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A b s t r a c t  - C o n t i n u o u s  thermodynamics  has  been r e c e n t l y  
d e v e l o p e d  and a p p l i e d  t o  t h e  l i q u i d - l i q u i d  e q u i l i b r i u m  o f  
p o l y d i s p e r s e d  p o l y m e r  s o l u t i o n s .  I t  uses  t h e  c o n t i n u o u s  
d i s t r i b u t i o n  f u n c t i o n  d i r e c t l y  i n  t h e  thermodynamic  equa- 
t i o n s  t o  a c h i e v e  a c o n c i s e  and c o n v e n i e n t  t r e a t m e n t  o f  p o l y -  
d i s p e r s e d  systems. T h i s  p a p e r  p r e s e n t s  t h e  a p p l i c a t i o n  o f  
c o n t i n u o u s  thermodynamics  t o  s u c c e s s i v e  p o l y m e r  f r a c t i o n a -  
t i o n  p r o c e d u r e s  based on  s o l u b i l i t y  d i f f e r e n c e s .  The method 
i s  t h e n  a p p l i e d  t o  d e s c r i b e  B a k e r - W i l l i a m s  co lumn f r a c -  
t i o n a t i o n .  L a s t l y ,  i t  i s  used t o  mode l  c o n t i n u o u s  p o l y m e r  
f r a c t i o n a t i o n  t h a t  s p l i t s  t h e  po lymer  i n t o  two f r a c t i o n s  
t h a t  c a n  be f r a c t i o n a t e d  a g a i n .  

INTRODUCTION 

F r a c t i o n a t i o n  i s  one o f  t h e  most i m p o r t a n t  p r o c e d u r e s  o f  p o l y m e r  
c h a r a c t e r i z a t i o n .  From t h e  thermodynamic p o i n t  o f  v i e w ,  i t  i s  t h e  
s u c c e s s i v e  e s t a b l i s h i n g  o f  l i q u i d - l i q u i d  e q u i l i b r i a  f o r  s u i t a b l e  
p o l y m e r  s o l u t i o n s .  S c h u l z  ( r e f s .  1 , 2 )  was t h e  f i r s t  t o  p r e s e n t  a mathe- 
m a t i c a l  t r e a t m e n t  o f  s u c c e s s i v e  f r a c t i o n a t i o n  e x p e r i m e n t s .  L a t e r  Tung 
( r e f .  3 ) ,  K o n i n g s v e l d  and Staverman ( r e f .  4 ) ,  Kamide e t  a l .  ( r e f s .  5-8) 
s i m u l a t e d  a number o f  s u c c e s s i v e  f r a c t i o n a t i o n  p rocesses .  I n  a l l  t h e s e  
p a p e r s ,  pseudocomponents were used t o  d e s c r i b e  p o l y m e r  p o l y d i s p e r s i t y .  

I n  r e c e n t  y e a r s ,  c o n t i n u o u s  thermodynamics  has  been d e v e l o p e d  ( r e f s .  9.10) 
and h a s  p r o v e d  t o  be t h e  most c o n v e n i e n t  method f o r  t r e a t i n g  t h e  p o l y -  
d i s p e r s i t y  o f  many i n d u s t r i a l l y  i m p o r t a n t  m i x t u r e s .  I t  has  been a p p l i e d  t o  
v a p o r - l i q u i d  e q u i l i b r i u m ,  e s p e c i a l l y  o f  complex  h y d r o c a r b o n  sys tems ( r e f s .  
1 1 - 1 3 ) ,  t o  l i q u i d - l i q u i d  e q u i l i b r i u m ,  e s p e c i a l l y  o f  p o l y m e r  s o l u t i o n s  
( r e f s .  14-16)  and o f  p o l y m e r  b l e n d s  ( r e f .  1 7 ) ,  and t o  s t a b i l i t y  c o n s i d e r a -  
t i o n s  ( r e f s .  18 ,19) .  I n  c o n t i n u o u s  the rmodynamics , the  d i s t r i b u t i o n  func -  
t i o n s  d e s c r i b i n g  p o l y d i s p e r s i t y  a r e  d i r e c t l y  used w i t h o u t  a r b i t r a r y  
s p l i t t i n g  i n t o  pseudocomponents.  I n  t h i s  p a p e r ,  c o n t i n u o u s  thermodynamics  
i s  a p p l i e d  t o  s u c c e s s i v e  p o l y m e r  f r a c t i o n a t i o n ,  Baker -vV i l l i ams  co lumn 
f r a c t i o n a t i o n ,  and c o n t i n u o u s  po lymer  f r a c t i o n a t i o n .  

