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Peak Capacity in Field-Flow Fractionation 

M. MARTIN and A. JAULMES 
ECOLE POLYTECHNIQUE 
LABORATORIE D E  CHIMIE ANALYTIQUE PHYSIQUE 
91 128 - PALAISEAU, FRANCE 

ABSTRACT 

F ie ld - f low f r a c t i o n a t i o n  (FFF) peak c a p a c i t y  v a l u e s  have been 
computed w i t h  o n l y  two major  a s sumpt ions :  f i r s t ,  t h e  p l a t e  h e i g h t  
i s  supposed t h e  sum of on ly  two c o n t r i b u t i o n s ,  a x i a l  mo lecu la r  
d i f f u s i o n  and t r a n s v e r s a l  nonequ i l ib r ium,  and second,  t h e  s t e r i c  
e f f e c t  h a s  been n e g l e c t e d  i n  t h e  e q u a t i o n s  of  r e t e n t i o n  and peak 
b roaden ing .  

S e v e r a l  reduced pa rame te r s  have been d e f i n e d  t o  g e n e r a l i z e  t h e  
e q u a t i o n s  and l i m i t  t h e  number of v a r i a b l e  pa rame te r s .  It  a p p e a r s  
t h a t  among t h e  a l r e a d y  implemented FFF sub techn iques  f o r  which t h e  
e l u t i o n  spectrum i s  a n  e x p l i c i t  f u n c t i o n  of t h e  p r i n c i p a l  dimen- 
s i o n ,  o r  mass, of t h e  r e t a i n e d  sample (which exc ludes  e l e c t r i c a l  
FFF), s e d i m e n t a t i o n  FFF h a s  some p e c u l i a r  c h a r a c t e r i s t i c s  due  t o  
t h e  f a c t  t h a t  t h e  f i e l d - i n d u c e d  v e l o c i t y  depends on a p a r t i c u l a r  
sample,  w h i l e  i n  t h e r m a l  and f low FFF i t  is  t h e  same f o r  a l l  
samples  of  a g i v e n  t y p e  under f i x e d  expe r imen ta l  c o n d i t i o n s .  For 
example, i n  s e d i m e n t a t i o n  FFF, t h e  a x i a l  d i f f u s i o n  c o n t r i b u t i o n  t o  
t h e  p l a t e  h e i g h t  p e r s i s t s  a t  a much l a r g e r  reduced e l u a n t  v e l o c i t y  
t h a n  f o r  t h e  o t h e r  t e c h n i q u e s .  

The e f f e c t  on t h e  peak c a p a c i t y  of t h e  r e t e n t i o n  volume, t h e  
c h a n n e l  l e n g t h ,  t h e  e l u a n t  v e l o c i t y  as w e l l  as t h e  i n f l u e n c e  of 
d e t e c t i o n  l i m i t  and a n a l y s i s  t i m e  have been s t u d i e d .  Simple r e l a -  
t i o n s h i p s  between peak c a p a c i t y  and t h e s e  pa rame te r s  are  e s t a b -  
l i s h e d  i n  t h e  h i g h  r e t e n t i o n  and n e g l i g i b l e  a x i a l  d i f f u s i o n  l i m i t s  
which p r e v i a l  i n  most expe r imen ta l  s i t u a t i o n s ,  and d e v i a t i o n s  from 
t h e s e  l i m i t s  a r e  d i s c u s s e d .  It i s  shown t h a t  f o r  a l l  t h r e e  
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69 2 MARTIN AND JAULMES 

t e c h n i q u e s  mentioned above t h e r e  i s  a maximum r e t e n t i o n  volume 
beyond which no sample c a n  e l u t e  b e c a u s e  of t h e  o n s e t  of  t h e  s t e r i c  
e f f e c t .  Under t y p i c a l  c o n d i t i o n s ,  t h i s  l i m i t i n g  volume i s  25-100 
t imes t h e  c h a n n e l  v o i d  volume. 

INTRODUCTION 

The maximum number o f  components which c a n  b e  r e s o l v e d  i s  a n  

i m p o r t a n t  p a r a m e t e r  f o r  c h a r a c t e r i z i n g  t h e  s e p a r a t i o n  power of  a 

f r a c t i o n a t i o n  t e c h n i q u e .  It c a n  serve as  a b a s i s  f o r  comparing 

t h e  r e l a t i v e  mer i t s  of  several  s e p a r a t i o n  methods,  even i f  t h e y  a r e  

q u i t e  d i f f e r e n t  i n  t h e i r  p r i n c i p l e s .  The c o n c e p t  of  peak c a p a c i t y ,  

which is t h e  maximum number o f  components wh ich  c a n  b e  s e p a r a t e d  a t  

u n i t  r e s o l u t i o n ,  h a s  been  i n t r o d u c e d  f o r  a p p l i c a t i o n  t o  ch ro -  

matography (l), and t h e n  h a s  been ex tended  t o  o t h e r  f r a c t i o n a t i o n  

methods l i k e  e l e c t r o p h o r e s i s ,  c e n t r i f u g a t i o n  ( 2 ) ,  i s o e l e c t r i c  

f o c u s i n g  and d e n s i t y - g r a d i e n t  s e d i m e n t a t i o n  ( 3 ) .  

Peak c a p a c i t y  c a l c u l a t i o n s  a re  a l m o s t  i m p o s s i b l e  i n  some o f  

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

s o  t h a t  a s sumpt ions  have t o  b e  made t o  g e t  a n  approx ima te  peak 

c a p a c i t y  v a l u e .  I f  a l l  peaks  i n  l i q u i d  chromatography are  e l u t e d  

w i t h  t h e  same p l a t e  number, N ( a  r e l a t i v e l y  r e a s o n a b l e  approxima- 

t i o n )  t h e  peak c a p a c i t y  becomes r o u g h l y  e q u a l  t o  /%I2 when t h e  

r e t e n t i o n  volume of  t h e  l a s t  e l u t e d  component i s  no l a r g e r  t h a n  10 

t i m e s  t h e  column v o i d  volume. 

I n  f i e l d - f l o w  f r a c t i o n a t i o n  (FFF) ,  a s i m i l a r  a p p r o x i m a t i o n  

g i v e s  r i s e  t o  t h e  same peak  c a p a c i t y  v a l u e s  ( 4 )  as i n  ch ro -  

matography.  However w h i l e  l e a d i n g  t o  a v e r y  s i m p l e  r e s u l t ,  such 

a n  a s sumpt ion  ( c o n s t a n t  p l a t e  number f o r  a l l  t h e  p e a k s ) ,  i g n o r e s  

one  of t h e  most i n t e r e s t i n g  f e a t u r e s  of  FFF: t h e  s i g n i f i c a n t  i n -  

crease of  t h e  p l a t e  number w i t h  i n c r e a s i n g  r e t e n t i o n .  Of c o u r s e ,  

d u r i n g  a mult i -component  s e p a r a t i o n ,  s u c h  a n  i n c r e a s e  i s  u s u a l l y  

moderated by t h e  concomi tan t  d e c r e a s e  of  t h e  sample d i f f u s i o n  co- 

e f f i c i e n t .  However, i t  i s  l i k e l y  t h a t  t h e  peak c a p a c i t y  i n  FFF 

w i l l  b e  l a r g e r  t h a n  p r e d i c t e d  by t h e  a p p r o x i m a t i o n  of  a c o n s t a n t  

p l a t e  number. 
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PEAK CAPACITY I N  FFF 693 

I n  t h e  f o l l o w i n g ,  u s e  i s  made of  a n o t h e r  i n t e r e s t i n g  cha rac -  

t e r i s t i c  of FFF, namely i t s  t h e o r e t i c a l  t r a c t a b i l i t y .  Because of 

s imple  and w e l l  d e f i n e d  channe l  geometry,  peak c a p a c i t i e s  c a n  b e  

c a l c u l a t e d  f o r  s e v e r a l  system c o n f i g u r a t i o n s .  The peak c a p a c i t y  

depends on  a l a r g e  number of  pa rame te r s ,  such  as  c h a n n e l  l e n g t h  

and t h i c k n e s s ,  s o l v e n t  f l o w - r a t e ,  f i e l d  t y p e  and s t r e n g t h ,  as w e l l  

as physicochemical  c h a r a c t e r i s t i c s  of t h e  a n a l y t e s  (molecu la r  

we igh t ,  s i z e ,  d i f f u s i o n  c o e f f i c i e n t ) .  T h e r e f o r e ,  i n  o r d e r  t o  g i v e  

some g e n e r a l i t y  t o  t h e  c a l c u l a t i o n s ,  and r educe  t h e  number of 

pa rame te r s  i n f l u e n c i n g  peak c a p a c i t y ,  w e  d e f i n e  a s e t  of reduced 

pa rame te r s  and make u s e  of d imens ion le s s  groups of pa rame te r s .  

