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ABSTRACT 

A c r i t i c a l  examina t ion  of E l e c t r o p o l a r i z a t i o n  Chromatography, 
EPC, shows t h e  f i r s t - o r d e r  model c u r r e n t l y  used t o  b e  i n a d e q u a t e .  
Marked d e v i a t i o n s  from e x p e c t a t i o n  are obse rved ,  e s p e c i a l l y  a t  low 
b u f f e r - c o n c e n t r a t i o n s ,  and t h e s e  may r e s u l t  i n  e i t h e r  h i g h e r  o r  
lower r e t a r d a t i o n  t h a n  expec ted .  S p e c i f i c  i n t e r a c t i o n s  between 
t h e  p r o t e i n  and b u f f e r ,  s e p a r a t e  from e f f e c t s  of pH and i o n i c  
s t r e n g t h ,  a r e  e v i d e n t ,  as w e l l  a s  s p e c i f i c  i n t e r a c t i o n  between t h e  
p r o t e i n  and f i b e r  w a l l .  More r e f i n e d  d a t a  a c q u i s i t i o n  and a n a l y s i s  
y i e l d s  measurements of d i s p e r s i o n  which t end  t o  b e  l a r g e r  t h a n  
p r e d i c t e d .  

A multicomponent t r a n s p o r t  model is deve loped  which q u a l i t a -  
t i v e l y  p r e d i c t s  much o f  t h e s e  obse rved  e f f e c t s .  T h i s  model ing 
e f f o r t  g i v e s  added i n s i g h t  f o r  d e s i g n  and o p t i m i z a t i o n  of EPC 
columns. 

INTRODUCTION 

The N a t u r e  o f  E l e c t r o p o l a r i z a t i o n  Chromatography (EPC) and I ts  
R e l a t i o n  t o  O t h e r  S e p a r a t i o n  P r o c e s s e s  

We u s e  t h e  term EPC h e r e  t o  d e n o t e  a s p e c i a l i z e d  form o f  

e l e c t r i c a l  f i e l d - f l o w  f r a c t i o n a t i o n  u s i n g  a ho l low c y l i n d r i c a l  
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6 20 LIGHTFOOT ET AL. 

f i b e r  r a t h e r  than  p a r a l l e l  s h e e t s  t o  c o n f i n e  t h e  s o l u t e s  t o  be  

s e p a r a t e d .  It i s  thus  a s p e c i a l i z e d  t y p e  of chromatographic 

s e p a r a t i o n  t a k i n g  p l a c e  w i t h i n  a s i n g l e  f l u i d  phase and dependent 

t o  a n  unusual  d e g r e e  on non-uniform f l u i d  motion.  

descr ibed  i n  some d e t a i l  below, b u t  g e n e r a l  f a m i l i a r i t y  w i t h  t h e  

chromatographic and f i e l d  f low f r a c t i o n a t i o n  l i t e r a t u r e  w i l l  be  

assumed. Those wishing a more d e t a i l e d  i n t r o d u c t i o n  are r e f e r r e d  

t o  t h e  r e c e n t  review of L i g h t f o o t ,  Chiang, and Noble (7). 

It w i l l  be  

A .  Nature 

I n  p o l a r i z a t i o n  chromatography r e t a r d a t i o n  i s  produced 

p r i m a r i l y  by c o n c e n t r a t i o n  p o l a r i z a t i o n  w i t h i n  a non-uniform f low 

f i e l d .  I n  e l e c t r o p o l a r i z a t i o n  chromatography, d e s c r i b e d  i n  F igure  

1, p o l a r i z a t i o n  i s  accomplished by e l e c t r o p h o r e t i c  migra t ion  

a g a i n s t  a semipermeable membrane, and t h e  non-uniform f low i s  a 

s l i g h t l y  d i s t o r t e d  P o i s e u i l l e  v e l o c i t y  d i s t r i b u t i o n .  

I n  t h i s  p r o c e s s  a b u f f e r e d  e l e c t r o l y t e  f lows cont inuous ly  down 

t h e  lumen of a permselec t ive  hol low f i b e r ,  and s e p a r a t i o n  i s  

i n i t i a t e d  by i n j e c t i n g  a p u l s e  of p r o t e i n  s o l u t i o n  i n t o  t h i s  stream 

over  a s h o r t  t i m e  i n t e r v a l .  The p r o t e i n  i s  q u i c k l y  concent ra ted  

i n t o  a lens-shaped r e g i o n  a d j a c e n t  t o  t h e  i n n e r  f i b e r  w a l l  by a 

ba lance  between e l e c t r o p h o r e t i c  m i g r a t i o n  and c o n c e n t r a t i o n  

d i f f u s i o n .  This  i s  i n d i c a t e d  by t h e  shading i n  t h e  t o p  view of 

F ig .  1. The p r o t e i n  i s  a l s o  moved a x i a l l y ,  by convec t ion  a t  t h e  

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

mean axial  v e l o c i t y  o f  t h e  p r o t e i n  p u l s e ,  <vpz>, is less than  t h a t  

of t h e  c a r r i e r  ( b u f f e r )  s o l u t i o n :  t h e  p r o t e i n  i s  r e t a r d e d  by t h e  

p o l a r i z a t i o n  process .  S e p a r a t i o n  of two p r o t e i n s  occurs  if they 

are  p o l a r i z e d  t o  d i f f e r e n t  degrees .  C l e a r l y  t h i s  i s  a n  i n h e r e n t l y  

t r a n s i e n t ,  hence chromatographic ,  p r o c e s s ,  and w e  have found t h a t  

i t  can b e  d e s c r i b e d  s u c c e s s f u l l y  by t h e  e q u a t i o n  

S i n c e  t h e  v e l o c i t y  n e a r  t h e  w a l l  i s  low, 

a<v > azF - i z  i + c  - - 0  - i + < v  >- -  - 
i a z  

i 
ac a; 

a a t  i z  az i m  
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ELECTROPOLARIZATION CHROMATOGRAPHY 621 

Here ci is l o c a l  molar c o n c e n t r a t i o n  of s p e c i e s  i, and v 

observable  v e l o c i t y  of i r e s u l t i n g  from d i r e c t e d  f i e l d s  o r  f o r c e s  

and bulk  f l u i d  motion; E i s  t h e  e f f e c t i v e  d i s p e r s i o n  c o e f f i c i e n t  

of i through t h e  mixture  of s p e c i e s  p r e s e n t ,  and z is t h e  d i r e c t i o n  

of flow; t is t i m e .  The o v e r l i n e  and b r a c k e t s  r e p r e s e n t  averaging  

def ined  by 

i s  t h e  i 

i m  

- c = I / c d s  
i s  i 

s 

Here s is  system f low cross-sec t ion  and ‘I is volume. 

I n  g e n e r a l ,  however, both <v > and E must be considered 
PZ Pm 

f u n c t i o n s  of t i m e  - as  w e l l  as t h e  physico-chemical n a t u r e  of t h e  

system. 

t h e s e  q u a n t i t i e s  t o  b u f f e r  composition, flow c o n d i t i o n s ,  geometry, 

and o t h e r  f a c t o r s  t o  be d iscussed .  

Much of t h e  work o u t l i n e d  below is aimed a t  r e l a t i n g  

B. H i s t o r i c a l  a s p e c t s  and r e l a t i o n  t o  o t h e r  p o l a r i z a t i o n  
p r o c e s s e s  

The concept of combining i n t r a p h a s e  c o n c e n t r a t i o n  p o l a r i z a t i o n  

wi th  non-uniform convect ion is an o l d  one, and it does n o t  seem 

f e a s i b l e  t o  seek  i t s  t r u e  o r i g i n .  Many v a r i a n t s ,  us ing  g r a v i t a -  

t i o n a l  and c e n t r i f u g a l  f i e l d s ,  have long e x i s t e d  in t h e  minera l  

i n d u s t r y  (13) ,  and a t tempts  a t  p o l a r i z a t i o n  s e p a r a t i o n  of p r o t e i n s  

go back a t  least  t o  Kirkwood ( 4 ) .  

Most c l o s e l y  r e l a t e d  t o  EPC are  a group of p o l a r i z a t i o n  

processes  c o l l e c t i v e l y  known as f ie ld- f low f r a c t i o n a t i o n ,  developed 

and e x t e n s i v e l y  i n v e s t i g a t e d  by J . C .  Giddings and h i s  a s s o c i a t e s  

( s e e  L i g h t f o o t  et a l .  1981 f o r  a r e c e n t  review of t h e s e  techniques) .  

These d i f f e r  geometr ica l ly  from EPC i n  an a p p a r e n t l y  t r i v i a l  bu t  

a c t u a l l y  q u i t e  important  way i n  us ing  flow between p a r a l l e l  p lanes  

r a t h e r  than  i n  c y l i n d r i c a l  d u c t s .  

p rocesses ,  f o r  example thermal and c e n t r i f u g a l  f i e l d  flow f r a c t i o n -  

I n  a d d i t i o n  some p o l a r i z a t i o n  
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622 LIGHTFOOT ET AL. 

a t i o n ,  do n o t  r e q u i r e  mass t o  pas s  a c r o s s  t h e  p o l a r i z i n g  s u r f a c e s .  

T h i s  w i l l  b e  s e e n  t o  have a profound e f f e c t  on sys t em b e h a v i o r .  

Our r e s e a r c h  group w a s  l e d  r a t h e r  n a t u r a l l y  t o  t h e  development 

of p o l a r i z a t i o n  induced s e p a r a t i o n s  by a n  a t t e m p t  t o  p u t  t h e  

t roublesome p o l a r i z a t i o n  of p r o t e i n s  i n  u l t r a - f i l t r a t i o n  a p p a r a t u s  

t o  use .  A s  a r e s u l t  we w e r e  t h e  f i r s t ,  by a s m a l l  marg in ,  t o  

r e p o r t  u l t r a f i l t r a t i o n  induced p o l a r i z a t i o n  s e p a r a t i o n s ,  s i m i l a r  

t o  t h e  f low f i e l d  f l o w  f r a c t i o n a t i o n  o f  G idd ings  c t  a l .  