LIQUID-LIQUID EQUILIBRIUM 

A s o l u t i o n  o f  a s o l v e n t  A and a p o l y d i s p e r s e d  p o l y m e r  0 i s  c o n s i d e r e d .  The 
i n d i v i d u a l  s p e c i e s  o f  p o l y m e r  B a r e  i d e n t i f i e d  b y  t h e i r  segment number,  r ,  
w h i c h  i s  d e f i n e d  a s  t h e  r a t i o  o f  t h e  h a r d - c o r e  vo lume o f  t h e  s p e c i e s  t o  
t h a t  o f  a n  a r b i t r a r i l y  chosen s t a n d a r d  segment. The essence o f  c o n t i n u o u s  
thermodynamics  c o n s i s t s  i n  c o n s i d e r i n g  r a s  a c o n t i n u o u s l y  v a r i a b l e  
q u a n t i t y .  The c o m p o s i t i o n  o f  t h e  p o l y m e r  i s  d e s c r i b e d  b y  t h e  d i s t r i b u t i o n  
f u n c t i o n  W ( r ) ,  d e f i n e d  by  t h e  s t a t e m e n t  t h a t  I'd( r ) d r  g i v e s  t h e  f r a c t i o n  o f  
a l l  segments f r o m  t h o s e  s p e c i e s  w i t h  segment numbers be tween r and r + d r .  
I f  ro i s  t h e  l o w e s t  r0 t h e  h i g h e s t  o c c u r r i n g  segment number,  t h e  n o r m a l i z a -  
t i o n  c o n d i t i o n  reads  

T h i s  p a p e r  was p r e p a r e d  f o r  t h e  Con fe rence ,  b u t  was n o t  d e l i v e r e d  
because o f  t h e  p r e s e n t i n g  a u t h o r k i l l n e s s .  

1511 
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n 

I n  cont inuousf t thermodynamics t h e  c o n d i t i o n  f o r  e q u i l i b r i u m  between two 
phases '  and a s  e x p r e s s e d  b y  t h e  c h e m i c a l  p o t e n t i a l s  i s  w r i t t e n  

0 Eq. ( 3 )  i s  v a l i d  f o r  a l l  segment numbers f rom ro t o  r . The c h e m i c a l  
p o t e n t i a l s  may be w r i t t e n  a s  f o l l o w s  

- - 
PA = P k ( T )  + R T [ l n  (1 - y )  + 1 - 21 + rA RT 

r 
( 4 )  

The f i r s t  t e r m  i s  t h e  r e f e r e n c e  c h e m i c a l  p o t e n t i a l ,  t h e  second t e r m  i s  t h e  
w e l l - k n o w n  F l o r y - H u g g i n s  c o n t r i b u t i o n  ( w i t h x  = 0 ) ,  and t h e  l a s t  t e r m  
- d e s c r i b e s  t h e  d e v i a t i o n  f r o m  such a F l o r y - H u g g i n s  m i x t u r e .  The q u a n t i t i e s  
FA and FB(r), named segment m o l a r  a c t i v i t y  c o e f f i c i e n t s ,  a r e  i n t r o d u c e d  
f o r  t h i s  p u r p o s e ,  and i n  t h e  g e n e r a l  case  t h e y  depend on  T , y ,  and W ( r ) .  
y i s  t h e  o v e r a l l  segment f r a c t i o n ,  and 'i i s  t h e  number-average segment 
number f o r  t h e  phase c o n s i d e r e d ,  d e f i n e d  b y  

C o m b i n a t i o n  o f  Eqs. ( 2 )  and ( 3 )  w i t h  Eqs. ( 5 )  and ( 6 )  r e s u l t s  i n  

w i t h  

I n  phase s e p a r a t i o n  e x p e l i m e n t s ,  a f e e d  phase F i s  s p l i t  i n t o  t h e  two 
c o e x i s t i n g  phases  ' and . The f r a c t i o n  o f  t h e  f e e d  vo lume t h a t  f o rms  
phase i s  g i v e n  b y  t h e  q u a n t i t y  #I . Hence, t h e  mass b a l a n c e  f o r  t h e  
p o l y m e r  s p e c i e s  i n  c o n t i n u o u s  thermodynamics  r e a d s  

w = (1 -0) y ' +  ( b y "  ( 1 2 )  

Eq. ( 6 )  w i t h  Eqs. (11) and ( 1 2 )  l e a d s  t o  t h e  r e l a t i o n  

F The c o m p o s i t i o n  o f  t h e  f e e d  ( i . e .  y F  and W ( r ) )  i s  u s u a l l y  known. The 
r e l a t i o n s  between t h e  q u a n t i t i e s  r e f e r r i n g  t o  phase ' and t h o s e  r e f e r r i n g  
t o  phase " a r e  p r o v i d e d  by Eqs. ( 1 1 )  - (13), w h i c h  p e r m i t  e l i m i n a t i o n  o f  
t h e  q u a n t i t i e s  o f  one o f  t h e  two c o e x i s t i n g  phases ,  e:g. o f  t h o s e  r e f e r r i n g  
t o  phase '/. C o m b i n a t i o n  o f  Eqs. ( 8 )  and (11) r e s u l t s  i n  

