m p l e t e  n u m e r i c a l  s o l u t i o n  t o  

s y s t e m s  w h ich  i n v o l v e d  s i m u l t a n e o u s l y  th e  v a r i a b l e s  o f  bed d e p t h ,  t i m e ,  

and c o n c e n t r a t i o n .  The e x t e r n a l  f i l m  was assumed t o  c o n t r o l ,  w i t h  

i n s t a n t a n e o u s  e q u i l i b r i u m  a t  th e  i n t e r f a c e  b e tw een  a d s o r b e d  and non­

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

q u a l i t a t i v e l y .  No r e s t r i c t i o n s  were  put on th e  e q u i l i b r i u m ,  e x c e p t  

t h a t  i t  s h o u l d  not  c r o s s  t h e  o p e r a t i n g  l i n e .  P a r t i c u l a r l y  i n t e r e s t i n g  

was a c o m p le t e  r e - e v a l u a t i o n  o f  boundary  c o n d i t i o n s  used  by p a s t  r e ­

s e a r c h e r s  and a r e s u l t a n t  m o d i f i c a t i o n  f o r  u s e  in  l i q u i d  s y s t e m s .  H is  

work d e m o n s t r a t e d  t h a t  s o l u t i o n s  t o  c e r t a i n  p rob lem s  f o r  w h ich  no known 

a n a l y t i c a l  t e c h n i q u e s  e x i s t  may be found by n u m e r ic a l  means on a com­

p u t e r ,  and t h a t  th e  c o m p l e x i t y  o f  th e  problem w h ich  c o u ld  be s o l v e d  

d ep en d s  l a r g e l y  on t h e  c a p a b i l i t i e s  o f  th e  computer  i t s e l f .

More r e c e n t l y  Masamune and Sm ith  (38 )  , r e c o g n i z i n g  t h a t  d i f f u ­

s i o n a l  r e s i s t a n c e s  w i t h i n  th e  p o ro u s  bed a r e  o f  im p o r ta n c e  have d e r i v e d  

and s o l v e d  e q u a t i o n s  r e l a t i n g  th e  v a r i a b l e s  o f  c o n c e n t r a t i o n ,  t i m e ,  

l e v e l ,  and p a r t i c l e  r a d i u s  f o r  v a p o r - p h a s e  a d s o r p t i o n .  A t t e n t i o n  was  

g i v e n  t o  th e  s p e c i a l  c a s e s  o f  s u r f a c e  a d s o r p t i o n  c o n t r o l l i n g ,  pore  

d i f f u s i o n  c o n t r o l l i n g  and e x t e r n a l  d i f f u s i o n  c o n t r o l l i n g .  These  i n ­

v e s t i g a t o r s  assumed l i n e a r  e q u i l i b r i u m  and boundary  c o n d i t i o n s  su ch  t h a t  

an a n a l y t i c a l  s o l u t i o n  was o b t a i n e d  f o r  e a c h  c a s e .  U s i n g  a n i t r o g e n -  

h e l i u m  vapor  m i x t u r e  on v y c o r  p a r t i c l e s  the  r e s u l t s  o f  e x p e r i m e n t a l
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t e s t s  compared f a v o r a b l y  w i t h  t h e o r y  o n l y  when t h e  mechanism o f  pore  

d i f f u s i o n  was i n c l u d e d .



IV. DEVELOPMENT OF A MODEL FOR LIQUID-PHASE ADSORPTION

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

In o r d e r  t o  d e f i n e  a p r a c t i c a l  m odel  i t  i s  n e c e s s a r y  t o  s t a t e  

t h e  b a s i c  a s s u m p t i o n s  a s  t o  th e  n a t u r e  o f  t h e  a d s o r p t i o n  p r o c e s s .

S i n c e  f i x e d - b e d  l i q u i d  p h ase  b i n a r y  a d s o r p t i o n  i s  under  c o n s i d e r a t i o n ,  

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

a .  The f l o w  o f  l i q u i d  th r o u g h  th e  s y s t e m  i s  assumed t o  be 

p l u g - l i k e  f l o w i n g  upward from bo t to m  o f  t h e  s y s t e m .  No 

c o n c e n t r a t i o n  or v e l o c i t y  g r a d i e n t s  e x i s t  i n  a r a d i a l  

d i r e c t i o n  from t h e  d i r e c t i o n  o f  f l o w .  In d e r i v i n g  th e  

d i f f e r e n t i a l  e q u a t i o n s  t h e s e  term s  c o u l d  be i n c l u d e d  when 

th e  f i e l d  o f  f l u i d  d ynam ics  p r o d u c e s  more k n ow ledge  o f  

r a d i a l  e f f e c t s .  In  a d d i t i o n ,  l o n g i t u d i n a l ,  or a x i a l ,  

d i f f u s i o n  i s  c o n s i d e r e d  n e g l i g i b l e .