It i s ,  however, q u i c k l y  a p p a r e n t  t h a t  two s e p a r a t i o n  mech- 

anisms a r e  p a r t i c u l a r l y  s e l e c t i v e  and f l e x i b l e  f o r  f r a c t i o n a t i o n  of 

b i o l o g i c a l l y  a c t i v e  p r o t e i n s :  thermodynamic a c t i v i t y  g r a d i e n t s  

( u s u a l l y  i n  t h e  form o f  s e l e c t i v e  p r e c i p i t a t i o n  o r  a d s o r p t i o n s )  

and e l e c t r o s t a t i c  p o t e n t i a l  g r a d i e n t s  ( e l e c t r o p h o r e t i c  m i g r a t i o n ) .  

Our i n t e r e s t  c e n t e r e d  on p r e p a r a t i v e  a s p e c t s  o f  e l e c t r o -  

p h o r e s i s  because  of t h e  s t r e n g t h  of  e l e c t r o p h o r e t i c  f o r c e s  and t h e  

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

pH, and chemica l  n a t u r e ,  as  w e l l  as t o  p o o r l y  i n v e s t i g a t e d  proper-  

t i es  such  as d i e l e c t r i c  c o n s t a n t .  However, i t  soon became clear 

t h a t  p r e p a r a t i v e - s c a l e  e l e c t r o p h o r e s i s ,  f o r  example f r e e - f l o w  

e l e c t r o p h o r e s i s ,  s u f f e r e d  from some i n h e r e n t  d e f e c t s ,  e . g .  ohmic 

h e a t i n g ,  hydrodynamic i n s t a b i l i t y ,  and T a y l o r  d i f f u s i o n  ( c o n v e c t i v e  

d i s p e r s i o n ) .  

Hollow-fiber  e l e c t r o p o l a r i z a t i o n  p r o c e s s e s  o f f e r  a number of 

advan tages  f o r  e l e c t r o p h o r e t i c a l l y  based s e p a r a t i o n s  of p r o t e i n s :  

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

e l i m i n a t e s  hydrodynamic i n s t a b i l i t y  e s s e n t i a l l y  complete-  

l y ,  because  o f  t h e  s m a l l  Ray le igh  numbers encoun te red .  

p e r m i t s  h i g h  d e g r e e s  of c o n c e n t r a t i o n  p o l a r i z a t i o n ,  hence 

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

because  o f  s m a l l  d imens ions  and t h e  v e r y  h i g h  r a t i o  o f  

Schmidt t o  P r a n d t l  numbers i n  aqueous p r o t e i n  s o l u t i o n s .  

g r e a t l y  r e d u c e s  T a y l o r  d i f f u s i o n ,  because  t h e  t h i c k -  

n e s s  of d i f f u s i o n a l  boundary l a y e r s  a d j a c e n t  t o  t h e  

p o l a r i z i n g  b a r r i e r  is  t y p i c a l l y  q u i t e  s m a l l .  ( though i n  
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ELECTROPOLARIZATION CHROMATOGRAPHY 623 

p r a c t i c e  n o n - i d e a l i t i e s  l i m i t  t h e  d e g r e e  t o  which one 

can r e a l i z e  t h i s  p o t e n t i a l ) .  

4 )  p r o v i d e s  a u t o m a t i c  c o n t r o l  of shape .  

These advan tages  appea r  t o  j u s t i f y  a major  developmental  e f f o r t ,  

and e x p e r i e n c e  h a s  tended t o  bea r  o u t  t h i s  e x p e c t a t i o n .  However, 

as d i s c u s s e d  i n  t h e  n e x t  s e c t i o n ,  t h e  a p p a r e n t  s i m p l i c i t y  of  t h i s  

p r o c e s s  is i n  many ways d e c e p t i v e ,  and expe r imen ta l  r e s u l t s  o f t e n  

d e v i a t e  q u i t e  markedly from e x p e c t a t i o n s  based on t h e  s i m p l e  

models s o  f a r  a v a i l a b l e .  Some of  t h e s e  d e v i a t i o n s  are d i sadvan-  

t ageous ,  and means must b e  sough t  t o  minimize them; o t h e r s  are 

p o t e n t i a l l y  u s e f u l  and shou ld  b e  i n c r e a s e d .  I n  t h e  n e x t  s e c t i o n  

we summarize what i s  p r e s e n t l y  known a b o u t  t h i s  p rocess .  

Q u a n t i t a t i v e  D e s c r i p t i o n  of  EPC and Assessment of  I ts  P o t e n t i a l  
U t i l i t y  

I n  t h i s  s e c t i o n  we review ma themat i ca l  and expe r imen ta l  

d e s c r i p t i o n s  of EPC developed t o  d a t e  and d i s c u s s  t h e  s i g n i f i -  

cance  of t h e s e  developments ,  bo th  t o  o u r  u n d e r s t a n d i n g  of t h i s  

p r o c e s s  and t o  i t s  p o t e n t i a l  as a s e p a r a t i o n s  t o o l .  Among t h e  

most impor t an t  c h a r a c t e r i s t i c s  of any chromatographic  p r o c e s s  a r e  

s o l u t e  r e t a r d a t i o n  and d i s p e r s i o n ,  and ,  because  t h e s e  have been 

most t ho rough ly  s t u d i e d  t o  d a t e ,  t hey  w i l l  dominate  o u r  d i s c u s s i o n .  

O the r  i m p o r t a n t  c h a r a c t e r i s t i c s  i n c l u d e  column p r o d u c t i v i t y  and t h e  

r ange  of  s o l u t e s  which can  b e  e f f e c t i v e l y  s e p a r a t e d  in a s i n g l e  

column. These w i l l  b e  d i s c u s s e d  t o  a l i m i t e d  e x t e n t  h e r e ,  b u t  

t h e y  are s t i l l  l a r g e l y  s u b j e c t s  f o r  f u r t h e r  r e s e a r c h .  

A .  The ma themat i ca l  b a s i s  of d e s c r i p t i o n  and f i r s t - o r d e r  
models 

Ra the r  complete  d i f f e r e n t i a l  d e s c r i p t i o n s  b o t h  f o r  f r a c t i o n a -  

t i o n s  of  t r u e  molecu le s  ( p a r t i c l e s ,  such  as s m a l l  c o l l o i d s ,  may 

b e  t r e a t e d  as molecu le s  p rov ided  B a s s e t  f o r c e s  and o t h e r  i n e r t i a l  
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6 24 LIGHTFOOT ET AL. 

e f f e c t s  are u n i m p o r t a n t ) ,  based on t h e  g e n e r a l i z e d  Stefan-Maxwell  

e q u a t i o n s  ( 6 ) ,  a n d  f o r  hydrodynamic p a r t i c l e s  are a v a i l a b l e  ( 7 ) .  

Fo r  t r u e  molecu le s  s u b j e c t e d  o n l y  t o  chemica l  and e l e c t r i c a l  

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

d e s c r i p t i o n  r e d u c e s ,  f o r  any s p e c i e s  i i n  s o l v e n t  s ,  t o :  

Here i n  a d d i t i o n  t o  terms p r e v i o u s l y  d e f i n e d  N i s  t h e  molar  f l u x  

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

pseudob ina ry  d i f f u s i v i t y  o f  i r e l a t i v e  t o  t h e  s o l v e n t ,  y i  is t h e  

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

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

o p e r a t o r .  

-i 

i 

Equa t ion  4 ,  t h e  c o n t i n u i t y  e q u a t i o n ,  i s  exact i n  t h e  a b s e n c e  

of  chemica l  r e a c t i o n s  (which c a n  o c c u r  f o r  n a t i v e  p r o t e i n  b u t  

which we s h a l l  i g n o r e  i n  t h i s  d i s c u s s i o n ) .  

s i d e r e d  a d e f i n i t i o n  of t h e  m i g r a t i o n  v e l o c i t y  vF, i n  which c a s e  

a l l  approx ima t ions  a re  made i n  Eq. 6 ( 7 ) .  

E q u a t i o n  5 may b e  con- 

The most i m p o r t a n t  boundary c o n d i t i o n  i s  t h a t  on t h e  i n n e r  

w a l l  of t h e  f i b e r  N t h e  r a d i a l  component of t h e  p r o t e i n  f l u x ,  

i s  z e r o .  P rope r  s p e c i f i c a t i o n  o f  boundary c o n d i t i o n s  and e q u a t i o n s  

o f  s tate are major  problems s t i l l  t o  b e  s o l v e d .  

P r y  

Even t h i s  s i m p l i f i e d  d e s c r i p t i o n  i s  f o r m i d a b l e ,  and,  w i t h  one 

e x c e p t i o n  ( 1 2 ) ,  a l l  p u b l i s h e d  a n a l y s e s  n e g l e c t  p o l a r i z a t i o n  of a l l  

s p e c i e s  b u t  t h e  p r o t e i n  i n  q u e s t i o n  - and a l s o  t h e  v a r i a t i o n  o f  y i  

and D w i t h  p o s i t i o n  and t i m e .  They also assume P o i s e u i l l e  f low,  

t h u s  f a i l i n g  t o  accoun t  f o r  t h e  e f f e c t  of p r o t e i n  p o l a r i z a t i o n  on 

l o c a l  v i s c o s i t y .  

i s  

The most r e l i a b l e  and comple t e  o f  s u c h  s i m p l i f i e d  d e s c r i p t i o n s  

are t h o s e  of Lee e t  a l .  (5) f o r  s l i t  f l o w ,  T a k a s h i  and G i l l  ( 1 4 )  
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ELECTROPOLARIZATION CHROMATOGRAPHY 625 

for rectangular channels of finite aspect ratio, and Reis et al. 

(9) for Poiseuille flow (circular flow cross-sections). All are 

obtained from generalizations of the Taylor-Gill-Subramanian dis- 

persion theory as provided by Lee et al. (151, and, for Poiseuille 

flow, via the generalized Sturm-Liouville theory of Ramkrishna and 

Amundson (8 j .  All of these results can be summarized most com- 

pletely by a modification of Eq. 1 in which migration velocity and 
dispersion coefficients are time dependents 

where 

- 
c = IC ds = area-mean value, 
P S Y  

s 
- -  

r 

E = E  (t) =effective axial diffusivity for species p, 

Y =average velocity of total fluid. 

=r (t) =retardation coefficient for species p, =vm/v 
P P  P 

P P  

m 
- 

Complete description of transient behavior is provided in the above 

references. 