The e x p r e s s i o n s  f o r F A  a n d T B ( r ) ,  a r e  o b t a i n e d  f r o m  t h e  excess  G i b b s  
e n e r g y  r e l a t i o n  used. I n  t h e  g e n e r a l  case ,  t h e  excess  G i b b s  e n e r g y  depends 
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o n  T , y  , and t h e  d i s t r i b u t i o n  f u n c t i o n  v V ( r ) .  B u t  i n  many r e l a t i o n s  used i n  
p r a c t i c e ,  t h e  dependence o n  W ( r )  i s  n e g l e c t e d  a s  an  a c c e p t a b l e  app rox ima-  
t i o n .  Then t h e  c o e f f i c i e n t s  a l s o  do  n o t  depend on  W ( r ) ,  and  FB and pB do 
n o t  depend on  t h e  i d e n t i f i c a t i o n  v a r i a b l e  r. A s i m p l e  example i s  p r o v i d e d  
b y  Hugg ins '  x -pa ramete r  c o n c e p t  

I n  p o l y m e r  f r a c t i o n a t i o n ,  i t  i s  c o n v e n i e n t  t o  i n t r o d u c e  t h e  p r e c i p i t a t i o n  
r a t e  K .  I n  t h e  c o n t i n u o u s  case ,  I< i s  a c o n t i n u o u s  f u n c t i o n  o f  r d e f i n e d  a s  
t h e  q u o t i e n t  o f  t h e  amounts o f  segments o f  a l l  s p e c i e s  w i t h  segment numbers 
be tween r and r + d r  i n  phase and i n  t h e  f e e d  phase F ,  r e s p e c t i v e l y :  

Eq. ( 1 4 )  p e r m i t s  us t o  w r i t e  

K ( r )  = 4 
q +  (1 - @ I  exp [ - r PB(')I 

I n t r o d u c t i o n  o f  l<(r) p e r m i t s  us t o  o b t a i n  f r o m  Eqs. ( 1 1 )  and ( 1 4 )  t h e  
s i m p l e  r e l a t i o n s  

/ 
These r e l a t i o n s  d i r e c t l y  p r o v i d e  t h e  unknown d i s t r i b u t i o n  f u n c t i o n s  W ( r )  
and W n ( r ) .  The o t h e r  unknowns v/" ,  i " ,  and 
t h e  r e l a t i o n s  

( o r  T ) ,  may be  c a l c u l a t e d  f r o m  

Eqs. ( 2 0 )  - ( 2 2 )  a r e  o b t a i n e d  f r o m  Eqs. ( 7 )  and ( 1 2 ) ,  Eqs. ( 1 )  and ( 1 9 ) ,  
and Eqs. ( 6 )  and ( 2 1 ) ,  r e s p e c t i v e l y .  

SUCCESSIVE POLYMER FRACTIONATION 

As a n  example ,  s u c c e s s i v e  p r e c i p i t a t i o n  f r a c t i o n a t i o n  (SPF) i s  c o n s i d e r e d .  
A homogeneous p o l y m e r  s o l u t i o n ,  c a l l e d  f e e d  phase F ,  i s  s p l i t  b y  l o w e r i n g  
t h e  t e m p e r a t u r e  i n t o  two c o e x i s t i n g  phases ,  a p o l y m e r - l e a n  phase I and a 
p o l y m e r - r i c h  phase If , w h i c h  a r e  t h e n  s e p a r a t e d .  The p o l y m e r  i s  i s o l a t e d  
f r o m  phase f f  a s  f r a c t i o n  1. Phase d i r e c t l y  f o rms  F f o r  t h e  n e x t  s t e p ,  
e t c .  I n  t h e  l a s t  s t e p ,  t h e  p o l y m e r  o f  phase I f o rms  t h e  f i n a l  p o l y m e r  
f r a c t i o n .  A l l  c o e x i s t i n g  and ff p a i r s  a r e  assumed t o  be i n  e q u i l i b r i u m .  
Hence, i t  i s  p o s s i b l e  t o  a p p l y  Eqs. ( 1 )  - ( 2 2 ) .  To i n d i c a t e  t h e  d i f f e r e n t  
s e p a r a t i o n  s t e p s  1,2,... t h e  c o r r e s p o n d i n g  number,  i n  g e n e r a l  i, j ,  o r  k ,  
i s  added a s  a s u b s c r i p t .  

S i n c e  phase f r o m  s t e p  i i s  used d i r e c t l y  a s  F f o r  s t e p  (i + 1) t h e  
f o l l o w i n g  r e l a t i o n s  a r e  v a l i d :  

I - 1  

1 
yi+l F = y ;  ; wi+l(r) F = Wi(') ; -F  ri+l = r .  