BASIC EQUATIONS 

To e v a l u a t e  t h e  peak c a p a c i t y  i n  FFF, w e  have used a n  i t e r a -  

t i v e  computer program which, from a g i v e n  peak, c a l c u l a t e s  t h e  

c h a r a c t e r i s t i c s  ( r e t e n t i o n  volume and s t a n d a r d  d e v i a t i o n )  of t h e  

f o l l o w i n g  peak by a t r i a l - a n d - e r r o r  convergent  method s o  t h a t  

t h e  r e s o l u t i o n  RS between t h e  two peaks i s  e q u a l  t o  1. 

j u s t  h a s  t o  e n t e r  i n t o  t h e  program t h e  c h a r a c t e r i s t i c s  of  t h e  f i r s t  

peak and t h e  i n f o r m a t i o n  n e c e s s a r y  t o  compute r e t e n t i o n  volumes 

and s t a n d a r d  d e v i a t i o n s .  

Thus,  one 

R e s o l u t i o n  e q u a t i o n  

The r e s o l u t i o n  of a p a i r  of a d j a c e n t  peaks 1 and 2 i s  g i v e n  

by : 

o r  t h e  d i f f e r e n c e  i n r e t e n t i o n  volume (V ) between t h e  two peaks 

d i v i d e d  by f o u r  t i m e s  t h e i r  a v e r a g e  s t a n d a r d  d e v i a t i o n  uv, ex- 

p r e s s e d  i n  volume u n i t s .  The r e t e n t i o n  volume and s t a n d a r d  dev ia -  

t i o n  o f  a g i v e n  sample c a n  be  expres sed  as f u n c t i o n s  of t h e  c h a n n e l  

v o i d  volume V i t s  r e t e n t i o n  f a c t o r  R ,  which i s  i t s  m i g r a t i o n  

v e l o c i t y  r e l a t i v e  t o  t h e  s o l v e n t  ave rage  v e l o c i t y ,  and i t s  p l a t e  

R 
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MARTIN AND JAULMES 694 

number N :  

o r :  

V 
v = A  

R R  

1 
R 

- -  vR 

vO 

_ -  ( 4 )  

With t h e  h e l p  o f  Eqs.  4 and 5 ,  t h e  r e s o l u t i o n  RS c a n  be e x p r e s s e d  

a s  a f u n c t i o n  of  t h e  r e t e n t i o n  f a c t o r s  and p l a t e  numbers of  peaks  

1 and 2 :  

E q s .  2 t o  6 a r e  v a l i d  f o r  G a u s s i a n  peaks .  In r e a l i t y ,  t h e  peaks 

on t h e  f r a c t o g r a m ,  which r e p r e s e n t  t h e  v a r i a t i o n s  o f  c o n c e n t r a t i o n  

o f  t h e  a n a l y t e  as a f u n c t i o n  of t i m e  a re  n o t  r i g o r o u s l y  Gauss i an ,  

a l t h o u g h  t h e  peakshape  becomes c l o s e r  t o  t h e  Gauss i an  c u r v e  as N 

i n c r e a s e s .  For  t h i s  r e a s o n ,  and b e c a u s e  i n  some i n s t a n c e s  N c a n  

b e  small, w e  have  s l i g h t l y  mod i f i ed  Eqs.  4 t o  6 i n  t h e  computer  

c a l c u l a t i o n s .  These m o d i f i c a t i o n s  a re  g i v e n  in a n  append ix ,  which 

i s  a v a i l a b l e  f rom the a u t h o r s  upon r e q u e s t .  

P l a t e  number and p l a t e  h e i g h t  

The problem of  f i n d i n g  V and CI o f  t h e  second  peak i s  t h u s  

r e p l a c e d  by t h e  problem of f i n d i n g  d i m e n s i o n l e s s  p a r a m e t e r s  Rz and 

N z  such t h a t ' R S  i n  Eq .  6 i s  e q u a l  t o  1. 

l a t e d  t o  t h e  b a s i c  FFF pa rame te r  X which r e p r e s e n t s  t h e  s p a c e  

Rz v z  

Both p a r a m e t e r s  are  re- 
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PEAK CAPACITY I N  FFF 695 

c o n s t a n t  of t h e  a n a l y t e ’ s  e x p o n e n t i a l  c o n c e n t r a t i o n  p r o f i l e  rela- 

t i v e  t o  t h e  channe l  t h i c k n e s s ,  w .  When R becomes smaller t h a n  0 .7 ,  

A is v e r y  c l o s e  t o  t h e  d i s t a n c e  of t h e  a n a l y t e  c e n t e r  of g r a v i t y  

from t h e  accumula t ion  w a l l  r e l a t i v e  t o  w (5 ) .  When t h e  s o l v e n t  

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

t i o n  of t h e  f low p r o f i l e  from t h e  p a r a b o l i c  one due  t o  t h e  tempera- 

t u r e  dependence of v i s c o s i t y  i n  the rma l  FFF is  n e g l e c t e d ) ,  R i s  

on ly  a f u n c t i o n  of A :  

R = 6A [(l+e-l’A)/(l-e-l’A) - 2 h ]  

T h i s  r e l a t i o n s h i p  between R and A h a s  been e x p e r i m e n t a l l y  v e r i f i e d  

f o r  a number of  systems i n  t h e  d i f f e r e n t  FFF s u b t e c h n i q u e s .  I n  

t h e  f o l l o w i n g ,  w e  assume i t  is v a l i d  i n  t h e  r ange  of r e t e n t i o n s  

c o n s i d e r e d ,  excep t  when t h e  s t e r i c  e f f e c t  o c c u r s  ( s e e  below).  The 

p l a t e  number i s  r e l a t e d  t o  t h e  p l a t e  h e i g h t  H: 

N = L / H  ( 9 )  

where L i s  t h e  channe l  l e n g t h .  H i s  t h e  fundamental  pa rame te r  

d e s c r i b i n g  t h e  peak broadening.  Under non-gradient  c o n d i t i o n s ,  

t h e  p l a t e  h e i g h t  of a monodisperse  sample i s  g i v e n  as t h e  sum of 

two terms r e f l e c t i n g  t h e  c o n t r i b u t i o n s  of the l o n g i t u d i n a l  m o l e c u l a r  

d i f f u s i o n ,  and non-equi l ibr ium due t o  t h e  v e l o c i t y  p r o f i l e  i n  a 

c h a n n e l  c r o s s - s e c t i o n  (6 ) :  

H = -  2 D  + xfi 
Ru D (10) 

where D i s  t h e  d i f f u s i o n  c o e f f i c i e n t  of  t h e  sample,  u t h e  s o l v e n t  

a v e r a g e  v e l o c i t y  and x a non-equi l ibr ium d i m e n s i o n l e s s  pa rame te r .  

I n  t h i s  e q u a t i o n ,  t h e  r e l a x a t i o n  c o n t r i b u t i o n  t o  H ( 6 )  has n o t  

been t a k e n  i n t o  accoun t  s i n c e ,  i n  any FFF system, i t  i s  p o s s i b l e  t o  

s t o p  t h e  s o l v e n t  f low,  i n j e c t  t h e  sample and r e s t o r e  t h e  s o l v e n t  

f l o w  a f t e r  enough t i m e  i s  s p e n t  f o r  t h e  e s t a b l i s h m e n t  of t h e  com- 

pound’s e x p o n e n t i a l  c o n c e n t r a t i o n  p r o f i l e .  The p o l y d i s p e r s i t y  

c o n t r i b u t i o n  t o  H i s  n o t  t aken  i n t o  accoun t  h e r e ,  s i n c e  i n  peak 

c a p a c i t y  c a l c u l a t i o n s ,  one assumes each peak r e p r e s e n t s  a 
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696 MARTIN AND JAULMES 

monod i spe r se  s p e c i e s .  Even i f  t h i s  c o n d i t i o n  i s  seldom s a t i s f i e d  

f o r  real  samples ,  t h e  peak c a p a c i t y  c o n c e p t  w i l l  keep a l l  i t s  s i g -  

n i f i c a n c e  as a n  i n d e x  f o r  s e p a r a t i o n  power e v a l u a t i o n  and f o r  com- 

p a r i s o n  of d i f f e r e n t  f r a c t i o n a t i o n  t e c h n i q u e s .  I n  e x p e r i m e n t a l  

work, t h e r e  might  b e  o t h e r  c o n t r i b u t i o n s  t o  t h e  p l a t e  h e i g h t  a r i s -  

i n g  from m u l t i p a t h s  of  d i f f e r e n t  v e l o c i t i e s  i n s i d e  t h e  c h a n n e l ,  

d i s p e r s i o n  d u e  t o  t h e  e x t e r n a l  p a r t s  of  t h e  sys t em ( i n j e c t o r ,  