The transient contributions 

very considerable insight can be 

limiting behavior: 

to r and E can be important, but 

gained from examining long-time 
P P 

These quantities in turn are functions only of geometry and the 

polarization PGclet number 

r vFB 
Pe = - 

Dis 
( 9 )  

and B is the radius of lumen o r  the half-width of a planar channel; 

vF is the migration velocity of Eq. 6 .  For high degrees of polari- 
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626 LIGHTFOOT ET AL. 

t "  

A 

velocity 
profile 

B 

UV - monitor 

FIGURE 1. Hollow-fiber  EPC: (A) c o o r d i n a t e  sys t em,  convec t ion -  
v e l o c i t y  p r o f i l e ,  and e q u i l i b r i u m - c o n c e n t r a t i o n  p r o f i l e  i n  t h e  
ho l low f i b e r ,  w i t h  t h e  d o t t e d  r e g i o n  r e p r e s e n t i n g  t h e  lens-shaped 
c o n c e n t r a t e d  p r o t e i n  r e g i o n ;  ( B )  d i s t o r t i o n  of t h e  e l e c t r i c a l  
f o r c e  l i n e s  d u e  t o  t h e  p r e s e n c e  o f  a n  i s o t r o p i c  c y l i n d r i c a l  d u c t ;  
(C )  s k e t c h  of t h e  e x p e r i m e n t a l  s e t u p :  ( a )  e x t e r n a l  b u f f e r  pump; 
( b j  bypass  v a l v e ;  ( c )  f l o w  m e t e r ;  (d) h o l l o w  f i b e r ;  ( e )  s y r i n g e  
Pump * 

z a t i o n ,  o r  l a r g e  P&,  ( r p ) m  and ( E  Im can  b e  approximated by s i m p l e  
P 

a s y m p t o t i c  e x p r e s s i o n s .  Asymptot ic  r e t a r d a t i o n s  a r e  g i v e n  by 

( r P I m  = P G / ~  ( s l i t s ,  l a r g e  P; l i m i t )  (10) 

= Pi514 ( t u b e s ,  l a r g e  P; l i m i t )  (11) 

where t h e  c o r r e s p o n d i n g  d i s p e r s i o n  c o e f f i c i e n t  f o r  b o t h  g e o m e t r i e s  

i s  approx ima te ly  
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- -  
/ 

---- 
pl a ti n urn 
wire electrodes 

E 
fiber IP 0 

dialysis 
sheets 

FIGURE 2 .  C r o s s - s e c t i o n  o f  t h e  EPC f i b e r  chamber. 

where v i s  t h e  maximum a x i a l  f l u i d  v e l o c i t y .  These r e s u l t s  must 

b e  a p p l i e d  c a u t i o u s l y  i n  s l i t  f l o w ,  because  n u m e r i c a l  c a l c u l a t i o n s  

by Takahash i  and G i l l  (14) i n d i c a t e  s u r p r i s i n g l y  l a r g e  s i d e  e f f e c t s  

f o r  f i n i t e  h o r i z o n t a l - a s p e c t  r a t i o s .  I f  b o r n e  o u t  e x p e r i m e n t a l l y  

t h i s  p r e d i c t i o n  i l l u s t r a t e s  one  more major  e f f e c t  of geometry.  

O t h e r  e x p r e s s i o n s  f o r  r e t a r d a t i o n  and d i s p e r s i o n  are a l s o  

wide ly  u s e d .  For  example t h e  s o l u t e  r e t a r d a t i o n  i s  e x p r e s s e d  by 

Gidd ings  i n  terms o f  r e t e n t i o n  r a t i o ,  R: 

R = L  . 
r 

P 

I n  t h e  chromatography l i t e r a t u r e ,  t h e  h e i g h t  of a n  e q u i v a l e n t  

t h e o r e t i c a l  p l a t e ,  H, i s  commonly used t o  e x p r e s s  d i s p e r s i o n .  I n  

terms o f  Gidd ings ’  n o t a t i o n ,  H i s  c a l c u l a t e d  by t h e  f o l l o w i n g  

e q u a t i o n  

2 D  H = 4B2A2$ ;RID + Y= 
V 
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where 

LIGHTFOOT ET AL. 

1 
2P6 

A=--- 

f 4(1-6x) f o r  s m a l l  A .  

The p l a t e  h e i g h t  can  be  r e l a t e d  t o  E by 
P 

where t h e  r igh t -hand  s i d e  i s  e q u i v a l e n t  t o  a r e c i p r o c a l ,  e f f e c t i v e ,  

a x i a l  P e c l e t  number. 

RESULTS AND DISCUSSION 

Experimental  Obse rva t ions  

A r a t h e r  e x t e n s i v e  e x p e r i m e n t a l  su rvey  of EPC h a s  a l r e a d y  been 

made, w i t h  p a r t i c u l a r  emphasis on t h e  parameters of pr imary i m -  

p o r t a n c e  t o  chromatographers:  s o l u t e  r e t a r d a t i o n  and d i s p e r s i o n .  

We have a l s o  made some p r e l i m i n a r y  t e s t s  of f i e l d  programming, 

which i s  u n u s u a l l y  s i m p l e  and f l e x i b l e  f o r  t h i s  p r o c e s s ,  and w e  

have begun t o  i n v e s t i g a t e  t h e  e f f e c t s  of c o n c e n t r a t i o n  and o t h e r  

pa rame te r s  on p r o t e i n  t r a n s p o r t  p r o p e r t i e s .  F i n a l l y  we have begun 

t o  a s s e s s  t h e  p o t e n t i a l  o f  EPC f o r  s e p a r a t i o n s  of  p r a c t i c a l  

i n t e r e s t .  These a c t i v i t i e s  a r e  reviewed b r i e f l y  h e r e .  

A.  Apparatus  and P rocedures  

The expe r imen ta l  sys t em used i n  ou r  s t u d i e s  i s  shown schemat- 

i c a l l y  i n  F ig .  1. The h e a r t  of t h i s  sys t em i s  t h e  t es t  c e l l  con- 

t a i n i n g  t h e  hol low f i b e r  and e l e c t r o d e s .  A 50-cm l o n g  f i b e r  i s  

mounted on s t a i n l e s s  s t e e l  n e e d l e s  and o r i e n t e d  l i n e a r l y  i n s i d e  

t h e  t e s t  c e l l .  Two p la t inum w i r e  e l e c t r o d e s  are a l i g n e d  p a r a l l e l  

t o  t h e  f i b e r  a s  shown i n  F ig .  2 .  D i a l y s i s  s h e e t s  s e r v e  t o  

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

Impor t an t  a u x i l l i a r y  equipment f o r  t h e  b u f f e r  c i r c u l a t i n g  as shown 
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ELECTROPOLARIZATION CHROMATOGRAPHY 629 

i n  F i g .  1 i n c l u d e  a Harvard model 901 s y r i n g e  pump and a 1 0  ~1 

Altex sample i n j e c t i o n  v a l v e  connected t o  t h e  f i b e r  w i t h  t e f l o n  

mic robore  t u b i n g .  

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

1 ampere, t h e  r e s e r v o i r  is immersed i n  a c o n t r o l l e d  t e m p e r a t u r e  

water b a t h ,  and connected t o  a vacuum s o u r c e  of 6 - 9 x 10' Pa.  

i n  o r d e r  t o  remove e l e c t r o l y s i s  p r o d u c t s .  The p r o p e r  v o l u m e t r i c  

f low rates and p r e s s u r e s  of t h e  c i r c u l a t i n g  system are  ma in ta ined  

by t h e  t h r o t t l i n g  v a l v e s  shown i n  F i g u r e  1. 

A t e f lon -gea r  micro pump c i r c u l a t e s  b u f f e r  from 

The u l t r a  f i l t r a t i o n  f i b e r s  a r e  expe r imen ta l  p r o t o t y p e s  ob- 

t a i n e d  from Amicon Corpora t ion ,  Lexington,  Mass. and t h r e e  d i f f e r -  

e n t  t y p e s  have been used :  P5 ,  YC and YM. The YM f i b e r s  have t h e  

h i g h e s t  e l e c t r i c a l  c o n d u c t i v i t y ,  and t h e  smallest tendency t o  

adso rb  p r o t e i n s .  Most of  t h e  d a t a  r e p o r t e d  h e r e  u t i l i z e  t h i s  t y p e .  

The YM t y p e  h a s  a n  i n n e r  r a d i u s  of  approx ima te ly  0.03 cm. 

Ovalbumin w a s  ob ta ined  from Sigma Chemical Co. as g r a d e  V .  

Human serum albumin (HSA) w a s  o b t a i n e d  from Miles Labora to ry  

pen tex  l a b e l .  Hemoglobin w a s  p repa red  i n  ou r  l a b o r a t o r y  from 

c l i n i c a l  blood samples  u s i n g  t h e  chromatographic  method of Schnek 

and Schroeder  (11) w i t h  No. 6 d e v e l o p e r .  Types AII and AIC human 

hemoglobin were i s o l a t e d  and behaved i d e n t i c a l l y  i n  o u r  a p p a r a t u s .  

A l l  b u f f e r s  were p repa red  from a n a l y t i c a l  g r a d e  r e a g e n t s ,  and 

c h a r a c t e r i z e d  by t h e i r  pH and e l e c t r i c a l  c o n d u c t i v i t y .  

P r o t e i n  samples  were p repa red  f o l l o w i n g  d i s s o l u t i o n ,  by 

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

t o  remove und i s so lved  s o l i d s .  T h e i r  c o n c e n t r a t i o n s  were de t e rmined  

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

ovalbumin, E~~~ = 0.75 cm2/mg; HSA, E~~~ = 0.66 cma/mg; and hemo- 

g l o b i n ,  = 8.0 cmz/mg. Ovalbumin and hemoglobin w e r e  examined 

and found t o  b e  e l e c t r o p h o r e t i c a l l y  pu re ,  whereas HSA w a s  contami- 

na t ed  w i t h  o l igomers .  Monomer HSA was i s o l a t e d  by g e l  e x c l u s i o n  

chromatography and s t a b i l i z e d  w i t h  iodoacetamide which b locks  

s u l f h y d r y l  g roups .  T h i s  p r e p a r a t i o n  behaved i d e n t i c a l  t o  pen tex  

HSA i n  EPC. 
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6 30 LIGHTFOOT ET AL. 