( 2 3 )  - ( 2 5 )  

O n  a d d i n g  t h e  s u b s c r i p t  i Eq. ( 1 9 )  r e a d s  
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Use o f  Eqs. ( l a ) ,  ( 2 3 ) ,  and ( 2 4 )  f o r  s u c c e s s i v e  

( 2 6 )  

s u b s t i t u t i o n  r e s u l t s  i n  

Eq. ( 2 7 )  p e r m i t s  t h e  d i r e c t  and e x p l i c i t  c a l c u l a t i o n  o f  t h e  d i s t r i b u t i o n  
f u n c t i o n  o f  f r a c t i o n  i, Wi(r), f r o m  t h e  d i s t r i b u t i o n  f u n c t i o n  W,(r) o f  t h e  
o r i g i n a l  po l ymer .  The f o r m  o f  t h i s  r e l a t i o n  c o r r e s p o n d s  t o  t h e  f r a c t i o n a -  
t i o n  scheme a p p l i e d .  I n  s t e p s  j = l,... i-l t h e  p o l y m e r - l e a n  phase I i s  
t a k e n  t o  c o r r e s p o n d  t o  t h e  o c c u r r e n c e  o f  t h e  f a c t o r  (1 - l< . ( r ) ) / ( I  - $J ) 
f o r  j = l,... i -1  a c c o r d i n g  t o  Eq. ( 1 8 ) .  I n  s t e p  i, t h e  p o l y m e r - r i c h  p ase  
i s  t a k e n  t o  c o r r e s p o n d  t o  t h e  f a c t o r  l<i(r)/4i a c c o r d i n g  t o  Eq. (19). 

To p e r f o r m  t h e  c a l c u l a t i o n ,  t h e  c o m p o s i t i o n  o f  t h e  o r i g i n a l  p o l y m e r  
s o l u t i o n ,  i . e . y l  and Wl(r), must be g i v e n .  F u r t h e r m o r e ,  Eq. ( 2 7 )  c o n t a i n s  
t h e  unknowns Y ' '  
t o  be c a l c u l a t e d  s u c c e s s i v e l y ,  i . e .  a t  f i r s t  f o r  j = 1, t h e n  f o r  j = 2 
e t c . ,  f r o m  t h e  r e l a t i o n s  

/ I  F 

{ 4 

F F 

F'! and 9. ( o r  T . )  f o r  j = L,... i. These q u a n t i t i e s  a r e  
j' J '  J J 

F ,, 1 - y .  
1 - y J j  = ( 2 8 )  qj + (l - $ j )  exp  ( -  'A 9 A j )  

Eq. ( 2 8 )  i s  Eq. (20) a s  a p p l i e d  t o  s t e p  j. Eq. ( 2 9 )  i s  o b t a i n e d  i n  an 
ana logous  way f r o m  Eq, ( 2 7 )  by  i n t e g r a t i o n ,  Eq. ( 3 0 )  i s  o b t a i n e d  
a n a l o g o u s l y  f r o m  Eq. ( 6 )  and Eq. ( 2 7 ) .  

BAKER-WILLIAMS COLUMN FRACTIONATION 

P r e c i p i t a t i o n  f r a c t i o n a t i o n  d e v e l o p e d  by Baker  and V J i l l i a m s  ( r e f .  2 0 )  i s  
one o f  t h e  most w i d e l y  used co lumn f r a c t i o n a t i o n  p rocedures .  I t  i s  p e r f o r -  
med i n  a g l a s s  bead f i l l e d  co lumn w i t h  a t e m p e r a t u r e  g r a d i e n t  down t h e  
column. To s t a r t  f r a c t i o n a t i o n ,  t h e  t o t a l  p o l y m e r  i s  p r e c i p i t a t e d  on  t h e  
g l a s s  beads o f  a s e c t i o n  a t  t h e  e n t r y  o f  the co lumn ( o r  i n  a s e p a r a t e  
v e s s e l ) .  I n  a m i x i n g  v e s s e l ,  a n o n s o l v e n t  and a s o l v e n t  a r e  m ixed  t o  f o r m  
a m i x t u r e  w i t h  p r o g r e s s i v e l y  more s o l v e n t  power b y  c o n t i n u o u s  e n r i c h m e n t  
o f  t h e  s o l v e n t .  The p o l y m e r  i s  d i s s o l v e d  b y  a d d i n g  t h e  s o l v e n t  m i x t u r e .  
The r e s u l t i n g  s o l  phase moves r e l a t i v e l y  t o  t h e  co lumn,  and t h e  p o l y m e r  a t  
a g i v e n  i n c r e m e n t  o f  t h e  l i q u i d  s o l  s t r e a m  becomes l e s s  s o l u b l e  due t o  t h e  
t e m p e r a t u r e  g r a d i e n t ,  and p r e c i p i t a t e s  p a r t i a l l y  o n  t h e  g l a s s  beads a s  a 
g e l  phase. F r a c t i o n a t i o n  i s  a c h i e v e d  b y  r e p e a t e d  exchange o f  p o l y m e r  mole- 
c u l e s  be tween t h e  s t a t i o n a r y  g e l  phase and t h e  m o b i l e  s o l  phase. Super -  
p o s i t i o n  o f  a s o l v e n t / n o n s o l v e n t  g r a d i e n t  and a t e m p e r a t u r e  g r a d i e n t  l e a d s  
t o  v e r y  h i g h  e f f i c i e n c y .  