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

f o l l o w i n g ,  one  assumes t h a t  a l l  t h e s e  c o n t r i b u t i o n s  are  n e g l i g i b l e  

and t h a t  t h e  band b roaden ing  of  a monod i spe r se  sample i s  satis- 

f a c t o r i l y  r e p r e s e n t e d  by Eq. 1 0 .  The x c o e f f i c i e n t  i s  a f u n c t i o n  

o f  A g i v e n  by t h e  f o l l o w i n g  e q u a t i o n  ( 7 ) :  

2x ZF 
x =  R(1-e -1IA) 

i n  which F i s  e q u a l  t o :  

F = 2A[6- ( l /A)  - (A/),) -6X+18he-1/A]+72A (28A 2-10X+l) 

and A t o :  

A t  t h i s  p o i n t ,  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  f o l l o w i n g  

r educed  p a r a m e t e r s :  

h = H/w ( 1 4 )  

uw ” = -  
D (15 )  

h i s  t h e  r educed  p l a t e  h e i g h t  and v t h e  r educed  v e l o c i t y .  They are  

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

chromatography ( 8 ) :  t h e  a v e r a g e  d i s t a n c e  f o r  c r o s s - s e c t i o n a l  

d i f f u s i o n ,  which i s  t h e  p a r t i c l e  d i a m e t e r  i n  t h e  case o f  
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PEAK CAPACITY I N  FFF 697 

chromatography i n  packed columns, is r e p l a c e d  h e r e  by t h e  FFF 

channe l  t h i c k n e s s  w. By e l i m i n a t i n g  u ,  w and D u s i n g  Eqs.  1 0 ,  1 4  

and 1 5 ,  t h e  p l a t e  h e i g h t  t a k e s  t h e  f o l l o w i n g  s i m p l e  form: 

2 
h = - - + x v  R v  (16)  

Thus,  t h e  r educed  p l a t e  h e i g h t  of samples  w i t h  t h e  same r e t e n t i o n  

and r educed  v e l o c i t y  shou ld  b e  i d e n t i c a l ,  wha teve r  t h e  a c t u a l  

s o l v e n t  v e l o c i t y ,  sample d i f f u s i o n  c o e f f i c i e n t ,  c h a n n e l  t h i c k n e s s ,  

f i e l d  t y p e  and s t r e n g t h .  

However, i n  a g i v e n  FFF r u n ,  t h e  r e t e n t i o n  f a c t o r  g e n e r a l l y  

d e c r e a s e s  ( t h e  r e t e n t i o n  volume i n c r e a s e s )  w i t h  i n c r e a s i n g  sample 

m o l e c u l a r  we igh t  and ,  hence ,  d e c r e a s i n g  d i f f u s i o n  c o e f f i c i e n t .  

T h e r e f o r e ,  as s e e n  i n  E q .  1 5 ,  t h e  r educed  v e l o c i t y  i n c r e a s e s  w i t h  

i n c r e a s i n g  r e t e n t i o n .  It would b e  c o n v e n i e n t  t o  e x p r e s s  t h i s  

e f f e c t  on v e i t h e r  i n  terms of  t h e  r e t e n t i o n  f a c t o r  R ,  o r  i n  t e rms  

o f  t h e  b a s i c  pa rame te r  A .  These two ways are  e q u i v a l e n t  s i n c e  R 

and  A are e x p l i c i t l y  r e l a t e d  th rough  Eq.  8. According t o  t h e  

t h e o r y  of r e t e n t i o n  i n  FFF, D i s  r e l a t e d  t o  A by (9 )  

D = U w A  (17) 

where U i s  t h e  f i e l d - i n d u c e d  v e l o c i t y ,  which migh t  b e  d i f f e r e n t  

f o r  e a c h  a n a l y t e  and as a r e s u l t  depends on r e t e n t i o n .  I n  o r d e r  

t o  g e t  t h e  r e l a t i o n s h i p  between D and A ,  one  needs  t o  e x p r e s s  t h e  

dependence of U on A .  

I n  t h e r m a l  FFF, t h e  d i f f u s i o n  c o e f f i c i e n t  i s  s imply  l i n k e d  t o  

A t h rough :  

D = DT (dT/dx) w X (18)  

where dT/dx i s  t h e  t e m p e r a t u r e  g r a d i e n t  a c r o s s  t h e  t h i c k n e s s  o f  

t h e  channe l  and DT t h e  the rma l  d i f f u s i o n  c o e f f i c i e n t .  

polymer t y p e  and f o r  a g i v e n  s o l v e n t  DT does  n o t  depend on t h e  

m o l e c u l a r  w e i g h t ,  and i s  t h u s  independen t  of r e t e n t i o n  ( 1 0 ) .  

T h e r e f o r e ,  f o r  t h e r m a l  FFF, one  c a n  w r i t e :  

For  a g i v e n  

D = c  A (19)  T 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



698 MARTIN AND JAULMES 

CT i s  a c o n s t a n t  i n  a g i v e n  run .  

shows t h a t  i n  the rma l  FFF, U i s  e q u a l  t o  D (dT/dx) and is t h e  same 

f o r  a l l  samples .  I n  f l o w  FFF, t h e  s e l e c t i v i t y  is based o n l y  on 

d i f f e r e n c e s  i n  d i f f u s i o n  c o e f f i c i e n t s  and D i s  s imply  g i v e n  by 

(11) : 

Comparison of Eqs.  1 7  and 18 

T 

D = U w i = c  h ( 2 0 )  F 

where U i s  t h e  c ros s - f low v e l o c i t y  which is c o n s t a n t  i n  a g i v e n  

r u n .  By i m p l i c a t i o n  t h e  p r o p o r t i o n a l i t y  c o e f f i c i e n t  cF i s  a l s o  

c o n s t a n t .  I n  s e d i m e n t a t i o n  FFF, t h e  f i e l d  induced v e l o c i t y  i s  n o t  

c o n s t a n t  b u t  depends on t h e  r e t e n t i o n  th rough  t h e  a n a l y t e  d i a m e t e r .  

It i s  g i v e n  by S t o k e s  s e d i m e n t a t i o n  l a w :  

where r i s  t h e  p a r t i c l e  r a d i u s ,  Ap t h e  d e n s i t y  d i f f e r e n c e  between 

t h e  sample and t h e  e l u a n t ,  G t h e  c e n t r i f u g a l  a c c e l e r a t i o n  and I- 

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

r a d i u s  of  t h e  e q u i v a l e n t  s p h e r e  by t h e  S t o k e s - E i n s t e i n  l a w :  

kT 
6anD 

r = -  ( 2 2 )  

where k i s  t h e  Boltzmann c o n s t a n t  and T t h e  a b s o l u t e  t empera tu re .  

T h e r e f o r e ,  a f t e r  combining Eqs.  1 7 ,  21  and 22 and r e a r r a n g i n g ,  one 

o b t a i n s :  

For e l e c t r i c a l  FFF, t h e r e  i s  no s imple  r e l a t i o n s h i p  between 

D and s i n c e  t h e  r e t e n t i o n  i s  de te rmined  by t h e  n e t  e l e c t r i c a l  

cha rge  of  t h e  a n a l y t e  which i n  t u r n  depends on  t h e  e l u a n t  pH and 

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

t h e  f o l l o w i n g  c a l c u l a t i o n s  of peak c a p a c i t y  w i l l  n o t  a p p l y  t o  t h e  

c a s e  of e l e c t r i c a l  FFF. 

It t h u s  a p p e a r s  t h a t  i n  t h e  t h r e e  FFF s u b t e c h n i q u e s  ( t h e r m a l ,  

f l ow,  s e d i m e n t a t i o n )  f o r  which t h e r e  i s  a s i m p l e  c o n n e c t i o n  between 
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PEAK CAPACITY I N  FFF 699 

D and A ,  t h i s  r e l a t i o n s h i p  can  be summarized as: 

D = D  A y  ( 2 4 )  

w i t h  y = 1 f o r  the rma l  and f l o w  FFF and y = 113 f o r  s e d i m e n t a t i o n  

FFF. 

which i s  a quas i -un re t a ined  compound (R = 0.984) .  T h e r e f o r e ,  t h e  

reduced v e l o c i t y  v can  be  expres sed  w i t h  t h e  h e l p  of Eq. 1 5  as: 

Do i s  t h e  d i f f u s i o n  c o e f f i c i e n t  of a sample f o r  which A = 1, 

u w  v = -  
DOXY 

o r  

v = v /AY (26) 

i s  t h e  reduced v e l o c i t y  co r re spond ing  t o  A = 1, which can where v 

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

v = uw/Do 

According t o  Eq. 1 7 ,  Do = Uw f o r  A = 1. 

27 g i v e s  vo as t h e  r a t i o  u/U of  t h e  a x i a l  e l u a n t  v e l o c i t y  t o  t h e  

t r a n s v e r s a l  f i e l d - i n d u c e d  v e l o c i t y  of a n  a n a l y t e  f o r  which A = 1. 