The e l u t i o n  of p r o t e i n s  i s  c u r r e n t l y  d e t e c t e d  by a d u a l  beam 

abso rbance  mon i to r ,  model UA5 w i t h  type  6 o p t i c a l  u n i t ,  from 

I n s t r u m e n t a t i o n  S p e c i a l t i e s  Company (ISCO). Absorbances of HSA 

and ovalbumin a r e  d e t e c t e d  a t  280-310 nm, whereas  hemoglobin is 

d e t e c t e d  a t  405 nm. The u n i t  a l s o  i s  equipped w i t h  a small  f low 

c e l l  ( 4  p l  t o t a l  volume) which r e d u c e s  t h e  amount of  mixing of t h e  

chromatographic  peaks ,  such  t h a t  most of t h e  d i s p e r s i o n  i s  u s u a l l y  

i n  t h e  u l t r a f i l t r a t i o n  f i b e r .  

Data a c q u i s i t i o n ,  s t o r a g e ,  and a n a l y s i s  of e l u t i o n  peaks h a s  

been t aken  ove r  by a mini-computer,  t h e  North S t a r  Horizon.  Ab- 

so rbance  r e a d i n g s  from t h e  ISCO a r e  t aken  eve ry  twenty seconds  and 

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

peak y i e l d s  t h e  f i r s t  f o u r  moments and t h e  mass b a l a n c e .  

Axial lumina l  f low measurements can now be  monitored con- 

t i n u o u s l y  by employing a Statham UC3 u n i v e r s a l  t r a n s d u c e r  equipped 

w i t h  t h e  UL5 m i c r o s c a l e  a c c e s s o r y  which c o n t i n u o u s l y  weighs t h e  

aqueous s o l u t i o n  e l u t i n g  from t h e  f i b e r .  The d e n s i t y  of t h e  e l u a t e  

i s  assumed t o  b e  c o n s t a n t  a t  1 g/cm3. 

t h e  Horizon computer eve ry  twenty seconds ,  and t h e  change i n  mass 

i s  averaged ove r  5 minute  i n t e r v a l s  t o  compute t h e  f low r a t e .  For 

t h e  YM f i b e r s ,  i t  w a s  found n e c e s s a r y  t o  measure t h e  p r e s s u r e  out-  

s i d e  t h e  f i b e r  w i t h  a w a t e r  manometer and t h e  p r e s s u r e  i n  t h e  

f i b e r  l i n e  w i t h  p r e s s u r e  t r a n s d u c e r s  i n  o r d e r  t o  mon i to r  p r e s s u r e  

d i f f e r e n c e s  f o r  p r e v e n t i o n  of u l t r a f i l t r a t i o n .  E x t e r n a l  b u f f e r  

c i r c u l a t i o n  w a s  measured w i t h  a f lowmeter  i n s t a l l e d  as shown i n  

F ig .  1. 

T h i s  s i g n a l  i s  sampled by 

The e l e c t r i c  f i e l d  o u t s i d e  t h e  f i b e r  (E,) i s  c a l c u l a t e d  from 

t h e  observed c u r r e n t  d e n s i t y ,  

Eo = J / K  (18) 

where J i s  t h e  a v e r a g e  c u r r e n t  d e n s i t y  a t  t h e  c e n t e r  p l a n e  of  EPC 

c e l l  and K i s  t h e  s o l v e n t  c o n d u c t i v i t y .  E l e c t r i c  f i e l d s  w i t h i n  

t h e  f i b e r  have been e s t i m a t e d  u s i n g  t h e  s o l u t i o n  of L a p l a c e ' s  

e q u a t i o n  f o r  an i s o t r o p i c  hol low c y l i n d e r  i n  a un i fo rm f i e l d .  The 

r a t i o  of e l e c t r i c a l  f i e l d s  i n s i d e  and o u t  i s  
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ELECTROPOLARIZATION CHROMATOGRAPHY 631 

where 6 i s  t h e  w a l l  t h i c k n e s s ,  and Km i s  t h e  f i b e r  c o n d u c t i v i t y .  

Our measurements of Km f o r  YM f i b e r s ,  (employing a n  a n n u l a r  con- 

d u c t i v i t y  c e l l ) ,  i n d i c a t e s  t h a t  E . / E o  i s  e s s e n t i a l l y  one and 

assumed t o  be  one i n  o u r  d a t a  a n a l y s i s .  

B .  R e t a r d a t i o n  

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

t h e  e a s i e s t  parameter  t o  s t u d y ,  and i n  ou r  e a r l y  expe r imen t s  i t  was 

t h e  on ly  one measured. Our ear l ies t  r e s u l t s ,  t y p i c a l  examples of  

which a r e  shown i n  F ig .  3 ,  were made w i t h  P5 f i b e r s .  A s  sugges t ed  

by t h e  f i g u r e ,  t h e s e  d a t a  tended t o  conform t o  model p r e d i c t i o n  a t  

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

w i t h  i n c r e a s i n g  f i e l d ,  and became e s s e n t i a l l y  i n f i n i t e  a t  a 

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

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

some u b i q u i t o u s  i r r e v e r s i b l e  a d s o r p t i o n ,  on r e l a x a t i o n  of t h e  

f i e l d .  T h i s  phenomenon, which w e  r e f e r  t o  as e l e c t r o - r e t e n t i o n ,  

i s  c l e a r l y  b e n e f i c i a l ,  bu t  w e  have as y e t  no s a t i s f y i n g  e x p l a n a t i o n  

f o r  i t .  

More r e c e n t l y  w e  have been u s i n g  a new s e r i e s  of f i b e r s ,  

Amicon YC and YM, which e x h i b i t  much lower i r r e v e r s i b l e  p r o t e i n  

a d s o r p t i o n  b u t  which tend t o  g i v e  marked n e g a t i v e  d e v i a t i o n s  from 

our  f i r s t - o r d e r  t h e o r y .  T h i s  i s  i l l u s t r a t e d  i n  F i g .  4 f o r  human 

serum albumin i n  4mM t r i s  a c e t a t e  b u f f e r  a t  pH 8 . 3  i n  YC f i b e r s .  

It  a p p e a r s  from t h e  marked d i f f e r e n c e s  between o b s e r v a t i o n s  w i t h  

YC and P5 f i b e r  t y p e s  t h a t  e l e c t r o - r e t e n t i o n  may n o t  be  a n  e n t i r e l y  

a p p r o p r i a t e  term: t h i s  i s  n o t  e n t i r e l y  a n  e l e c t r i c a l  phenomenon. 

The complexi ty  of e l e c t r o - r e t e n t i o n  i s  f u r t h e r  i n d i c a t e d  i n  

F i g .  5 f o r  human serum albumin a t  d i f f e r e n t  p r o t e i n  l o a d i n g s  and 

i o n i c  s t r e n g t h .  C a r e f u l  examinat ion of t h e  two uppermost c u r v e s  i n  

t h i s  f i g u r e  w i l l  show t h a t  t h e  t o t a l  amount of e l e c t r o - r e t a i n e d  

p r o t e i n  i s  a lmos t  independent  of t h e  amount f e d  t o  t h e  f i b e r .  We 
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ELECTRIC F I E L D  [ V / C M )  
1 IS CHl AT PH 8 . 3  I IS 1-0 A T  PH 6.0 

FIGURE 3 .  R e t a r d a t i o n  c o e f f i c i e n t s  v s .  e l e c t r i c a l  f i e l d  f o r  
chymotrypsinogen A (CHT) a t  pH 8 . 3  i n  t r i s  0.0012: and bov ine  gamma 
g l o b u l i n  (y-G) a t  pH 5.0 i n  sodium s u c c i n a t e  0.001M. The v a l u e s  
f o r  t h e  e lec t r ica l  f i e l d  were c a l c u l a t e d  from a p p l i e d  v o l t a g e s ,  V ,  
by means of  e q u a t i o n  E 
c a l i b r a t i o n  w i t h  human serum albumin and 7 - G  i n  b a r b i t a l  0.001M 
a t  pH 8.6.  
cu rves  were 30 v-' f o r  gamma g l o b u l i n  and 25 v-' f o r  chymo- 
t r y p s i n o g e n  A.  The f i g u r e  shows t h a t  a f t e r  some c r i t i c a l  e l e c t r i -  
c a l  f i e l d  t h e r e  i s  a s h a r p  d e p a r t u r e  of e x p e r i m e n t a l  d a t a  from 
t h e  p r e d i c t i o n .  The two d a t a  p o i n t s  on t o p  of t h e  p l o t  co r re spond  
t o  peaks which were r ecove red  o n l y  a f t e r  t h e  v o l t a g e  was t u r n e d  t o  
z e r o .  Data p o i n t s  w e r e  o b t a i n e d  w i t h  p o l y s u l f o n e  f i b e r s .  (Reis  
and L i g h t f o o t  ( 9 ) ) .  

= ctV w i t h  a = 0.29 cm- ' ,  o b t a i n e d  from 

The v a l u e s  f o r  m i / D i m  used t o  p l o t  t h e  t h e o r e t i c a l  
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P O T E N T I F l L  D I F F E R E N C E  FlCROSS THE E L E C T R O D E S  
( V O L T S )  

FIGURE 4 .  R e t a r d a t i o n  c o e f f i c i e n t s  v s .  a p p l i e d  p o t e n t i a l  d i f f e r -  
e n c e  f o r  human serum albumin i n  4mM t r i s - a c e t a t e  b u f f e r  a t  pH 8 . 3 ,  
u s i n g  YC f i b e r s .  The dashed l i n e  is a t h e o r e t i c a l  p r e d i c t i o n  
u s i n g  e q u a t i o n  11 w i t h  m J D  The 
e l e c t r i c  f i e l d  i s  approx%nafEd as t h e  p o t e n t i a l  d i f f e r e n c e  d i v i d e d  
by t h e  e l e c t r o d e  s p a c i n g ,  1.1 cm. (Chiang, e t  a l .  (1))- 

f o r  HSA e q u a l  t o  456 v- I .  
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90. 

80.- 

7 0 . -  

60.- 

LIGHTFOOT ET AL. 