I n i t i a l l y ,  a mode l  i s  needed t o  d e s c r i b e  t h e  co lumn f r a c t i o n a t i o n  b y  a 
number o f  l o c a l  e q u i l i b r i a .  I n  t h i s  p a p e r ,  one s i m i l a r  t o  t h a t  o f  S m i t h  
( r e f .  21) is used. The co lumn i s  d i v i d e d  i n t o  s t a g e s  l a b e l e d  w i t h  
m ( m  = 0,1,2,...). The l i q u i d  s t r e a m  i s  d i v i d e d  i n t o  i n c r e m e n t s  w i t h  e q u a l  
vo lumes,  l a b e l e d  w i t h  n ( n  = 0,1,2,...). A t  t i m e  z e r o ,  t h e  vo lume i n c r e -  
ment n = 0 f i l l s  s t a g e  m = 0, a t  t i m e  one t h e  vo lume i n c r e m e n t  n = 0 
o c c u p i e s  s t a  e m = 1 and t h e  vo lume i n c r e m e n t  n = 1 o c c u p i e s  s t a g e  m = 0 
e t c .  Each vo lume i n c r e m e n t  n a t  each s t a g e  m i s  c o n s i d e r e d  t o  f o r m  a 
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l i q u i d - l i q u i d  e q u i l i b r i u m  (nm) be tween t h e  sol phase and t h e  g e l  
phase //. The g e l  phases  ' I  b e i n g  c o a t e d  o n  t h e  s u r f a c e s  o f  t h e  s m a l l  
g l a s s  beads a r e  s t a t i o n a r y ,  i .e .  t h e y  rema in  a t  t h e  same s t a g e  m .  However,  
t h e  mov ing  s o l  phases  a l w a y s  rema in  i n  t h e  same volume i n c r e m e n t  n. 

A t  t h e  s t a r t  o f  f r a c t i o n a t i o n ,  t h e  t o t a l  p o l y m e r  i s  assumed t o  be 
p r e c i p i t a t e d  a t  m = mp = 0 o r  t o  be d i s t r i b u t e d  e v e n l y  among t h e  mp + 1 
s t a g e s  f r o m  m = 0 t o  m = mp. The t e m p e r a t u r e  g r a d i e n t  i s  e x p r e s s e d  b y  

Tm = To ; m i m  P ( 3 1  1 
Tm = To - ( m  - mp) A T  ; m > m p  

where  Tm i s  t h e  t e m p e r a t u r e  o f  s t a g e  m and A T  i s  t h e  c o n s t a n t  t e m p e r a t u r e  
d i f f e r e n c e  be tween n e i g h b o u r i n g  s tages .  The segment f r a c t i o n  Y o f  t h e  
s o l v e n t  i n  t h e  s o l v e n t / n o n s o l v e n t  m i x t u r e  s u p p l i e d  t o  t h e  e n t r y  ( " )  o f  
t h e  co lumn,  Yno, i s  assumed t o  be  g i v e n  b y  * 

* k 
yn0 = yo0 + AY+(I - exp ( -  n/n*)] ( 3 2 )  
?t 

where  Yoo, A Y *  and n " a r e  t h e  p a r a m e t e r s  o f  t h e  f u n c t i o n .  The p o l y m e r  
f r a c t i o n s  a r e  o b t a i n e d  f r o m  t h e  sol phases  o f  t h e  l a s t  s tage .  

I n  c o n t r a s t  t o  t h e  l i q u i d - l i q u i d  e q u i l i b r i u m  (LLE) d i s c u s s e d  above,  now a 
s o l v e n t  A l ,  a n o n s o l v e n t  A2 and a p o l y d i s p e r s e d  p o l y m e r  B a r e  p r e s e n t .  
T h e r e f o r e ,  some o f  Eqs. ( 1 )  - ( 2 2 )  must be r e f o r m u l a t e d .  Eq. (6 )  now 
reads  

- (33) 
r 

1 

r 
Y ( l  - w )  + ( 1 - Y ) (  - =  

'A1 rA2 

Y ( 1  - y )  i s  t h e  segment f r a c t i o n  o f  t h e  s o l v e n t  and (1 - Y)  (1 - Y )  t h e  
segment f r a c t i o n  o f  t h e  n o n s o l v e n t .  I n  t h e  phasyleqyi l .$brium p r o b  em, 
t h e r e  a r e  now f o u r  unknown s c a l a r  q u a n t i t i e s :  Y 
c a l c u l a t e d  f r o m  t h e  e q u a t i o n s  ( i n s t e a d  o f  Eqs. (20)  - ( 2 2 ) )  o b t a i n e d  b y  
c o m b i n i n g  e q u i l i b r i u m  c o n d i t i o n s  and mass b a l a n c e s :  