According t o  Eqs. 1 6  and 27, t h e  reduced p l a t e  h e i g h t  is t h e n  

w r i t t e n  as: 

Using t h i s  r e s u l t  i n  Eq. 

h t h e n  depends on ly  on v and A ,  where v i n  t h a t  case, i s  a 

c o n s t a n t  i n  a g i v e n  FFF r u n ,  and does  n o t  depend on a p a r t i c u l a r  

sample.  

0’ 

To complete  t h e  d i m e n s i o n l e s s  a n a l y s i s  of t h e  peak c a p a c i t y  

c a l c u l a t i o n  scheme, i t  is  n e c e s s a r y  t o  re la te  t h e  p l a t e  number i n  

Eq. 9 t o  t h e  reduced p l a t e  h e i g h t .  T h i s  l e a d s  t o  t h e  d e f i n i t i o n  

of t h e  reduced channe l ,  l e n g t h ,  5: 

L 5 = -  
W 

(29) 
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700 MARTIN AND JAULMES 

s o  t h a t  N i s  g i v e n  by :  

5 N = -  
h 

Summary of  reduced e q u a t i o n s  

The e q u a t i o n s  w i t h  r educed  ( o r  d imens ion le s s )  p a r a m e t e r s  

n e c e s s a r y  t o  c a l c u l a t e  t h e  peak  c a p a c i t y  are summarized below, i n  

t h e  form co r re spond ing  t o  Gauss i an  zones:  

R and x are  f u n c t i o n s  of X g i v e n  by E q s .  8 and 11-13, r e s p e c t i v e l y .  

The problem of  c h a r a c t e r i z a t i o n  of t h e  second peak i s  t h u s  re- 

duced t o  de t e rmin ing  t h e  X v a l u e  of  t h i s  peak s o  t h a t  t h e  r e s o l u -  

t i o n  becomes e q u a l  t o  one.  For  t h i s  d e t e r m i n a t i o n ,  one has  t o  

s p e c i f y  t h r e e  pa rame te r s :  t h e  reduced channe l  l e n g t h  5 ,  t h e  re- 

duced e l u a n t  v e l o c i t y  v and t h e  f i e l d  t y p e  th rough  t h e  c o e f f i c i e n t  

y .  

t he rma l  FFF, c ros s - f low rate i n  f l o w  FFF, rpm i n  s e d i m e n t a t i o n  FFF) 

i s  n o t  a parameter  t o  be  i n d i c a t e d  s i n c e  i t  i s  i n c l u d e d  i n  t h e  

v a l u e  of v through t h e  d i f f u s i o n  c o e f f i c i e n t  of t h e  compound 

e l u t i n g  a t  1.017 Vo (R = 0.984,  X = 1). Thus t h e  peak c a p a c i t y  

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

i f  t h e  d i f f u s i o n  c o e f f i c i e n t s  of compounds e l u t e d  a t  1 .017  Vo are 

p r o p o r t i o n a l  t o  t h e  f l o w .  Consequen t ly ,  f rom a peak c a p a c i t y  p o i n t  

of view,  doub l ing  t h e  s o l v e n t  f low ra te  is e q u i v a l e n t  t o  i n c r e a s i n g  

t h e  t empera tu re  d rop  i n  ther-msl FFF and t h e  c ros s - f low ra te  i n  

f l o w  FFF by a f a c t o r  2 o r  by a f a c t o r  2.8 t i m e s  rpm i n  

s e d i m e n t a t i o n  FFF. 

One c a n  n o t e  t h a t  t h e  f i e l d  s t rength.  ( t e m p e r a t u r e  g r a d i e n t  i n  
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PEAK CAPACITY I N  FFF 701 

Fur the rmore ,  E q .  24 p r e d i c t s  a n  i n f i n i t e  d i f f u s i o n  c o e f f i c i e n t  

f o r  a n  u n r e t a i n e d  compound (A i n f i n i t e ) ,  which i s  n o t  m e a n i n g l e s s ,  

b u t  s imply  means t h a t  e v e r y  low m o l e c u l a r  we igh t  s o l u t e  i s  s l i g h t -  

l y ,  even i f  n o t  p e r c e p t i b l y ,  r e t a i n e d .  T h e r e f o r e ,  f o r  computer 

c a l c u l a t i o n s ,  one  h a s  t o  s p e c i f y  t h e  R ( o r  A) v a l u e  of t h e  f i r s t  

e l u t e d  peak. 

( A  = 2,  VR/Vo = 1 . 0 0 4 ) .  

I n  t h e  f o l l o w i n g ,  i t  h a s  been t a k e n  as R = 0.996 

Numerical  v a l u e s  o f  t h e  v a r i a b l e  pa rame te r s  fo r  t y p i c a l  FFF 
p r e v i o u s  expe r imen t s  

A t  t h i s  p o i n t ,  i t  i s  u s e f u l  t o  g i v e  some t y p i c a l  v a l u e s  of t h e  

5 and v p a r a m e t e r s  f o r  some t y p i c a l  a c t u a l  FFF expe r imen t s .  

A r e c e n t  l i t e r a t u r e  su rvey  h a s  shown t h a t  t h e r m a l  FFF c a n  be 

s u c c e s s f u l l y  a p p l i e d  t o  most polymers  w i t h  m o l e c u l a r  we igh t  l a r g e r  

t h a n  1000 which a r e  s o l u b l e  i n  o r g a n i c  s o l v e n t s .  For  such  polymers  

t h e  t h e r m a l  d i f f u s i o n  c o e f f i c i e n t  DT,  i s  n e a r l y  independen t  of t h e  

m o l e c u l a r  we igh t  and e q u a l  t o  a b o u t  C ~ ~ S - ~ ~ K - '  . I f  one  t a k e s  

as t y p i c a l  a channe l  which i s  50 cm l o n g  and 0.1 mm t h i c k ,  and 

which i s  o p e r a t e d  w i t h  a t e m p e r a t u r e  d rop  of 60°C between t h e  two 

p l a t e s  and i n  which t h e  s o l v e n t  f l o w s  a t  such  a ra te  t h a t  t h e  no- 

f i e l d  e l u t i o n  t i m e  i s  5 m i n u t e s ,  one  o b t a i n s  < = 5000. v i n  t h i s  

c a s e  i s  c l o s e  t o  300. However, t h e s e  are o n l y  i n d i c a t i v e  v a l u e s ,  

s i n c e  i n  h i g h  speed  t h e r m a l  FFF, v a l u e s  up t o  2500 f o r  v and 8500 

f o r  < have been r eached  ( 1 2 ) .  

T y p i c a l  f l o w  FFF c h a n n e l s  are a b o u t  50 cm l o n g  and 0.25mm 

t h i c k ,  s o  t h a t  t h e  5 v a l u e  i s  2000. A s  p r e v i o u s l y  n o t e d ,  v i s  

h e r e  t h e  r a t i o  of t h e  e l u a n t  a x i a l  v e l o c i t y ,  u ,  t o  i t s  t r a n s v e r s a l  

( c ros s - f low)  v e l o c i t y ,  U .  No t ing  t h a t  u i s  t h e  a x i a l  f l o w  ra te ,  V 

d i v i d e d  by t h e  c r o s s - s e c t i o n  bw, where b i s  t h e  c h a n n e l  b r e a d t h ,  

and t h a t  U i s  t h e  r a t i o  o f  t h e  c ros s - f low r a t e ,  V , t o  t h e  c o r r e -  

sponding c r o s s - s e c t i o n  bL, one  c a n  e x p r e s s  v i n  f l o w  FFF as:  
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702 MARTIN AND JAULMES 

. .  
The r a t i o  V / V  can  v a r y  w i t h i n  a l a r g e  domain, due t o  t h e  wide 

r a n g e  of  a p p l i c a t i o n s  of f l o w  FFF. Experiments  have been con- 

duc ted  w i t h  vo v a l u e s  r a n g i n g  from abou t  100 f o r  r e l a t i v e l y  low 

molecu la r  weight  s o l u t e s  l i k e  p r o t e i n s  (13) t o  ove r  2000 f o r  sub- 

m'icron-sized s i l i c a  o r  p o l y s t y r e n e  l a t e x  p a r t i c l e s  ( 1 4 ) .  

I n  s e d i m e n t a t i o n  FFF, v depends on a r e l a t i v e l y  l a r g e  number 

of pa rame te r s :  f l o w  v e l o c i t y  and c h a n n e l  t h i c k n e s s  as w e l l  as 

r o t a t i o n  speed o f  t h e  c e n t r i f u g e ,  v i s c o s i t y  of  t h e  s u s p e n s i o n ,  

d e n s i t y  d i f f e r e n c e  between t h e  s o l u t e  and t h e  s o l v e n t ,  and tempera- 

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

may v a r y  wide ly  and s o  w i l l  v . P r e v i o u s  expe r imen t s  have been 

c a r r i e d  o u t  a t  v v a l u e s  r ang ing  from 5000 t o  ove r  70000 and 5 

v a l u e s  i n  t h e  r ange  700-3500 (15 ,16 ) .  