b .  A c o n s t a n t  f e e d  c o m p o s i t i o n  w i l l  be as su m ed ,  a s  t h i s  i s  

th e  normal mode o f  o p e r a t i o n ,  u n l e s s  c h a n g in g  from one 

o p e r a t i n g  l e v e l  t o  a n o t h e r .

c .  The f e e d  i s  a b i n a r y  or p s e u d o - b i n a r y  s y s t e m  o f  c o m p o n e n t s ,  

one o f  w h ic h  i s  p r e f e r e n t i a l l y  a d s o r b e d ,  th u s  e f f e c t i n g  a 

f r a c t i o n a t i o n  i n t o  two p h a s e s ,  one a n o n - a b s o r b e d , or b u l k ,  

p h a se  and t h e  o t h e r  p h a s e  b e i n g  t h e  l i q u i d  s o l u t i o n  c o n ­

t a i n e d  w i t h i n  th e  a d s o r b e n t .

d .  An i n i t i a l l y  dry  s y s t e m  i s  u s e d .  In v a p o r  a d s o r p t i o n  the

13
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e n t e r i n g  va p o r  s tr e a m  d i s p l a c e s  t h e  g a s e o u s  f l u i d  found  

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

but n o t  th e  f l u i d  c o n t a i n e d  w i t h i n  the  p a r t i c l e s  them­

s e l v e s .  In  l i q u i d  p r o c e s s e s ,  i t  i s  assumed t h a t  a s  th e  

f e e d  r i s e s  t h r o u g h  t h e  b e d ,  t h e  e n t e r i n g  l i q u i d  f i l l s  

b o th  t h e  v o i d  s p a c e s  and a t  t h e  same t im e  e n t e r s  and f i l l s  

t h e  p ore  vo lume a lm o s t  i n s t a n t a n e o u s l y .  I n e f f e c t i v e  sp a c e  

c o n t a i n i n g  t r a p p e d  v ap or  i s  not  c o n s i d e r e d  a p a r t  o f  th e  

pore  volume i n  w h i c h  a d s o r p t i o n  o c c u r s .  As w i l l  be  

p o i n t e d  ou t  t h i s  d i f f e r e n c e  b e tw e e n  v ap or  and l i q u i d  phase  

m echanism s  c a u s e s  a m ajor  d i f f i c u l t y  i n  t h e  l a t t e r  c a s e  

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

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

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

f y i n g  t h e  e n t i r e  m o d e l .

e .  The s y s t e m  w i l l  be c o n s i d e r e d  t o  o p e r a t e  i s o t h e r m a l l y ; a l l  

h e a t  e f f e c t s  a r e  e i t h e r  n e g l i g i b l e  or  c a n c e l  e a c h  o t h e r  

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

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

and p o s s e s s  an e f f e c t i v e  r a d i u s ,  c o n s t a n t  th r o u g h o u t  th e  

b e d .  A l t h o u g h  i t  i s  known t h r o u g h  m i c r o s c o p i c  s t u d y  t h a t  

th e  p a r t i c l e s  a r e  h i g h l y  i r r e g u l a r ,  i t  i s  i m p o s s i b l e  to  

d e s c r i b e  them e x c e p t  by means o f  f a m i l i a r  g e o m e t r y .  The 

i n t e r i o r  p o re  s p a c e ,  by means o f  w h ic h  d i f f u s i o n  o c c u r s  

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

f o r  by an e f f e c t i v e  i n t e r n a l  o v e r a l l  d i f f u s i v i t y ,  a s su m in g
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o n l y  r a d i a l  d i f f u s i o n .  There  a r e  s e v e r a l  i n t e r n a l  d i f f u ­

s i o n  mechanism s  t h o u g h t  t o  o c c u r ,  bu t  t h e s e  a r e  u s u a l l y  

lumped t o g e t h e r  and d e s c r i b e d  by a s i n g l e  e f f e c t i v e  d i f f u ­

s i o n  c o n s t a n t .

g .  The o n l y  f a c t o r  c o n t r o l l i n g  a d s o r p t i o n  w i t h i n  t h e  pore

s p a c e  i s  d i f f u s i o n  i t s e l f .  G e n e r a l l y  t h i s  has  b een  shown

t o  be the  c a s e ,  a l t h o u g h  i t  i s  p o s s i b l e  t h a t  th e  a d s o r p ­

t i o n  s t e p  a t  t h e  i n t e r f a c e  b e tw e e n  f l u i d  and s o l i d  may 

c o n t r o l  i n  some i n s t a n c e s .  There  i s  no r e a s o n  why t h i s  

m echanism c o u ld  not  a l s o  be i n c l u d e d ,  p r o v id e d  t h e  r a t e  

c o n s t a n t s  f o r  t h i s  s t e p  c o u l d  be found .

h .  There  i s  no e f f e c t  o f  c o n c e n t r a t i o n  on th e  f i l m  c o n s t a n t

or  d i f f u s i o n  c o n s t a n t .  T h i s  a s s u m p t i o n  i s  n e c e s s i t a t e d  by 

t h e  f a c t  t h a t  t h e s e  e f f e c t s  a r e  v e r y  d i f f i c u l t  t o  e v a l u a t e .

i .  Eq u im olar  c o u n t e r - d i f f u s i o n  i s  a s su m ed .  There  i s  a n e t  

f l o w  o f  l i q u i d  o n to  th e  a d s o r p t i v e  s u r f a c e s ,  but  t h i s  i s  

s m a l l  compared t o  th e  t o t a l  q u a n t i t y  o f  l i q u i d  i n  w h ich  

d i f f u s i o n  o c c u r s .