, y ,  r , and @ w h i c h  may be 

y " =  /YqF w F ( r )  d r  

When a p p l y i n g  t h e  LLE e q u a t i o n s  t o  t h e  B a k e r - W i l l i a m s  f r a c t i o n a t i o n ,  t h e  
n and m w i l l  be i n d i c a t e d  a s  s u b s c r i p t s ,  e.g. Eq. ( 1 8 )  now reads  

I f  a n  e q u i l i b r i u m  (nm) i s  e s t a b l i s h e d ,  t h e  s o l  phase (nm) i s  moved t o  t h e  
n e x t  co lumn s t a g e  and t h e  g e l  phase (nm) i s  w a i t i n g  f o r  t h e  n e x t  vo lume 
i n c r e m e n t .  The f e e d  f o r  a n  LLE does n o t  e x i s t  a s  a homogeneous phase,  i .e.  
t h e  f e e d  ( n + l , m + l ) F  f o r  t h e  LLE ( n + l , m + l )  i s  t h e  u n i o n  o f  t h e  m o b i l e  s o l  
phase (n+ l ,m) '  and t h e  s t a t i o n a r y  g e l  phase (n ,m+l) "  . A c c o r d i n g l y  t h e  many 
o c c u r r i n g  phase e q u i l i b r i a  a r e  t o  be i n t e r r e l a t e d  by t h e  mass b a l a n c e s  
r e a d i n g  f o r  t h e  p o l y m e r  
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H e r e  w ( r )  i s  t h e  e x t e n s i v e  d i s t r i b u t i o n  f u n c t i o n ,  i.e, w( r )  = W( r )  6, 
where sB i s  t h e  o v e r a l l  amount o f  segments o f  a l l  p o l y m e r  s p e c i e s  i n  t h e  
phase c o n s i d e r e d .  S i m i l a r  t r e a t m e n t  f o r  s u c c e s s i v e  p o l y m e r  f r a c t i o n a t i o n  
l e a d s  t o  e q u a t i o n s  p e r m i t t i n g  t h e  d i r e c t  and e x p l i c i t  c a l c u l a t i o n  o f  t h e  
p o l y m e r  d i s t r i b u t i o n  f u n c t i o n s  o f  a l l  o c c u r r i n g  phases  f r o m  t h e  d i s t r i b u -  
t i o n  Woo(r) o f  t h e  o r i g i n a l  po lymer .  The unknowns a r e  Y i j ,  yid, r .  . and 

1J 
Cpi f o r  i = 0.1 ,..., n and j = 0,1,..., m. These q u a n t i t i e s  a r e  t o  be 
c a l c u l a t e d  f r o m  Eqs. ( 3 4 )  - ( 3 7 )  a s  a p p l i e d  t o  t h e  e q u i l i b r i u m  ( i j ) .  

Some r e s u l t s  w i l l  be p r e s e n t e d  based o n  t h e  f o l l o w i n g  s p e c i f i c a t i o n s .  The 
segment m o l a r  e x c e s s  G i b b s  e n e r g y  EE r e a d s  

- F 

.. . 
(40) 

w i t h  X,,,,, = 5001</T;xAl,B = 150K/T; a n U x A 2 , B  = 250K/T. The d i s t r i b u -  

t i o n  o f  t h e  o r i g i n a l  p o l y m e r  i s  assumed t o  be d e s c r i b e d  b y  t h e  S c h u l z -  
F l o  r y  f unc t i o n  

F r r 
woo(r) = 7 exp ( -  -) . 

150 150 

F u r t h e r m o r e ,  t h e  f o l l o w i n g  v a l u e s  a r e  a p p l i e d :  rAl = 1, rA2 = 1, yoo - - 0.02, 
44 

m 

a h y p o t h e t i c a l  co lumn f r a c t i o n a t i o n  s p e c i a l  s o f t w a r e  was d e v e l o p e d  i n  
FORTRAN 77 f o r  a p e r s o n a l  compu te r  i n  two s e p a r a t e  p rog ram p a r t s .  One p a r t  
p e r m i t s  t h e  s u c c e s s i v e  c a l c u l a t i o n  o f  t h e  l o c a l  e q u i l i b r i a  where t h e  
s t a r t i n g  v a l u e s  a r e  f o u n d  by  a p p r o x i m a t i o n  r o u t i n e s  o r ,  i f  n e c e s s a r y ,  by 
a random p r o c e d u r e .  The o t h e r  p a r t  i s  needed t o  i n t e r p r e t  t h e s e  q u a n t i t i e s  
and p r e s e n t  t h e  r e s u l t s  i n  t h e  d e s i r e d  manner. 