RESULTS AND DISCUSSION 

As p r e v i o u s l y  no ted ,  t h e  t h r e e  pa rame te r s  y ,  c h a r a c t e r i z i n g  

t h e  f i e l d  t y p e ,  t h e  reduced e l u a n t  v e l o c i t y  and 5 ,  t h e  reduced 

channe l  l e n g t h ,  must be g i v e n  f o r  peak c a p a c i t y  c a l c u l a t i o n s .  

However, t h e  peak c a p a c i t y  depends a l s o  on t h e  maximum v a l u e  of 

t h e  r e t e n t i o n  volume and i n c r e a s e s  w i t h  t h i s  v a l u e ,  as more s p a c e  

i s  a v a i l a b l e  f o r  peaks.  I n  t h e  f o l l o w i n g ,  we  w i l l  s t u d y  t h e  i n -  

f l u e n c e  of  each of t h e s e  pa rame te r s .  

Peak c a p a c i t y  and maximum r e t e n t i o n  volume 

I n  FFF s o l u t e s  of v e r y  s m a l l  s i z e  compared t o  t h e  channe l  

t h i c k n e s s  show a minimum r e t e n t i o n  volume below which no peak 

appea r s .  T h i s  c o r r e s p o n d s  t o  t h e  channe l  v o i d  volume. A s  t h e  

s i z e  of t h e  s o l u t e  i n c r e a s e s ,  t h e  r e t e n t i o n  volume u s u a l l y  i n -  

c r e a s e s .  A s  l ong  a s  t h i s  s i z e  r ema ins  s m a l l  enough, t h e r e  i s  no 

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

s e p a r a t i o n  p r o c e s s .  A l i m i t  may i n  p r a c t i c e  be set  by d e t e c t a b i l -  

i t y  o r  a n a l y s i s  t i m e  c o n s i d e r a t i o n s .  However,as t h e  s o l u t e  s i z e  

i n c r e a s e s  f u r t h e r ,  a p o i n t  i s  reached where t h e  r e t e n t i o n  b e h a v i o r ,  
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PEAK CAPACITY I N  FFF 703 

( d e s c r i b e d  by Eq. 8 ) ,  i s  d i s t u r b e d .  T h i s  comes from t h e  f a c t  t h a t ,  

due t o  i t s  f i n i t e  s i z e ,  t h e  c e n t e r  of mass o f  t h e  s o l u t e  p a r t i c l e  

canno t  approach c l o s e l y  t o  t h e  w a l l .  I n  t h a t  c a s e ,  t h e  normal FFF 

e f f e c t  and t h e  s t e r i c  e f f e c t  combine t o g e t h e r  and R i s  g i v e n  by 

(17) : 

w i t h :  

a = r l w  (33) 

T h i s  e q u a t i o n  i s  a l i m i t i n g  e x p r e s s i o n  f o r  s m a l l  v a l u e s  of  b o t h  

A and a. When r i n c r e a s e s ,  A d e c r e a s e s  and a i n c r e a s e s ,  s o  t h a t  

t h e r e  i s  a minimum v a l u e  of R ,  which co r re sponds  t o  a maximum 

r e t e n t i o n  volume. One c a n  t h e r e f o r e  c o n s i d e r  t h a t  t h e  m a x i m u m  

peak c a p a c i t y  co r re sponds  t o  t h i s  volume, f o r  which Eq. 32 u s u a l l y  

h o l d s .  To b e  c o r r e c t ,  one shou ld  modify t h e  e q u a t i o n s  f o r  R and 

x t o  t a k e  i n t o  accoun t  t h e  s t e r i c  e f f e c t .  The c o r r e c t i o n s ,  how- 

e v e r ,  are s m a l l  f o r  s m a l l  X and a (171, s o  they  are n o t  i n c l u d e d  

i n  t h e  f o l l o w i n g  c a l c u l a t i o n s .  

It is i n t e r e s t i n g  t o  g e t  a n  e s t i m a t e  of  t h e  l i m i t i n g  R v a l u e .  

By d i f f e r e n t i a t i n g  Eq. 32, one o b t a i n s  t h e  c o n d i t i o n  f o r  minimum 

R: 

dA da  
d r  d r  
- = _ -  

From Eqs. 22, 24 and 33, A i s  r e l a t e d  t o  a through:  

1 IV 

(34) 

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

run .  By d i f f e r e n t i a t i n g  and combining w i t h  Eq. 34,  one  o b t a i n s  

t h e  r e l a t i o n s h i p  between t h e  l i m i t i n g  v a l u e s  of  X and a: 

‘ l i m  = Y a l i m  (36) 

where y ,  a s  above, i s  1 f o r  the rma l  and f low FFF and 1 1 3  f o r  
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7 04 MARTIN AND JAULMES 

s e d i m e n t a t i o n  FFF. T h e r e f o r e ,  from E q .  32,  one has:  

1 
Y l i m  Rlim = 6 (l+Y)alim = 6 ( 1  + - ) h (37) 

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

sample f o r  which h = 1. 

and combines t h e  r e s u l t s  w i t h  Eq .  36, one o b t a i n s :  

I f  one u s e s  Eq .  35 f o r  b o t h  alim and a 

and : 

1 

slim = 

Then Rlim becomes : 

1 

R l i m  = 6(1 + $ )  (Ya,)"' 

which g i v e s  f o r  t he rma l  and f low FFF: 

Rlim = 1 2  $ 

( 3 9 )  

(40) 

and f o r  s e d i m e n t a t i o n  FFF: 

(41)  
3 i 2  Rlim = 10 .53  a. 

A t  t h i s  p o i n t ,  i t  i s  u s e f u l  t o  g i v e  some t y p i c a l  v a l u e s  of  a 

and 1 / R  Combination of E q s .  1 7 ,  22,  38 and 40 g i v e s :  l i m '  

kT 

6.rrnUw2 
a =- 

and 

Numerical v a l u e s  f o r  t he rma l  and f low FFF a r e  e a s i l y  o b t a i n e d  by 

r e p l a c i n g  U by D AT/w and V,/bL, r e s p e c t i v e l y .  I n  the rma l  FFF, T 
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PEAK CAPACITY I N  FFF 705 

w i t h  a t e m p e r a t u r e  d rop  o f  60°C and a c o l d  p l a t e  t e m p e r a t u r e  o f  

20“C, a n  e l u a n t  v i s c o s i t y  of lo-’ P o i s e ,  w = O . l m m ,  and DT = lo-’ 
c m  s 

g i v e s  R I n  f l o w  FFF, a t  room tempera- 

t u r e  w i t h  a n  aqueous e l u a n t  ( 0  = 1 0  P )  and c h a n n e l  d imens ions  o f  

5OOx2OxO.25mm, c ross - f lows  r a n g i n g  from 10 t o  100 m l / h r  w i l l  g i v e  

a v a l u e s  o f  l . 2 ~ l O - ~ - l . 2 x l O - ~ ,  which co r re spond  t o  R = 

0.042 - 0.013 o r  l/Rlim = 24-75. 

on combining Eqs. 22,  23,  33 and 41: 

o n e  o b t a i n s  a t y p i c a l  v a l u e  of a 

= 0.023 o r  l/Rlim = 44. 

= 3 .6~10- ‘ ,  which 2 -loc-l  

- 2  
l i m  

1 i m  
For  s e d i m e n t a t i o n  FFF, one  h a s  

and 

l/Rlim = (VR/Vo)max = 0.14 w (z) (45)  

For  Ap = O.lg/ml,  w = 0.25mm and G = 300g ( o r ,  which i s  n e a r l y  

e q u i v a l e n t ,  w = 0.lmm and G = 12000g) ,  one  h a s  a = 9.4X10 , 
which g i v e s  R 

t h e  above  e q u a t i o n s  is t h a t  t h e  maximum r e t e n t i o n  volume and ,  

t h e r e f o r e ,  t h e  maximum peak c a p a c i t y  i n c r e a s e s  w i t h  i n c r e a s i n g  

f i e l d  s t r e n g t h .  

a n a l y z e d  b e f o r e  t h e  o c c u r r e n c e  of r e t e n t i o n  r e v e r s a l  due  t o  t h e  

s te r ic  e f f e c t  d o e s ,  however,  d e c r e a s e  w i t h  i n c r e a s i n g  f i e l d  

s t r e n g t h  . 