- 

- 

- 

- 14pg 
4 mM 

100. 
HSA in T r i s - A c e t a t e  pH 8.3 

POTENTIRL DIFFERENCE ACROSS THE ELECTRODES 
[ VOLTS) 

FIGURE 5. F r a c t i o n a l  e l e c t r o r e t e n t i o n  as a f u n c t i o n  o f  t h e  poten-  
t i a l  d i f f e r e n c e  a c r o s s  t h e  e l e c t r o d e s .  Data p o i n t s  were o b t a i n e d  
w i t h  c e l l u l o s i c  f i b e r s  (YC Type) .  (Chiang,  e t  a l .  (1)). 
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have a l s o  found t h a t  human serum albumin can  b e  q u i t e  e f f e c t i v e l y  

e l e c t r o - r e t a i n e d  v e r y  c l o s e  t o  i t s  i s o - e l e c t r i c  p o i n t .  
A s  shown i n  F i g .  6 ,  f o r  ovalbumin i n  YM f i b e r s  b u f f e r  i o n i c  

s t r e n g t h  h a s  a major  e f f e c t  on r e t a r d a t i o n ,  and t h e  observed be- 

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

o r d e r  t h e o r y :  I n c r e a s i n g  b u f f e r  c o n c e n t r a t i o n  i s  found e x p e r i -  

m e n t a l l y  t o  produce g r e a t e r  r e t a r d a t i o n  r a t h e r  t h a n  less. The 

i n c r e m e n t a l  change becomes less a t  h i g h e r  c o n c e n t r a t i o n s ,  however, 

and most of  t h e  p o t e n t i a l  b e n e f i t  a p p e a r s  t o  be  ach ieved  a t  20 mM 

f o r  t h i s  sys t em.  P o s s i b l e  r e a s o n s  f o r  t h i s  b e h a v i o r  are d i s c u s s e d  

below, i n  c o n n e c t i o n  w i t h  development of  a second-order  t h e o r y .  

S i m i l a r  behav io r  i s  observed f o r  hemoglobin i n  t r is  a c e t a t e ,  as 

shown i n  F i g .  7 .  

I n t e r n a l  e l e c t r i c  f i e l d s  f o r  YM f i b e r s  w e r e  c a l c u l a t e d  from 

t h e  e x t e r n a l  f i e l d  and t h e  measured e l e c t r i c a l  r e s i s t a n c e  of  t h e  

f i b e r  w a l l .  

q u i t e  r e l i a b l e .  

We have eve ry  r e a s o n  t o  c o n s i d e r  s u c h  c a l c u l a t i o n s  

These two f i g u r e s  s u g g e s t  t h a t  we can  approach agreement w i t h  

f i r s t - o r d e r  t h e o r y  s imply  by i n c r e a s i n g  b u f f e r  c o n c e n t r a t i o n .  Such 

i n c r e a s e s  o f  i o n i c  s t r e n g t h  c a u s e  g r e a t e r  ohmic h e a t i n g ,  however, 

and can  s u p p r e s s  d i f f e r e n c e s  i n  m o b i l i t y  between p r o t e i n s .  Our 

second-order  mode l l ing  e f f o r t s  s u g g e s t  t h a t  t h e  n e g a t i v e  d e v i a t i o n  

from f i r s t - o r d e r  t h e o r y  r e s u l t s  p r i m a r i l y  from p o l a r i z a t i o n  of  

b u f f e r  c o n s t i t u e n t s .  Th i s  sma l l - ion  p o l a r i z a t i o n  c a n b e  caused bo th  

by t h e  p r o t e i n  boundary l a y e r  and a f i x e d  cha rge  i n  t h e  f i b e r .  I n  

o u r  d i s c u s s i o n  below w e  s u g g e s t  t h a t  w e  may be  a b l e  t o  improve 

r e t a r d a t i o n  a t  low i o n i c  s t r e n g t h s  by modifying f i b e r  p r o p e r t i e s .  

We have  found t h e  e l e c t r i c  p r o p e r t i e s  of t h e  f i b e r s  t o  b e  s e n s i t i v e  

t o  c o n d i t i o n s  of  manufac tu re ,  p robab ly  because  p o r e  s i z e  and 

d e n s i t y ,  and i o n i c  c h a r a c t e r ,  change. 

The mass of  p r o t e i n  f e d  t o  t h e  f i b e r  a l s o  h a s  a n  e f f e c t  on 

r e t a r d a t i o n  n o t  p r e d i c t e d  by f i r s t - o r d e r  t h e o r y ,  b u t  t h e  n a t u r e  of 

t h e  e f f e c t  depends i n  a complex manner on t h e  b u f f e r  u sed .  I n  

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

i n  p r o t e i n  l o a d i n g  d e c r e a s e s  r e t a r d a t i o n .  T h i s  i s  shown i n  F i g .  8 ,  

f o r  ovalbumin i n  1 0  mM sodium a c e t a t e ,  and F i g .  9 ,  f o r  human serum 
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0 4 m M  - 
0 lOmM 
a 2 0 m M  - 

- 

- 
SODIUM ACETATE 

- 

- 
a 

0 - 

- 

LIGHTFOOT ET AL. 

OVALBUMIN 50 pg pH 5.5 
SODIUM ACETATE BUFFERS 

I l l  I ,  I ,  I ,  I I ,  1 1 ' 1 ' 1  1 

"1 2 m M  I lOmM 0 2mM 

FIGURE 6 .  R e t a r d a t i o n  of ovalbumin as a f u n c t i o n  of e l e c t r i c  
f i e l d .  The dashed l i n e s  a r e  t h e o r e t i c a l  p r e d i c t i o n s ,  us ing  equa- 
t i o n  11, and t h e  m o b i l i t y  and d i f f u s i v i t y  of t h e  p r o t e i n  are f o r  
t h e  l i m i t i n g  c a s e  of i n f i n i t e  d i l u t i o n .  The t h r e e  l i n e s  cor re-  
spond t o  t h r e e  v a l u e s  of t h e  i o n i c  s t r e n g t h  used i n  c o r r e c t i n g  
m o b i l i t i e s  t o  t h e  proper  b u f f e r  s t r e n g t h ,  w i t h  Henry 's  Equat ion.  
Data p o i n t s  were obta ined  wi th  c e l l u l o s i c  f i b e r s  (YM t y p e ) .  

albumin i n  t r is  acetate.  However, i n  some poor b u f f e r - p r o t e i n  

combinat ions t h e  r e v e r s e  is  t r u e .  Such a s i t u a t i o n  i s  shown i n  

F ig .  1 0 ,  f o r  hemoglobin i n  morpholine a c e t a t e  a t  pH 8 . 3 .  We are 

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

systems. I n  some s i t u a t i o n s  w e  have been unable  t o  d e t e c t  any 

loading  e f f e c t ;  these i n c l u d e  ovalbumin a t  25-500 pg l o a d i n g  i n  

2-4 mM sodium acetate a t  pH 5.5 and hemoglobin at 2-50 ~. lg i n  20 mM 

t r is  a c e t a t e  a t  pH 8.3. 

C .  Dispers ion  

Cont ro l  of d i s p e r s i o n  i s  extremely impor tan t  f o r  o b t a i n i n g  

e f f i c i e n t  s e p a r a t i o n s ,  and h e r e  EPC has  some i n h e r e n t  advantages :  
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+ 

+ 

+ 

A 

+ 

+ 

+ 

't .5  

FIGURE 7 .  R e t a r d a t i o n  of hemoglobin as a f u n c t i o n  o f  e l e c t r i c  
f i e l d  i n  t r is  a c e t a t e  b u f f e r s  a t  pH 8 . 3 .  The dashed l i n e s  are 
p r e d i c t i o n s  by e q u a t i o n  11, a t  t h e  two b u f f e r  c o n c e n t r a t i o n s  used ,  
4 and 20 mM. F a i r  agreement  w i t h  p r e d i c t i o n  i s  obse rved  below 
1 5  v/cm. + is  i n  20 mM. t r i s ,  A i s  in 4 mM t r i s .  (YM B i b e r s ) .  
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8 . -  
z 
Q 

!- 
U 
0 
E 6 . -  
U 
I- 
W 
E 5 . -  

7. c( 

4 . -  

3 . -  

2. 

1 . -  

LIGHTFOOT ET AL,. 

- 

- 
- 
- 

- 

- 
- 

- 
- 
- 

13.c  

1 0 .  :I 9 .  

I 
I 

OVALBUMIN 

10 mM Sodium 

Aceta te  

I 
I 

FIGURE 8. The e f f e c t  of e l e c t r i c  f i e l d  on r e t a r d a t i o n  f o r  two 
p r o t e i n  l o a d i n g s .  
a c e t a t e  a t  pH 5 .5  f o r  p r o t e i n  changes of 25 and 50 vg t o  a YM 

The p o i n t s  a r e  f o r  ovalbumin i n  10 mM sodium 

f i b e r .  
u s i n g  a d i f f u s i v i t y  of  7 .76  X lo-' cm2/sec and m o b i l i t y  of 9.85 X 

The d o t t e d  l i n e  i s  t h e  p r e d i c t i o n  of f i r s t  o r d e r  t h e o r y  

cm2/sec-v.  
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FIGURE 9 .  The e f f e c t  of p r o t e i n  l o a d i n g  on r e t a r d a t i o n .  These  
d a t a  were o b t a i n e d  f o r  human serum albumin f o r  4 mM t r is  a c e t a t e  
a t  pH 8 . 3  i n  a 280 cm.  YM f i b e r  (Chiang e t  a l .  (1)). 
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- - - 

[II 

[I] 

[I] 

[II 

[I] 

[II 

L L 

FIGURE 10 .  The e f f e c t  of e l e c t r i c  f i e l d  on r e t a r d a t i o n  of hemo- 
g l o b i n  i n  1 0  mM morpho l ine  a c e t a t e  b u f f e r  a t  pH 8 . 3 ,  f o r  s e v e r a l  
p r o t e i n  l o a d s .  