A h y p o t h e t i c a l  B a k e r - W i l l i a m s  f r a c t i o n a t i o n  was t h e n  p e r f o r m e d  f o r  a co lumn 
w i t h  1 3  s t a g e s :  3 s t a g e s  ( w i t h o u t  t e m p e r a t u r e  g r a d i e n t )  c o n t a i n i n g  t h e  
p o l y m e r  a t  t h e  s t a r t ,  and 10 f r a c t i o n a t i o n  s tages .  The c a l c u l a t e d  d i s t r i b u -  
t i o n s  o f  t h e  p o l y m e r  i n  s e v e r a l  s e l e c t e d  i n c r e m e n t s  o f  t h e  l i q u i d  s t r e a m  
a r e  c o n s i d e r e d  a t  two p o i n t s  o f  t h e  column. F i g .  l a  g i v e s  some o f  t h e s e  
d i s t r i b u t i o n s  a f t e r  t h e  d i s s o l u t i o n  p r o c e s s  (on t h e  f i r s t  t h r e e  s t a g e s ) ,  
i .e .  f o r  t h e  p o l y m e r  i n  phase ' f o r  m = 2 and v a r i o u s  v a l u e s  o f  n. The 
n o n u n i f o r m i t y  U i s  d e f i n e d  b y  t h e  q u o t i e n t  o f  t h e  w e i g h t  ave rage  and t h e  
ave rage  segment number l e s s  1. I n  F i g .  I b  some d i s t r i b u t i o n s  o f  p o l y m e r  
l e a v i n g  t h e  co lumn a r e  shown, i .e .  o f  t h e  p o l y m e r  i n  phase ' a t  s t a g e  
m = 1 2  and t h e  i n d i c a t e d  v a l u e s  o f  n. Compar ison o f  F i g s .  l a  and b shows 
t h e  f r a c t i o n a t i o n  e f f e c t  r e s u l t i n g  f r o m  t h e  t e m p e r a t u r e  g r a d i e n t  o f  t h e  
column. F o r  t h e  f i r s t  p a r t s  o f  t h e  l i q u i d  s t r e a m ,  p a r t i c u l a r l y  f o r  n = 0, 
t h i s  e f f e c t  i s  s m a l l .  The r e a s o n  i s  t h a t  a r e p e a t e d  exchange o f  p o l y m e r  
between t h e  phases  i s  o n l y  p o s s i b l e  i f  a s t a t i o n a r y  g e l  phase i s  a l r e a d y  
p r e c i p i t a t e d  a t  t h e  h i g h e r  s tages .  

= 2 ,  To = 340 I<. AT = 2.5 K, Yoo = 0.01, b Y *  = 0.3, n* = 30. To s i m u l a t e  P 

n:10 n - 2 5  
U r 0 0 2 5  u:oo11 

n = ~  A  LO - n - 0  
U = 0.51 = lo 

100 200 300 - a )  m = 2 

0 100 200 - 300 

b )  m = 1 2  r 

F i g .  1. Po lymer  d i s t r i b u t i o n  f u n c t i o n s  ( n o r m a l i z e d  t o  u n i t y )  
i n  t h e  m o b i l e  sol phase a t  s t a g e  m f o r  s e v e r a l  v a l u e s  o f  n 
( f u l l  l i n e )  and o f  t h e  o r i g i n a l  p o l y m e r  ( b r o k e n  l i n e )  w i t h  
t h e  n o n u n i f o r m i t y  U = 1. 
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CONTINUOUS POLYMER FRACTIONATION 

C o n t i n u o u s  p o l y m e r  f r a c t i o n a t i o n  (CPF) ( r e f .  2 2 )  i n v o l v e s  t h e  f o l l o w i n g  
c o u n t e r - c u r r e n t  e x t r a c t i o n .  A c o m p a r a t i v e l y  c o n c e n t r a t e d  s o l u t i o n  o f  t h e  
p o l y m e r  i n  a g i v e n  s o l v e n t  ( t h e  f e e d  - FD) i s  i n t r o d u c e d  i n t o  a p u l s e d  
s i e v e - b o t t o m  co lumn a t  one end, and t h e  same s o l v e n t  b u t  f r e e  f r o m  p o l y m e r  
( e x t r a c t i n g  a g e n t  - EA) i s  added a t  t h e  o t h e r  end. The CPF s p l i t s  t h e  
p o l y m e r  i n t o  two f r a c t i o n s  l e a v i n g  t h e  co lumn a s  s o l  and a s  g e l .  The 
t h e o r e t i c a l  t r e a t m e n t  i s  s i m i l a r  t o  t h a t  o f  t h e  B a k e r - W i l l i a m s  f r a c t i o n a -  
t i o n .  The co lumn i s  d i v i d e d  i n t o  a number o f  s t a g e s  m;  t h e  EA e n t e r s  t h e  
co lumn a t  s t a g e  m = mmax and l e a v e s  i t  ( a s  s o l )  a t  s t a g e  m = 1. The 
s t a t i o n a r y  s t a t e  i s  c a l c u l a t e d  b y  r e p e a t e d  c a l c u l a t i o n  o f  s t a g e s  
m = l , . . . ,m 
f i r s t  s e t  o f  e q u i l i b r i a  ( j  = 1) a c e r t a i n  amount o f  FD i s  added a t  s t a g e  
m = 1, and t h e  r e l a t e d  phase'' i s  t r a n s f e r r e d  downwards t o  t h e  n e x t  s t a g e  
m = 2 ( f i l l e d  w i t h  EA). 