- 5  

= 0.010 o r  l/Rlim = 100. The i n t e r e s t i n g  p o i n t  i n  1 i m  

The maximum s i z e  o f  t h e  s o l u t e  which c a n  b e  

The v a r i a t i o n s  of t h e  peak c a p a c i t y ,  n ( s e e  E q .  50) w i t h  

r e t e n t i o n  volume are shown i n  F i g u r e  1 f o r  f o u r  t y p i c a l  c a s e s ,  f o r  

which 5 = 2000. For  c u r v e s  1 and 2 ,  y = 113 and t h e  r educed  

e l u a n t  v e l o c i t i e s  are  50000 and 5000, r e s p e c t i v e l y .  Curves 3 and 

4 cor re spond  t o  y = 1 and vo = 1000 and 100, r e s p e c t i v e l y .  

t h i s  f i g u r e ,  l i k e  i n  t h e  f o l l o w i n g ,  t h e  peak c a p a c i t y  v a l u e  

c o r r e s p o n d i n g  t o  a g i v e n  v a l u e  of (V /V ) i s  t h e  number of peaks  

which have been  comple t e ly  e l u t e d  b e f o r e  a volume VR o f  e l u a n t  

h a s  f lowed th rough  t h e  column p l u s  t h e  f r a c t i o n  of t h e  l a s t  e l u t e d  

I n  

R o  
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MARTIN AND JAULMES 

U l l  r, 

0 25 50 75 P) 

FIGURE 1. 
cons tan t  channel  l e n g t h  and e l u a n t  v e l o c i t y .  For a l l  curves:  
5 = 2000. 
v = 5000. Curve 3: Y = 1, V = 1000. Curve 4 :  Y = 1, Vo = 100. 

Peak c a p a c i t y  v e r s u s  maximum r e t e n t i o n  volume a t  

Curve 1: Y = 1/3, V o  = 50000. Curve 2 :  Y = 1/3, 

peak which has emerged a t  VR.  

common poin t  corresponding t o  n = 0.5 f o r  V / V  

1 i t  i s  obvious t h a t  t h e  peak c a p a c i t y  i n c r e a s e s  w i t h  VR/Vo;  i t  

i s  r e l a t i v e l y  small when V / V  

f o r  curves  1, 2 and 3, and 1 5  peaks f o r  curve  4 ) ,  but  f o r  VR/Vo 

l a r g e r  than  50 i t  reaches  v a l u e s  over  20 i n  cases 1 and 3,and 50 i n  

c a s e s  2 and 4 .  E s p e c i a l l y  noteworthy i n  F igure  1 is  t h e  ra te  of 

i n c r e a s e  of peak c a p a c i t y  w i t h  r e t e n t i o n  volume. I n  chromatography 

Therefore ,  a l l  t h e  curves  have a 

= 1. From Figure  R o  

is smaller than  10  (about  3-6 peaks R o  
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PEAK CAPACITY IN FFF 707 

n increases linearly with the logarithm of the retention volume for 

a constant plate number (l), while in FFF the variation of n with 

V is almost linear for cases where y = 1 and still faster for 
y = 1/3. One might explain the difference in behavior between 

thermal or flow FFF and sedimentation FFF by expressing the rate 

of generation of peak capacity with retention volume in the limit 

of high retention. Under these conditions h is mostly determined 

by the non-equilibrium contribution (this is only an approximation 

for curves 2 and 4 where, at VR/Vo = 100, axial diffusion accounts 

for one half and one third of the plate height, respectively). 

This rate of generation of peak capacity is given by (2) 

R 

In the high retention limit, X is approximated by 1/[9(VR/Vo)3] 
and h by 1/[6(VR/Vo)] within 4% for (VR/Vo) > 10. 

tion of Eqs. 2 , 3 ,  2 8 ,  30 and 46 gives: 

Then combina- 

_. 1-Y 
2 

(vR/Vo) d (VR/Vo) 
dn = 8 

0 

After integration, it becomes: 

for y=l (thermal and flow 

n = 0 . 3 1 E  (VR/Vo) 

FFF) 

+ const. 

and for Y=1/3 (sedimentation FFF) 

n = 0 . 4 2 c  (VR/Vo) “13 + const. 

( 4 7 )  

( 4 8 )  

( 4 9 )  

Therefore, in the high retention range when the axial molecular 

diffusion contribution to peak broadening is negligible, the peak 

capacity increases linearly with retention volume i n  thermal and 

flow FFF and increases as VR4/3 in sedimentation FFF. Since this 

condition is fulfilled only in the lower part of the high reten- 
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MARTIN AND JAULMES 

FIGURE 2. Peak c a p a c i t y  v e r s u s  reduced channel  l e n g t h  a t  c o n s t a n t  
e l u a n t  v e l o c i t y .  (VR/Vo)max = 20. Same y and u as f o r  F igure  1. 

t i o n  range (V /V = 10-40) f o r  curve  2 ,  one observes ,  i n  t h a t  c a s e ,  

a maximum f o r  dn/d(VR/Vo) around V R / V o  = 65-70. 
R o  

Peak c a p a c i t y  and channel  l e n g t h  

The v a r i a t i o n s  i n  peak c a p a c i t y  a t  V /Vo  = 20 w i t h  reduced x 
channel  l e n g t h  are p l o t t e d  on a l o g a r i t h m i c  s c a l e  i n  F igure  2 ,  

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

than  10-15, t h e s e  curves  are  s t r a i g h t  l i n e s ,  a l l  having t h e  same 

s l o p e  equal  t o  0 .5 ,  which means t h a t  n i n c r e a s e s  as t h e  s q u a r e  

r o o t  of 5. The s l i g h t  d e v i a t i o n  from t h i s  s l o p e  a t  low n v a l u e s  

comes from t h e  f a c t  t h a t ,  accord ing  t o  t h e  above d e f i n i t i o n  of peak 

c a p a c i t y ,  t h e  l i m i t i n g  v a l u e  i s  0 . 5  when 5 goes t o  0 .  More r i g -  

o r o u s l y ,  t h e  curve  ln(n-0.5) v s  I n  < has  a s l o p e  of 0.5. The 

square  r o o t  dependence of n v e r s u s  

46 which can  be i n t e g r a t e d ,  n e g l e c t i n g  the  o r i g i n a l  0 . 5  v a l u e  of 

n, as:  

may be understood from Eq. 
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PEAK CAPACITY I N  FFF 709 

where A ( V  / V  ) is  t h e  d i f f e r e n c e  i n  r e l a t i v e  r e t e n t i o n  volume be- 

tween t h e  l a s t  and f i r s t  peak and uv/Vo t h e  a p p r o p r i a t e  a v e r a g e  

r e l a t i v e  s t a n d a r d  d e v i a t i o n .  Comparison w i t h  Eq. 1 shows t h a t  n 

r e p r e s e n t s  t h e  r e s o l u t i o n  between t h e  two extreme peaks of t h e  

f r ac tog ram m u l t i p l i e d  by t h e  r a t i o  of t h e i r  a r i t h m e t i c a l  a v e r a g e  

r e l a t i v e  s t a n d a r d  d e v i a t i o n  t o  t h e  a p p r o p r i a t e  a v e r a g e  coming from 

t h e  i n t e g r a t i o n  of  Eq. 4 6 .  According t o  Eq. 3 ,  0 / V  c an  be  ex- 

p r e s s e d  as (V /V ) /E , where (V / V  ) r e l a t e s  t o  e i t h e r  the f i r s t  R o  R o  
o r  l a s t  peak and i s  the co r re spond ing ly  a p p r o p r i a t e  a v e r a g e  p l a t e  

number. A s  i s  e q u a l  t o  < /  h ,  where h is  t h e  a p p r o p r i a t e  a v e r a g e  

p l a t e  h e i g h t ,  i t  f o l l o w s  t h a t  t h e  peak c a p a c i t y  n ,  l i k e  t h e  r e s o l u -  

t i o n  between two peaks (18) i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  of 

t h e  reduced channe l  l e n g t h .  

R o  

v o  

Peak c a p a c i t y  and e l u a n t  v e l o c i t y  

The v a r i a t i o n s  of t h e  peak c a p a c i t y  w i t h  t h e  e l u a n t  reduced 

v e l o c i t y ,  v are r e p r e s e n t e d  on a l o g a r i t h m i c  s c a l e  i n  F i g u r e  3 

f o r  t he rma l  and f low FFF ( y = l )  and i n  F i g u r e  4 f o r  s e d i m e n t a t i o n  

FFF ( ~ = 1 / 3 ) .  I n  bo th  f i g u r e s ,  

f o u r  c u r v e s  have been p l o t t e d  co r re spond ing  t o  ( V  / V  ) 

10,  20 ,  50 and 100.  The r ange  of v e l o c i t i e s  i s  abou t  t h e  same on 

t h e  l o g a r i t h m i c  s c a l e  f o r  b o t h  f i g u r e s .  However, i n  F i g u r e  4 t h e  

v v a l u e s  are 1 0  t i m e s  l a r g e r  t h a n  t h e  v a l u e s  i n  F i g u r e  3 because  

of  t h e  s i g n i f i c a n t  d i f f e r e n c e  i n  expe r imen ta l  c o n d i t i o n s  mentioned 

above. A l l  t h e  c u r v e s  i n  t h e s e  f i g u r e s  show, as a major  c h a r a c t e r -  

i s t i c ,  a d e c r e a s e  of n w i t h  i n c r e a s i n g  v . They a l l  are l i n e a r  

w i t h  a s l o p e  e q u a l  t o  -0.5 f o r  some range  of v which means t h a t  

f o r  t h i s  r ange ,  n v a r i e s  as t h e  r e c i p r o c a l  of  t h e  s q u a r e  r o o t  of 

v . T h i s  i s  what i s  expec ted  from Eqs.  47-49 i n  t h e  h i g h  r e t e n t i o n  

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

is o n l y  determined by t h e  nonequ i l ib r ium c o n t r i b u t i o n  ( t e rm xv i n  

e q u a t i o n  1 6 ) .  