2 . D e r i v a t i o n  o f  E q u a t i o n s

C o n s i d e r  a v e r t i c a l  tower packed w i t h  a d s o r b e n t  m a t e r i a l ,  f ed  

by a b i n a r y  s tr e a m  o f  c o n s t a n t  c o m p o s i t i o n  e n t e r i n g  a t  th e  b o t tom  and 

f l o w i n g  upward in  p l u g - l i k e  f l o w .  T aking  a h o r i z o n t a l  s l i c e  o f  t h i c k ­

n e s s ,  d z ,  one may w r i t e  an  o v e r a l l  b u l k - p h a s e  m a t e r i a l  b a l a n c e  on the  

more a d s o r b e d  com pon en t ,  i n  terms o f  v o l u m e t r i c  f l o w  r a t e s ,  a s  f o l l o w s ;





D i m e n s i o n l e s s  p a r t i c l e  r a d i u s  v a r i a b l e ,  d e f i n e d  by E q . ( 4 - 7 )  

C r o s s - s e c t i o n a l  a r e a  o f  a d s o r b e n t  co lumn,  f t  

D i m e n s i o n l e s s  t im e v a r i a b l e ,  d e f i n e d  by Eq. ( 4 - 9 )

D i m e n s i o n l e s s  t im e c o r r e s p o n d i n g  t o  b e g i n n i n g  o f  s t e a d y  s t a t e

T o t a l  q u a n t i t y  o f  more a d s o r b a b l e  component i n  e f f l u e . i t  
s t r e a m ,  ft-*

Maximum q u a n t i t y  o f  more a d s o r b a b l e  component t h a t  c o u ld  be 
c o n t a i n e d  i n  a l e n g t h  o f  bed e q u a l  t o  t h e  l e n g t h  o f  a wave,  f t ^

Pore  vo lu m e,  f t ^ / l b  a d s o r b e n t

T o t a l  volume o f  l i q u i d  i n  e f f l u e n t  l i q u i d ,  f t

R ate  o f  t r a n s f e r  o f  more a d s o r b a b l e  component from b u lk  phase  
t o  adsorbed  phase  i n  d i f f e r e n t i a l  s e c t i o n ,  d z ,  f t ^ / h r

V o lu m e t r i c  c o n c e n t r a t i o n  o f  more a d s o r b a b l e  component i n  non--J •} r
ad sorb ed  phase  f t J / f t J

I n s t a n t a n e o u s  v o l u m e t r i c  c o n c e n t r a t i o n  o f  more a d s o r b a b l e  
component a t  wave f r o n t ,  f t - V f t ^

V o lu m e tr ic  f e e d  c o n c e n t r a t i o n  o f  more a d s o r b a o l e  com p on en t , 
f t - V f t ^

V o lu m e t r i c  c o n c e n t r a t i o n  o f  more a d s o r b a b l e  component on 
b u l k - p h a s e  s i d e  o f  i n t e r f a c e  i n  e q u i l i b r i u m  w i t h  th e  ad sorbed  
phase  i n t e r f a c i a l  c o n c e n t r a t i o n ,  f t 3 / f t 3

V o lu m e tr ic  c o n c e n t r a t i o n  o f  more a d s o r b a b l e  component i n  a d ­
sorbed  p h a s e ,  f t ^ / f t ^

V o lu m e tr ic  c o n c e n t r a t i o n  o f  more a d s o r b a b l e  component i n  a d ­
sorbed  phase  i n  e q u i l i b r i u m  w i t h  f e e d ,  f t ^ / f t ^

Bed h e i g h t  v a r i a b l e ,  f t

Length  o f  a d s o r b e n t  bed r e q u i r e d  f o r  fo r m a t io n  o f  u l t i m a t e  
w a v e , hr

Length  o f  an a d s o r p t i o n  z o n e ,  f t

R ea l  t ime e l a p s e d  s i n c e  i n i t i a l  c o n t a c t  o f  f e e d  w i t h  a d s o r b e n t ,  
hr



Real time e lap sed  from i n i t i a l  s ta r tu p  u n t i l  beginning o f  
s t e a d y - s t a t e , hr

Real time required for  a d sor pt ion  zone to  pass a g iven  p o in t ,  hr 

Bed d e n s i t y ,  l b / f t ^
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