When phase has  l e f t  t h e  co lumn a t  mmax a s  t h e  f i r s t  ( n o n - s t a t i o n a r y )  
g e l  phase,  a l l  phases  a r e  s h i f t e d  b y  one s t a g e  upwards ,  and s t a g e  mmax 
i s  f i l l e d  w i t h  p u r e  EA aga in .  The c a l c u l a t i o n  i s  r e p e a t e d  f o r  j = 2 and 
in = l , . . . ,m  e t c .  The s t a t i o n a r y  s t a t e  i s  reached  when t h e  r e s u l t s  f o r  
j and j-1 no f o n g e r  change s y s t e m a t i c a l l y .  

E x p e r i m e n t a l  d a t a  f o r  t h e  CPF o f  p o l y e t h y l e n e  ( r e f .  23)  were  compared 
w i t h  c a l c u l a t i o n s  based on  t h e  f o l l o w i n g  s p e c i f i c a t i o n s .  The mass b a l a n c e  
f o r  t h e  p o l y m e r  t r a n s f e r  i n  Eq. ( 3 9 )  now r e a d s  

A t  s t a r t  ( j  = 0)  t h e  co lumn i s  f i l l e d  w i t h  EA. F o r  t h e  max. 

ma 

U s u a l l y  a m ixed  s o l v e n t  i s  a p p l i e d .  B u t  h e r e  p o l y e t h y l e n e  was f r a c t i o n a t e d  
i n  t h e  p u r e  ( t h e t a )  s o l v e n t  d i p h e n y l  e t h e r  and hence Eqs. (1) - ( 2 2 )  can  
be used w i t h o u t  r e f o r m u l a t i o n  f o r  t h e  second s o l v e n t , E q . ( 4 0 )  i s  r e p l a c e d  b y  

Z E  
- =  y (1  - v )  9 ; 9 = 90  (1 + P ' V )  (43) 
RT 

Here  p i s  a p a r a m e t e r  e x p r e s s i n g  t h e  e f f e c t  o f  t h e  c o m p o s i t i o n  w o n  g. The 
p a r a m e t e r s  p and go were  a d j u s t e d  t o  phase e q u i l i b r i a  f o r  t h e  t e m p e r a t u r e  
(133 O C )  a t  w h i c h  CPF i s  pe r fo rmed .  The t h e o r e t i c a l  t r e a t m e n t  a l l o w s  
d e t e r m i n a t i o n  o f  t h e  number o f  t h e o r e t i c a l  s t a g e s  o f  t h e  CPF-exper iment o r  - f o r  a g i v e n  number o f  p h y s i c a l  s t a g e s  - c a l c u l a t i o n  o f  t h e  s t a g e  e f f i -  
c i e n c y .  I n  t h e  p r e s e n t  c a l c u l a t i o n ,  t h e  19 s i e v e  b o t t o m s  o f  t h e  CPF-column 
a r e  used a s  s t a g e s  and t h e  e f f i c i e n c y  i s  f i t t e d .  The e f f i c i e n c y  i s  d e f i n e d  
a s  t h e  q u o t i e n t  o f  t h e  p o l y m e r  amount t r a n s f e r r e d  f r o m  one phase t o  t h e  
o t h e r  and t h e  p o l y m e r  amount t h a t  must be t r a n s f e r r e d  t o  r e a c h  phase 
e q u i l i b r i u m .  F i g .  2 compares c a l c u l a t e d  and e x p e r i m e n t a l  f r a c t i o n  
d i s t r i b u t i o n  f u n c t i o n s .  The good agreement d e m o n s t r a t e s  t h e  a p p l i c a b i l i t y  
o f  t h i s  t r e a t m e n t .  

W'' )  I 
au. 

F i g .  2. Compar ison o f  measured ( p o i n t s )  and c a l c u l a t e d  
( l i n e s )  m o l e c u l a r  w e i g h t  d i s t r i b u t i o n s  f o r  t h e  two f r a c -  
t i o n s  ( c f .  F i g .  10 i n  r e f .  23) o f  p o l y ( e t h y 1 e n e )  o b t a i n e d  
b y  CPF. The c a l c u l a t i o n  was p e r f o r m e d  f o r  19 s t a g e s  w i t h  
a n  e f f i c i e n c y  o f  0.2 ( s e e  t e x t )  and t h e  p a r a m e t e r s  
go = 0.199 and p = -2.3. 
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