0 ’  

h a s  been t a k e n  e q u a l  t o  2000, and 

e q u a l  t o  R o max 

0’ 

D e v i a t i o n s  from t h e  l i n e a r i t y  occur  a t  h i g h  v e l o c i t y  
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FIGURE 3. Peak c a p a c i t y  v e r s u s  r educed  e l u a n t  v e l o c i t y  a t  c o n s t a n t  
channe l  l e n g t h  i n  the rma l  and f l o w  FFF (y = 1). 5 = 2000. 
(VR/Vo)max = 1 0  ( c u r v e  l), 20 ( c u r v e  2 1 ,  50 ( cu rve  3) and 100 

c u r v e  4 .  

FIGURE 4 .  
channe l  l e n g t h  i n  s e d i m e n t a t i o n  FFF (Y = 1/3). 5 = 2000. 
(VR/VOjmax = 1 0  ( c u r v e  11, 20 ( cu rve  21, 50 ( c u r v e  3) and 100 

( c u r v e  4 ) .  

Peak c a p a c i t y  v e r s u s  reduced e l u a n t  v e l o c i t y  a t  c o n s t a n t  
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PEAK CAPACITY I N  FFF 7 1 1  

when n i s  lower t h a n  abou t  5 because ,  as no ted  p r e v i o u s l y ,  n has  a 

l i m i t i n g  v a l u e  of  0 .5  when no s e p a r a t i o n  o c c u r s  a t  v e r y  h i g h  

v e l o c i t y .  

D e v i a t i o n s  from l i n e a r i t y  a l s o  appea r  i n  t h e  low v e l o c i t y  

r e g i o n ,  e s p e c i a l l y  f o r  h i g h  v a l u e s  of ( V  /V ) f o r  which a 

m a x i m u m  c a n  be  obse rved .  T h i s  comes from t h e  f a c t  t h a t  n o n e q u i l i b -  

r ium i s  no l o n g e r  t h e  on ly  c o n t r i b u t i o n  t o  p l a t e  h e i g h t ,  and t h a t  

mo lecu la r  ax ia l  d i f f u s i o n  must be  c o n s i d e r e d .  

h vs v o y  i n  FFF are c h a r a c t e r i z e d  by a minimum, t h e  c o o r d i n a t e s  of 

which are  o b t a i n e d  from E q .  28 

R o max’ 

P l a t e  h e i g h t  c u r v e s ,  

Both hmin and v depend on A ( o r  R ) ,  b u t  hmin does n o t  depend 
0 Y o p t  

on t h e  f i e l d  t y p e ,  w h i i l e  v 

v e l o c i t y ,  t h e  m o l e c u l a r  axial d i f f u s i o n  and t h e  nonequ i l ib r ium 

c o n t r i b u t e  e q u a l l y  t o  t h e  p l a t e  h e i g h t .  F i g u r e  5 r e p r e s e n t s  t h e  

v a r i a t i o n s  of h w i t h  R. The cu rve  has  a maximum a t  h = 0.428, 

a r a t h e r  small v a l u e ,  f o r  R = 0 . 6 9 .  A s  p r e v i o u s l y  no ted  (191, t h e  

minimal p l a t e  h e i g h t  d e c r e a s e s  w i t h  i n c r e a s i n g  r e t e n t i o n  and t h e  

l i m i t i n g  v a l u e  of  h f o r  s m a l l  R i s :  

does  th rough  y .  A t  t h e  o p t i m a l  
0,OPt 

min min 

min 

(53) 
2 = - fi R = 0 . 9 4  R hmin 3 

F i g u r e  6 r e p r e s e n t s  t h e  v a r i a t i o n s  of v w i t h  R f o r  t h e  two 

v a l u e s  of  y .  I n  c o n t r a s t  t o  t h e  p r e v i o u s  f i g u r e ,  F i g u r e  6 shows 

t h a t  v h a s  a minimal v a l u e ,  which i s  e q u a l  t o  2.2 around 

R = 0.6  f o r  y = l  and t o  7 . 4  around R = 0.7-0.75 f o r  y=1 /3 .  

low r e t e n t i o n  r ange ,  when R goes t o  1, v 

and t h u s  i n c r e a s e s  t o  i n f i n i t y  f a s t e r  f o r  t he rma l  and f low FFF 

t h a n  f o r  s e d i m e n t a t i o n  FFF. T h i s  i n c r e a s e  t o  i n f i n i t y  i s  due  t o  

t h e  f a c t  t h a t  a c c o r d i n g  t o  Eq. 2 4 ,  D i n c r e a s e s  t o  i n f i n i t y  when R 

goes t o  1. T h i s  i s  n o t  i m p o r t a n t  s i n c e ,  i n  p r a c t i c a l  s i t u a t i o n s ,  

one i s  n o t  a b l e  t o  measure r e t e n t i o n  f a c t o r s  co r re spond ing  t o  X 

v a l u e s  l a rge r  t h a n  2 (R = 0 . 9 9 6 )  o r  even 1 (R = 0 . 9 8 4 ) .  F a r  more 

@ , o p t  

0,OPt 
I n  t h e  

v a r i e s  a s  1 4 . 5  Ay 
0,OPt 
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1 I I 

1.0 
0 

0.75 0 0.25 0.5 

FIGURE 5. Minimum value of the reduced plate height versus reten- 
tion factor. 

significant are the variations of v in the high retention 

domain. I n  that range, v can be  expressed as: 
0,opt 

0 ,opt 

- -  J 1 8 1  ___ 
"o,oPt - p - y )  

which gives: 

for y = 1: 

= 0.71IR 
Vo,oPt 

( 5 4 )  

(55) 
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25 

20 

15 

10 

5 

FIGURE 6 .  
p l a t e  h e i g h t  v e r s u s  r e t e n t i o n  f a c t o r .  
y = 1 ( t h e r m a l  and flow FFF). 
( s e d i m e n t a t i o n  FFF) . 

Reduced e l u a n t  v e l o c i t y  co r re spond ing  t o  t h e  minirnum 
Curve 1 and l e f t  y -ax i s :  

Curve 2 and r i g h t  y -ax i s :  y = 1/3 
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714 MARTIN AND JAULMES 

and f o r  y = 113: 

According t o  t h e s e  e q u a t i o n s ,  v i n c r e a s e s  t o  i n f i n i t y  when R 
0 , o p t  

d e c r e a s e s  t o  0 .  T h e r e f o r e ,  d u r i n g  a n  FFF r u n  a t  a c o n s t a n t  r educed  

e l u a n t  v e l o c i t y  v as a n a l y t e s  become more and more r e t a i n e d ,  

a x i a l  mo lecu la r  d i f f u s i o n  a c c o u n t s  f o r  a s u c c e s s i v e l y  more impor- 

t a n t  r e l a t i v e  c o n t r i b u t i o n  t o  p l a t e  h e i g h t .  Consequen t ly ,  t h e  

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

T h i s  e x p l a i n s  t h e  d e v i a t i o n  i n  t h e  c u r v e s  i n  F i g u r e s  3 and 4 from 

t h e  l i n e a r i t y  expec ted  on t h e  b a s i s  o f  Eqs.  48 and 4 9  f o r  t h e  

lowes t  v a l u e s  of v and t h e  h i g h e s t  v a l u e s  o f  (V /V ) S i n c e  

V i n c r e a s e s  f a s t e r  w i t h  d e c r e a s i n g  R i n  s e d i m e n t a t i o n  FFF 

t h a n  i n  the rma l  o r  f l o w  FFF, t h i s  d e v i a t i o n  o c c u r s  i n  t h e  f i r s t  

c a s e  a t  h i g h e r  v e l o c i t i e s  t h a n  i n  t h e  second .  U l t i m a t e l y ,  a t  t h e  

l o w e s t  v a l u e s  of v and R ,  a x i a l  d i f f u s i o n  becomes t h e  predomi- 

n a n t  mechanism f o r  band b roaden ing .  I n  t h a t  c a s e  Eq. 47 must b e  

r e p l a c e d  by :  