The re  i s  no i n t e r p h a s e  t r a n s f e r  r e s i s t a n c e ,  s i n c e  w e  have  o n l y  one  

a c t i v e  phase ,  and c o n v e c t i v e  d i s p e r s i o n  i s  g r e a t l y  r educed ,  a t  

l e a s t  i n  p r i n c i p l e ,  by c o n c e n t r a t i n g  t h e  p r o t e i n  i n t o  ex t r eme ly  

t h i n  boundary l a y e r s .  T h i s  i s  s u g g e s t e d  i n  F i g .  11 which shows 

s c a l e d  ax ia l  d i s p e r s i o n  c o e f f i c i e n t s  as a f u n c t i o n  o f  p o l a r i z a t i o n  

PGc le t  number, as c a l c u l a t e d  from o u r  f i r s t - o r d e r  t h e o r y .  

p o l a r i z a t i o n ,  P 6  = 0 ,  axial  d i s p e r s i o n  i s  j u s t  p r e d i c t e d  by t h e  

c l a s s i c  d i s p e r s i o n  t h e o r y  of G . I .  T a y l o r :  T a y l o r  d i f f u s i o n .  D i s -  

p e r s i o n  t h e n  i n c r e a s e s  m o d e r a t e l y  w i t h  P6, because  o f  t h e  i n -  

c r e a s i n g l y  non-uniform c o n c e n t r a t i o n  p r o f i l e ,  u n t i l  s o l u t e  b e g i n s  

t o  c o n c e n t r a t e  i n t o  a t h i n  boundary l a y e r  n e a r  t h e  w a l l .  T h e r e  i s  

For no 
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FIGURE 11. Asymptot ic  ax ia l  d i s p e r s i o n  as a f u n c t i o n  o f  
number. (Lee e t  a l .  ( 5 )  i . Here . . .  

~ ( m )  = a s y m p t o t i c  (maximum) v a l u e  o f  axial  d i s p e r s i o n  

+I 
B = i n n e r  f i b e r  r a d i u s ,  f o r  a c i r c u l a r  c r o s s - s e c t i o n ,  
- 
u = mean axial  v e l o c i t y  of b u f f e r  i n  f i b e r  lumen 

vF 

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

Pm 

o r  h a l f - w i d t h  f o r  a s l i t  

= m i g r a t i o n ,  h e r e  e l e c t r o p h o r e t i c ,  v e l o c i t y  caused  
by t h e  p o l a r i z i n g  f i e l d ,  s e e  E q .  6 .  

t h e n  a s t r o n g  d e c r e a s e  of ( E  

d e s c r i b e d  by Eq. 12 .  The v e r y  s m a l l  d i s p e r s i o n  c o e f f i c i e n t s  

p r e d i c t e d  unde r  t h e s e  c o n d i t i o n s  r e s u l t  from v e r y  h i g h  ( c a l c u l a t e d )  

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

t o  o b t a i n  i n  p r a c t i c e .  

w i t h  f u r t h e r  i n c r e a s e  i n  P;, as 
P 

S i n c e  o u r  t es t  sys t ems  a r e  v e r y  s m a l l ,  f i b e r s  less t h a n  1 mm 

i n  d i a m e t e r  and less t h a n  1 m l o n g ,  t h i s  small amount of d i s p e r -  

s i o n  i s  d i f f i c u l t  t o  measure:  t h a t  i n  t h e  f i b e r  i s  sometimes less 
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6 4 2  LIGHTFOOT ET AL. 

t h a n  t h a t  i n  t h e  a u x i l i a r y  a p p a r a t u s ,  e .g .  t h e  UV m o n i t o r .  

E a r l y  d a t a  were o b t a i n e d  s imply  by s u b t r a c t i n g  t h e  v a r i a n c e  of 

p u l s e s  i n  t h e  a u x i l i a r y  a p p a r a t u s  a l o n e  from t h a t  measured w i t h  t h e  

f i b e r  i n  p l a c e :  

w i t h  

where 

a; = t o t a l  v a r i a n c e  under  t e s t  c o n d i t i o n s  

a: = v a r i a n c e  f o r  a u x i l i a r y  a p p a r a t u s  w i t h o u t  t h e  f i b e r  

u' = e x p e r i m e n t a l  v a r i a n c e  
- 
t = mean p r o t e i n  r e s i d e n c e  t i m e  i n  f i b e r  

The v a r i a n c e  a' i s  d e f i n e d  as t h e  a r i t h m e t i c  mean o f  t h e  s q u a r e  

of t h e  d e v i a t i o n s  from t h e  mean. Equa t ion  20 r e q u i r e s  o n l y  

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

a c r o s s  sys t em b o u n d a r i e s ,  i n  t h e  a u x i l i a r y  a p p a r a t u s .  These con- 

d i t i o n s  s h o u l d  b e  m e t ,  b u t  t h e  u s e  of Eq. 20 does  n o t  pe rmi t  

c o n s t r u c t i o n  of t h e  e f f l u e n t  c u r v e  c o r r e s p o n d i n g  t o  t h e  f i b e r  

a l o n e .  We have  now s u c c e s s f u l l y  deve loped  a d e c o n v o l u t i o n  t ech -  

n i q u e  based on a f a s t  F o u r i e r  t r a n s f o r m  a l g o r i t h m  (Cooper ( 2 ) ;  

H igg ins  ( 3 ) ) ,  and t h i s  of c o u r s e  g i v e s  much more d e t a i l e d  informa- 

t i o n .  

A r e p r e s e n t a t i v e  r e s u l t  i s  shown i n  F i g .  1 2  f o r  HSA. The 

o r d i n a t e ,  u e / a t ,  g i v e s  t h e  d e v i a t i o n  from t h e o r y  as a f u n c t i o n  of 

obse rved  r e t a r d a t i o n .  

v a r i a n c e  from f i r s t - o r d e r  t h e o r y .  A l l  show t h e  same g e n e r a l  be- 

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

s u b s t a n t i a l l y  l a r g e r  t h a n  expec ted  v a l u e s  a t  h i g h  r e t a r d a t i o n .  We 
do  n o t  y e t  have a d e t a i l e d  e x p l a n a t i o n  f o r  t h e s e  o b s e r v a t i o n s  bu t  

a r e  i n c l i n e d  t o  b e l i e v e  t h a t :  

Note t h a t  0: i s  t h e  p r e d i c t e d  long-t ime 
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FIGURE 1 2 .  A x i a l  d i s p e r s i o n  o f  human serum a lbumin  as a f u n c t i o n  
of t h e  r e t a r d a t i o n  number, f o r  a v a r i e t y  of e x p e r i m e n t a l  condi-  
t i o n s .  o,/at i s  t h e  r a t i o  of t h e  obse rved ,  deconvo lu ted  s t a n d a r d  
d e v i a t i o n  t o  t h e  p r e d i c t e d  s t a n d a r d  d e v i a t i o n  of t h e  e l u t i o n  peak.  
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644 LIGHTFOOT ET AL. 

(1) Small  v a r i a n c e s  a t  low r r e f l e c t  t r a n s i e n t s  s i n c e  E 
P P 

toward t h e  much l a r g e r  ( E  )a always p r o g r e s s e s  from 2) 

w i t h  i n c r e a s i n g  t i m e .  
Pm P 

( 2 )  La rge  v a r i a n c e s  a t  l a r g e  r r e f l e c t  sma l l - ion  p o l a r i z a -  

t i o n  and o t h e r  s o u r c e s  of non- idea l  behav io r  we are  

p r e s e n t l y  i n v e s t i g a t i n g  v i a  t h e  second-order  mode l l ing  

e f f o r t  d e s c r i b e d  below. 

P 

The i n v e s t i g a t i o n  of  d i s p e r s i o n  is p r e s e n t l y  a n  act ive area o f  

r e s e a r c h .  The e f f e c t  of d e c o n v o l u t i o n  is i l l u s t r a t e d  i n  F i g .  13 

which compares raw e f f l u e n t  d a t a  w i t h  a d e c o n v o l u t i o n  t o  e l i m i n a t e  

d i s p e r s i o n  i n  t h e  a u x i l i a r y  a p p a r a t u s .  

deconvoluted c u r v e  shows c o n s i d e r a b l y  l ess  skewness.  

It may be s e e n  t h a t  t h e  

Second-order Model l ing 

Here w e  a t t e m p t  t o  improve on t h e  f i r s t - o r d e r  models ,  shown 

above t o  b e  i n a d e q u a t e  f o r  q u a n t i t a t i v e  p r e d i c t i o n  of  r e t a r d a t i o n ,  

and we b e g i n  w i t h  a b r i e f  summary of t h o s e  f a c t o r s  which must 

u l t i m a t e l y  b e  t aken  i n t o  accoun t .  However, we a r e  n o t  y e t  i n  a 

p o s i t i o n  t o  c o n s i d e r  a l l  t h e s e  f a c t o r s  i n  a n  e f f e c t i v e  way, and we, 

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

o c c u r r i n g  i n  t h e  f i b e r  lumen and c o n f i n i n g  w a l l .  These a r e  of 

pr imary impor t ance ,  and w e  show i n  t h i s  d i s c u s s i o n  t h a t  even a 

much s i m p l i f i e d  one-dimensional  d i f f u s i o n a l  model p r o v i d e s  u s e f u l  

i n s i g h t .  A more e x t e n s i v e  mode l l ing  e f f o r t ,  now i n  p r o g r e s s ,  w i l l  

b e  d i s c u s s e d  i n  a l a t e r  pape r .  

C a r e f u l  r e a d i n g  of t h e  above d i s c u s s i o n s  s u g g e s t s  t h a t  a t  

least  f o u r  k i n d s  of b e h a v i o r ,  i gnored  i n  t h e  f i r s t - o r d e r  model,  can 

be expected to i n f l u e n c e  EPC i n  a s i g n i f i c a n t  way: 

(1) P o l a r i z a t i o n  of t h e  small molecu le s  and i o n s  i n  t h e  

p r o t e i n - b u f f e r  system and i n t e r a c t i o n  between t h e s e  and 

t h e  p r o t e i n s .  Such p o l a r i z a t i o n  c a n  o c c u r  b o t h  i n  t h e  

f i b e r  lumen and w a l l ,  and p o l a r i z a t i o n  w i t h i n  t h e  w a l l  

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

membrane matrix h a s  a f i x e d  c h a r g e .  
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FIGURE 13. Deconvolut ion of a n  e l u t i o n  c u r v e  u s i n g  t h e  f a s t  
F o u r i e r  t r ans fo rm.  Curve c is t h e  observed e l u t i o n  c u r v e  f o r  50 
pg of hemoglobin i n  20 mM t r i s  a c e t a t e  pH 8 .3  under  a n  e l e c t r i c  
f i e l d  of 1 7 . 3  v/cm. The f low r a t e  i s  21 pL/min. Curve a i s  t h e  
analogous o u t p u t  from t h e  a p p a r a t u s ,  w i t h  t h e  f i b e r  removed. 
Curve b i s  t h e  deconvoluted r e s u l t ,  r e p r e s e n t i n g  t h e  o u t p u t  from 
t h e  f i b e r  of a n  i n f i n t e l y  s h a r p  p u l s e  of  p r o t e i n  a t  t h e  f i b e r  
i n l e t .  

( 2 )  Changes i n  e f f e c i v e  ( e l e c t r o - k i n e t i c )  cha rge  and thermo- 

dynamic a c t i v i t y  c o e f f i c i e n t s  of t h e  p r o t e i n  w i t h  

p o s i t i o n  i n  t h e  f i b e r  lumen. 

(3 )  E lec t ro -osmot i c  w a t e r  t r a n s p o r t  a c r o s s  t h e  f i b e r  w a l l .  

( 4 )  S p e c i f i c  chemica l  i n t e r a c t i o n s  between t h e  p r o t e i n  and 

b o t h  t h e  b u f f e r  and f i b e r  s u r f a c e .  
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646 LIGHTFOOT ET AL. 

All of  t h e s e  f a c t o r s  a re  d e s e r v i n g  of a t t e n t i o n ,  b u t  w e  canno t  

p r e s e n t l y  d e a l  e f f e c t i v e l y  w i t h  a l l .  We a r e  a t  t h e  g r e a t e s t  d i s -  

advan tage  w i t h  r e s p e c t  t o  t h e  f o u r t h  where w e  do  n o t  y e t  have even 

t h e  q u a l i t a t i v e  u n d e r s t a n d i n g  needed t o  s t a r t  a n  i n v e s t i g a t i o n .  

The o t h e r s  are r e l a t i v e l y  s i m p l e  c o n c e p t u a l l y ,  and w e  a re  hampered 

p r i m a r i l y  by l a c k  of d a t a :  v a l u e s  of t h e  d i f f u s i o n a l  p a r a m e t e r s  

needed f o r  numer i ca l  d e s c r i p t i o n .  Lack of comple t e  d a t a  f o r  

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

have no means of e s t i m a t i n g  i t  a t  p r e s e n t ;  w e  mus t ,  t h e r e f o r e ,  

d e f e r  i n v e s t i g a t i o n  o f  w a t e r  t r a n s p o r t .  

We a r e  i n  a much b e t t e r  p o s i t i o n  w i t h  r e s p e c t  t o  d i f f u s i o n  

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

c i e n t s ,  and w e ,  t h e r e f o r e ,  c o n f i n e  o u r  p r e s e n t  a t t e n t i o n  t o  t h e  

f i r s t  two items i n  ou r  l i s t .  Even h e r e ,  however,  we must make 

some geomet r i c  and physico-chemical  s i m p l i f i c a t i o n s .  

S i n c e  w e  a r e  p r i m a r i l y  i n t e r e s t e d  i n  r e t a r d a t i o n  we c o n s i d e r  

c o n t i n u o u s  p r o t e i n  f e e d  and c a l c u l a t e  mean p r o t e i n  v e l o c i t y  rela- 

t i v e  t o  t h a t  of t h e  s o l v e n t .  Because p r i o r  m o d e l l i n g  e f f o r t s  

(Shah e t  a l .  1 2 ,  R e i s  e t  a l .  10) show v e r y  l i t t l e  s e n s i t i v i t y  t o  

geometry we adop t  t h e  one-dimensional  model.  Here t h e  f i b e r  lumen 

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

between membrane s h e e t s .  The e x t e r n a l  s o l u t i o n  i s  assumed t o  b e  

w e l l  s t i r r e d ,  so  t h a t  p o l a r i z a t i o n  o c c u r s  o n l y  i n  t h e  f i b e r  lumen 

and t h e  a d j a c e n t  membranes. 

I n  t h e  lumen w e  c o n s i d e r  t h e  f o l l o w i n g  s i x  s p e c i e s  t o  b e  

p r e s e n t :  

pup: 

HX : 
+ H ( o r  OH-):  

- x :  
M+ : 

u :  

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

of  c h a r g e  v 

b u f f e r  

hydrogen,  o r  f o r  a l k a l i n e  s o l u t i o n s ,  hydrox ide  

i o n s  

b u f f e r  a n i o n  

b u f f e r  coun te r - ion  

water 
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I n  t h e  membrane p h a s e  we assume no p r o t e i n  t o  b e  p r e s e n t ,  b u t  we 

now have  t h e  membrane m a t r i x  - which a c t s  a s  a d i f f u s i n g  s p e c i e s  

and which c a n  have  a s p a t i a l l y  immobil ized e l e c t r i c  c h a r g e .  We 

are t h u s  d e a l i n g  i n  e a c h  p h a s e  w i t h  s i x  d i f f u s i n g  s p e c i e s .  

The d i f f u s i o n a l  behav io r  of such  a sys t em is  i n  p r i n c i p l e  

d e s c r i b e d  by f i v e  independen t  f l u x  e q u a t i o n s ,  each  of t h e  form 

where ui 

F i s  t h e  

a b s o l u t e  

!=  ( v j  - v . j  = xivT,p I n  a .  + xivi 
j + i  * i j  

i s  t h e  c h a r g e  number of s p e c i e s  i, a i s  

Faraday c o n s t a n t ,  R i s  t h e  g a s  c o n s t a n t ,  

t e m p e r a t u r e .  

i 

F 
E V @  (22) 

t h e  a c t i v i t y ,  

and T i s  

These c o n t a i n  6 ( 5 ) / 2  = 1 5  independen t  d i f f u s i o n  c o e f f i c i e n t s ,  

f ) i j ,  and 5 a c t i v i t y  c o e f f i c i e n t s .  

i n f o r m a t i o n  t h a n  is a v a i l a b l e .  We s i m p l i f y  t h e  d e s c r i p t i o n  by 

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

a c t i v i t y - c o e f f i c i e n t  v a r i a t i o n s  f o r  t h e  s m a l l  s o l u t e s .  We t h u s  

T h i s  d e t a i l  r e q u i r e s  more 

o b t a i n  f i v e  pseudo-binary 

form 

N -cD [(l + 
P PW 

Nernst-Planck e q u a t i o n s ,  each of t h e  

+ x i u .  1 L ~ ]  RT d z  + ___-_ xiNw (23)  

+ + 
( i  = H X , H  ,x-,x a f W , P )  

a Bny dx 

a Rnx ) dz  
P 

p p RT d t  
A + x m u  

where c i s  t h e  t o t a l  mo la r  c o n c e n t r a t i o n ,  and m i s  a c o r r e c t i o n  

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

e l e c t r o p h o r e t i c  e f f e c t  as approximated by Henry ' s  e q u a t i o n  ( 1 5 ) .  

The u n d e r l i n e d  term i n  e q u a t i o n  23 i s  ignored  a t  o u r  p r e s e n t  l e v e l  

o f  u n d e r s t a n d i n g .  The f l u x  

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

s i d e r e d .  We f u r t h e r  assume 

t e i n ,  y p ,  c a n  b e  c a l c u l a t e d  

e q u a t i o n  f o r  t h e  membrane i s  n o t  used 

a c t i n g  on t h e  membrane i s  n o t  con- 

t h e  a c t i v i t y  c o e f f i c i e n t  of t h e  pro- 

f rom Donnan e q u i l i b r i u m  t h e o r y  (15) :  
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648 LIGHTFOOT ET AL. 

where i s  t h e  p r o t e i n  volume f r a c t i o n ,  and 
P 

P 

S e v e r a l  r e s t r a i n t s  a r e  s t i l l  needed t o  s p e c i f y  t h e  problem. 

Here w e  i n c l u d e ,  

where K 

d e n s i t y  . eq 

N u  = 0 

n 

i 
n 

i 

X X I X  - 

l X i  = 1 

l V i X i  = 0 

H x HX - KeqlC 
n 

i 

i s  t h e  

A t  t h e  

I N i V i F  

are  c o n s t a n t :  

b u f f e r  e q u i l i b r i u m  c o n s t a n t ,  and I is t h e  c u r r e n t  

i n t e r f a c e s  w e  assume t h e  a c t i v i t i e s  of smal l  i o n s  

I n  a d d i t i o n ,  v 

t i o n  d a t a  when i t  i s  a v a i l a b l e .  

may be  e x p r e s s e d  as a f u n c t i o n  o f  xH f rom t i t r a -  
P 

The boundary c o n d i t i o n s  f o r  t h e  model s p e c i f i e s  t h e  

c o n c e n t r a t i o n s  o f  t h e  small s o l u t e s  a t  b o t h  o u t e r  i n t e r f a c e s  f o r  

t h e  t h r e e  phase  sys t em.  

x a t  one  boundary.  However, t h e  d i f f e r e n t i a l  e q u a t i o n s  a r e  o n l y  

f i r s t  o r d e r ,  and t h i s  o v e r - s p e c i f i c a t i o n  of t h e  boundary cond i -  

t i o n s  r e q u i r e s  u s  t o  keep two v a r i a b l e s  unknown, and we have  

chosen  two o f  t h e  small  i o n  f l u x e s .  

method is r e q u i r e d  t o  s o l v e  t h e s e  d i f f e r e n t i a l  e q u a t i o n s  s imul -  

t a n e o u s l y ,  where t h e  t w g  unknown f l u x e s  are  c o r r e c t e d  u n t i l  a l l  

boundary c o n d i t i o n s  are m e t .  

I t  i s  c o n v e n i e n t  t o  a l s o  s p e c i f y  $ and 

P 

A s h o o t i n g - t y p e  i t e r a t i v e  
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Our i n i t i a l  c a l c u l a t i o n s  were made w i t h  t h e  somewhat s i m p l e r  

model of  t h e  f o u r  component system: p r o t e i n ,  w a t e r ,  c a t i o n ,  and 

a n i o n .  Th i s  model c o n t a i n s  on ly  one  unknown f l u x  which must be  

c o r r e c t e d  t o  match t h e  boundary c o n d i t i o n s .  The c h a r g e  of t h e  

p r o t e i n  c a n  a l s o  b e  assumed t o  remain c o n s t a n t  s i n c e  hydrogen i o n  

i s  n o t  cons ide red  t o  be  a component. The r e s u l t s  p r e s e n t e d  i n  

t h i s  pape r  a r e  p r i m a r i l y  from t h i s  model. 

C a l c u l a t i o n s  w i t h  t h e  b i n a r y  e l e c t r o l y t e  system, were des igned  

t o  approximate ovalbumin of pH 5.5 i n  e l e c t r o l y t e s  of concen t r a -  

t i o n s ,  .004 t o  .010 Pi. The c a t i o n  and a n i o n  were assumed t o  have 

e q u i v a l e n t  t r a n s p o r t  p r o p e r t i e s  

= pM, = 1.0 x l ~ - ~ c r n ~ / s e t .  
pXW 

D,, = D,, = 3.33 x lo-6cmz/sec.  

where z) r e f e r  t o  t h e  e f f e c t i v e  d i f f u s i v i t i e s  i n  t h e  membrane 

phases .  The cha rge  number of  ovalbumin w a s  assumed t o  be  -10. 

A Runge-Kutta f o u r t h - o r d e r  i n t e g r a t i o n  method w a s  found s u i t a b l e  

f o r  i n t e g r a t i o n  of t h e  e q u a t i o n s ,  provided t h e  i n t e g r a t i o n  pro- 

ceeded from low t o  h i g h  p r o t e i n  c o n c e n t r a t i o n s .  

i R  

F i g u r e  14 compares t h e  r e t a r d a t i o n  r e s u l t s  of  t h i s  model w i t h  

t h e  p r e d i c t i o n s  of t h e  e a r l i e r  model of R e i s  e t  a l .  ( 1 0 ) .  T y p i c a l  

l o a d s  of ovalbumin are  used:  f o r  c u r v e s  A-C,0.05% on a mass b a s i s ,  

and 0.1% f o r  c u r v e s  D-F. Curves A and D r e s u l t f r o m  t h e  s imple  

c a s e  of  a n  uncharged membrane and no a c t i v i t y  c o r r e c t i o n  f o r  t h e  

p r o t e i n .  Curves B and E i n c l u d e  a s l i g h t  n e g a t i v e  cha rge  on t h e  

membrane of 0.001 M ,  

a c t i v i t y  c o r r e c t  i o n s .  
and c u r v e s  C and F a l s o  i n c l u d e  p r o t e i n  

It  i s  a p p a r e n t  t h a t  t h e  n a t u r e  of t h e  membrane, t h e  mass l o a d  
of p r o t e i n ,  and t h e  a c t i v i t y  c o e f f i c i e n t  of t h e  p r o t e i n  a r e  a l l  

i m p o r t a n t  pa rame te r s  a f f e c t i n g  r e t a r d a t i o n .  However, t h e  most 

i m p o r t a n t  e f f e c t  a p p e a r s  t o  be  t h e  p o l a r i z a t i o n  of t h e  s m a l l  i o n s  

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

e l e c t r i c  f i e l d  i n  t h i s  r e g i o n .  It i s  t h i s  e f f e c t  a l o n e ,  which 

a c c o u n t s  f o r  c u r v e s  A and D .  
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FIGURE 1 4 .  Comparison of second-order  b i n a r y  e l e c t r o l y t e  model 
w i t h  t h e o r y  of R e i s ,  e t  a l .  (10) .  P a r a m e t e r s  were a d j u s t e d  t o  
co r re spond  t o  ovalbumin a t  pH 5 . 5  i n  a 4 mM. b u f f e r ,  as i n  F i g u r e  
6.  See t e x t  f o r  a n  e x p l a n a t i o n  o f  d i f f e r e n t  c u r v e s .  
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F i g u r e  15  d e m o n s t r a t e s  t h a t  t h e  e l e c t r o l y t e  c o n c e n t r a t i o n  

d e t e r m i n e s  t o  a l a r g e  extent how l a r g e  t h e  d e v i a t i o n s  from t h e  

f i r s t - o r d e r  t h e o r y  may b e .  T h i s  f i g u r e  i s  a n a l o g o u s  t o  F i g u r e  

1 4 ,  b u t  t h e  e l e c t r o l y t e  c o n c e n t r a t i o n  i s  l a r g e r ,  0.100M. Curve A 

i s  f o r  ovalbumin a t 0 . 0 5 %  c o n c e n t r a t i o n  w i t h  a n  uncharged membrane, 

and c u r v e  B i n c l u d e s  a p r o t e i n  a c t i v i t y  c o r r e c t i o n .  

I n  F i g u r e  16 a comparison is  made between c u r v e  A o f  F i g u r e  

1 4  and a n  ana logous  c u r v e  r e s u l t i n g  from t h e  s i x  component b u f f e r  

sys t em model .  The c l o s e  c o r r e s p o n d e n c e  i s  no tewor thy ,  a l t h o u g h  

s e v e r a l  e f f e c t s  i n c l u d i n g  t h e  pH dependence of t h e  p r o t e i n  c h a r g e  

have n o t  been  i n c l u d e d .  

The p r o t e i n  boundary l a y e r  t h a t  i s  p r e d i c t e d  by t h i s  new 

mode l ing  e f f o r t  i s  shown i n  F i g u r e  1 7 ,  i n  comparison w i t h  t h e  

e x p o n e n t i a l  p r e d i c t i o n  of  Reis e t  a l .  ( 1 0 ) .  S i m i l a r  r e s u l t s  have  

been  obse rved  f o r  a l l  t h e  cases s t u d i e d  and i n d i c a t e  t h e  p r o t e i n  

boundary l a y e r  i s  t h i c k e r  and less  c o n c e n t r a t e d  t h a n  ear l ie r  pre-  

d i c t e d .  T h i s  would q u a l i t a t i v e l y  g i v e  l a r g e r  d i s p e r s i o n s ,  which 

have  y e t  t o  b e  c a l c u l a t e d .  

The i n i t i a l  r e s u l t s  of t h i s  m o d e l l i n g  e f f o r t  are  e n c o u r a g i n g  

i n  t h a t  t h e o r e t i c a l  p r e d i c t i o n s  are now i n  q u a l i t a t i v e  ag reemen t  

w i t h  most o f  t h e  a v a i l a b l e  d a t a ,  shown f o r  t h e  case s t u d i e d  i n  

F i g u r e  6 .  H o p e f u l l y ,  more q u a n t i t a t i v e  p r e d i c t i o n s  o f  EPC b e h a v i o r  

w i l l  be  fo r thcoming ,  as t r a n s p o r t  models  i n c o r p o r a t i n g  s p e c i f i c  

p r o p e r t i e s  o f  t h e  b u f f e r ,  p r o t e i n ,  and membrane p h a s e s  a r e  

i n t r o d u c e d .  

CONCLUSIONS 

The e x p e r i m e n t a l  r e s u l t s  p r e s e n t e d  g i v e  a n  u n b i a s e d  compari-  

s o n  w i t h  t h e o r y ,  and show t h a t  t h e  f i r s t - o r d e r  models c u r r e n t l y  

used are  i n a d e q u a t e .  Improvements of  t h e  EPC a p p a r a t u s  and t h e  

a d d i t i o n  o f  a mic ro -p rocesso r  have  a l lowed  more p r e c i s e  c o n t r o l  

and measurement of  t h e  p r o c e s s .  Measurements of  f i b e r  w a l l  con- 

d u c t i v i t i e s  have  a l lowed  t h e  d e t e r m i n a t i o n  of  t h e  i n t r a l u m i n a l  

e l e c t r i c  f i e l d .  
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FIGURE 15.  Comparison of second-order  b i n a r y  e l e c t r o l y t e  model 
w i t h  t h e o r y  of R e i s ,  e t  a l .  (LO) i n  l O m M  e l e c t r o l y t e .  Pa rame te r s  
a r e  t h e  same as  in F i g u r e  1 4 ,  e x c e p t  f o r  t h e  e l e c t r o l y t e  concen- 
t r a t i o n .  See t e x t  f o r  a n  e x p l a n a t i o n  of t h e  l a b e l e d  c u r v e s .  
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ELECTR I C F I E L 0  ( V / C M  1 I 
FIGURE 1 6 .  Comparison of b i n a r y  e l e c t r o l y t e  model w i t h  t h e  6 
component b u f f e r  model. 
F i g u r e  1 4  w i t h  v p  = -10. 
sodium a c e t a t e  a t  pH 5.5 w i t h  a f i x e d  cha rge  on ovalbumin = - 7 . 8 7 .  

The e l e c t r o l y t e  model c u r v e  i s  A from 
The b u f f e r  model c u r v e  i s  g i v e n  f o r  4mM 
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DISTRNCE FROM ERRRIER 

F I G U R E  1 7 .  Ovalbumin boundary l a y e r  p r o f i l e  given from t h e  
b inary  e l e c t r o l y t e  model f o r  .05% ovalbumin i n  4 mM e l e c t r o l y t e  
w i t h  E = 6 . 3  v/cm. The  dashed l i n e  i s  t h e  e x p o n e n t i a l  p r e d i c t i o n  
of Reis  e t  a l .  (10) f o r  t h e  same r e t a r d a t i o n  number e q u a l  t o  7.861. 
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It h a s  been found t h a t  t h e  b u f f e r  i o n s  and t h e i r  c o n c e n t r a -  

t i o n s ,  t h e  mass l o a d  of  p r o t e i n ,  and f i b e r  w a l l  c o m p o s i t i o n  have  

p ro found  i n f l u e n c e s  on t h e  r e t a r d a t i o n  which d e v i a t e s  f rom t h e  

f i r s t - o r d e r  model ;  t h e  obse rved  d i s p e r s i o n s  of  d e c o n v o l u t e d  e l u t i o n  

peaks are  l a r g e r  t h a n  p r e d i c t e d ,  d e v i a t i n g  more a t  h i g h e r  r e t a r d a -  

t i o n .  

A s econd-o rde r  m o d e l l i n g  e f f o r t  h a s  begun which i n c l u d e s  t h e  

i n t e r a c t i o n s  of  mult icomponent  t r a n s p o r t .  I n i t i a l  r e s u l t s  i n d i -  

c a t e  t h i s  model may b e  a b l e  t o  a c c o u n t  f o r  t h e  ma jo r  f a c t o r s  

a f f e c t i n g  pe r fo rmance .  
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