0’ 

R o max‘ 

0,OPt 

T h i s  shows t h a t  n i n  t h i s  r a n g e  i n c r e a s e s  as t h e  s q u a r e  r o o t  o f  

v . T h e r e f o r e ,  one  w i l l  o b s e r v e  f o r  each c u r v e  a maximum of  n f o r  

some v a l u e  o f  v t h i s  v a l u e  be ing  h i g h e r  i n  s e d i m e n t a t i o n  FFF t h a n  

i n  the rma l  o r  f low FFF. 
0’ 

Peak c a p a c i t y  and d e t e c t a b i l i t y  

The peak c a p a c i t y  may, sometimes,  b e  l i m i t e d  by d e t e c t a b i l i t y  

c o n s i d e r a t i o n s .  Most of t h e  d e t e c t o r s  used in FFF, as i n  l i q u i d  

chromatography,  a r e  c o n c e n t r a t i o n  s e n s i t i v e .  T o  b e  d e t e c t a b l e ,  a n  

a n a l y t e  must have a c o n c e n t r a t i o n  C l a r g e r  t h a n  a minimal  

d e t e c t a b l e  c o n c e n t r a t i o n  a t  t h e  o u t l e t  of t h e  c h a n n e l .  c a n  ‘max 
b e  expres sed  f o r  a Gauss i an  zone i n  terms o f  t h e  e l u t i o n  p a r a m e t e r s  

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

channe l :  

max 
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PEAK CAPACITY I N  FFF 715 

m m f i  =- -- 
UV & VR a 'max 

I n  l i q u i d  chromatography, when t h e  p l a t e  number i s  t h e  same f o r  

a l l  t h e  s o l u t e s ,  Cmax/m d e c r e a s e s  w i t h  i n c r e a s i n g  VR,  which may 

impose a l i m i t  of ( V  / V  ) and consequen t ly  on t h e  peak c a p a c i t y .  R o max 
F i g u r e  7 r e p r e s e n t s  t h e  v a r i a t i o n s  of t h e  r e l a t i v e  s t a n d a r d  

d e v i a t i o n ,  u / V  of  peaks e l u t i n g  a t  d i f f e r e n t  r e t e n t i o n  volumes 

d u r i n g  t h e  f r a c t i o n a t i o n  r u n  f o r  f o u r  t y p i c a l  c a s e s  co r re spond ing  

t o  t h e  same v a l u e s  of vo and y as f o r  t h e  c u r v e s  i n  F i g u r e  1, 5 

be ing  t h e  same f o r  a l l  c u r v e s  and e q u a l  t o  2000. The shapes  o f  

t h e  s e d i m e n t a t i o n  FFF c u r v e s  1 and 2,  on one hand, and of t h e  

the rma l  o r  f l o w  FFF c u r v e s  3 and 4 ,  on t h e  o t h e r  hand, are  markedly 

d i f f e r e n t .  Th i s  d i f f e r e n c e  may b e  unde r s tood  i f  one l o o k s  a t  t h e  

h i g h  r e t e n t i o n  l i m i t  e x p r e s s i o n  of u / V  

t h e  l e f t -hand  s i d e  of Eq. 28 i s  n e g l i g i b l e :  

v 0 '  

when t h e  f i r s t  t e r m  o f  v o  

which g i v e s  f o r  y=l: 

and f o r  y= 113: 
I 

In t he rma l  and f low FFF, t h e  s t a n d a r d  d e v i a t i o n  a p p e a r s  t o  b e  

independent  of r e t e n t i o n  volume. T h i s  i s  man i fe s t ed  by t h e  

quasi-constancy of t h e  c u r v e s  1 and 2 f o r  VR/Vo > 10 .  

i n  s e d i m e n t a t i o n  FFF, Eq. 61 i n d i c a t e s  t h a t  uv d e c r e a s e s  w i t h  i n -  

c r e a s i n g  VR as  s e e n  i n  F i g u r e  7 f o r  c u r v e s  1 and 2 a t  VR/Vo > 5. 

Eqs. 59-61 are  v a l i d  on ly  i n  t h e  h i g h  r e t e n t i o n  r ange ;  t hey  canno t  

e x p l a i n  t h e  d i f f e r e n c e s  i n  t h e  shapes  of t h e  c u r v e s  f o r  VR/Vo < 1 0 .  

A l l  c u r v e s  show a f a s t  i n c r e a s e  of u / V  w i t h  V /V f o r  V c l o s e  t o  

V o ,  as  a r e s u l t  of t h e  dependence of [X/(RZXY)]1/2 w i t h  ( V i / V o ) ,  

By c o n t r a s t ,  

v o  R r  O R 
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716 MARTIN AND JAULMES 

FIGURE 7 .  R e l a t i v e  peak s tandard  d e v i a t i o n  v e r s u s  r e l a t i v e  re- 
t e n t i o n  volume. < = 2000. Same  y and v as  f o r  F igure  1. 
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s i n c e  i n  t h a t  r e t e n t i o n  r ange  a x i a l  d i f f u s i o n  i s  n e g l i g i b l e .  

R 
T h e r e f o r e ,  s e d i m e n t a t i o n  FFF c u r v e s ,  which are i n c r e a s i n g  w i t h  V 

a t  low V and d e c r e a s i n g  a t  l a r g e  VR,  have a maximum around V / V  
R R o  

2-3 w h i l e  the rma l  and f low FFF c u r v e s  i n c r e a s e  s t e a d i l y  t o  t h e i r  

c o n s t a n t  l i m i t  a t  l a r g e  VR. When nonequ i l ib r ium i s  t h e  main band 

broadening mechanism, a / V  i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  o f  v o  
t h e  e l u a n t  reduced v e l o c i t y ,  as  i n d i c a t e d  f o r  t h e  l i m i t  of h i g h  

r e t e n t i o n  by Eqs.  59-61. Accord ing ly ,  t h e  u / V  v a l u e s  of c u r v e s  

1 and 3 are  a b o u t  t h r e e  t imes  h i g h e r  t han  t h e  co r re spond ing  v a l u e s  

of  c u r v e s  2 and 4 .  A s  p r e v i o u s l y  n o t e d ,  d u r i n g  a g i v e n  r u n ,  

where t h e  r a t i o  v / v  

volume, t h e  a x i a l  d i f f u s i o n  c o n t r i b u t i o n  t o  h may n o t  remain 

n e g l i g i b l e  a t  h i g h  VR. 

by Eqs.  60 and 61 are observed f o r  t h e  low vo c u r v e s  2 and 4 a t  

v a l u e s  of V / V  l a r g e r  t h a n  abou t  30. 

i n f l e c t i o n  p o i n t  i n  c u r v e  4 and a minimum i n  c u r v e  2 .  

= 

v o  

d e c r e a s e s  w i t h  i n c r e a s i n g  r e t e n t i o n  
0 0 , o p t  

T h e r e f o r e ,  d e v i a t i o n s  from t h e  l i m i t s  s e t  

They are m a n i f e s t e d  by a n  R o  

S i n c e  f o r  g i v e n  v a l u e s  of m and V + C  i s  i n v e r s e l y  propor-  o max 
t i o n a l  t o  (a / V  ) ,  one c a n  e a s i l y  deduce t h e  v a r i a t i o n s  of C 

w i t h  V / V  

V = V 

poor i n  t h i s  r a n g e ,  t h e  c o n c e n t r a t i o n  a t  t h e  peak maximum f o r  a 

monodisperse  s o l u t e  e i t h e r  i n c r e a s e s ,  o r  remains approx ima te ly  

c o n s t a n t  w i t h  i n c r e a s i n g  r e t e n t i o n  volume. T h i s  i s  a n  i n t e r e s t i n g  

c h a r a c t e r i s t i c  p e c u l i a r  t o  FFF. Consequent ly ,  under  t h e  t y p i c a l  

e x p e r i m e n t a l  c o n d i t i o n s  evoked h e r e ,  t h e  peak c a p a c i t y  w i l l  n o t  b e  

l i m i t e d  by d e t e c t a b i l i t y  c o n s i d e r a t i o n s .  

v o  max 
from F i g u r e  7 .  T h e r e f o r e ,  a f t e r  a s h a r p  d e c r e a s e  from R o  

t o  V = 2 Vo,  which i s  n o t  of i n t e r e s t  s i n c e  r e s o l u t i o n  i s  R o  R 

Peak c a p a c i t y  and a n a l y s i s  t i m e  

A s  s e e n  above,  peak c a p a c i t y  i s  i n c r e a s e d  by e x t e n d i n g  t h e  

r e t e n t i o n  volume range  f o r  s e p a r a t i o n .  But t h i s  i n c r e a s e  i s  

ach ieved  a t  t h e  expense of t i m e .  T h e r e f o r e  t h e  peak c a p a c i t y  may 

be  l i m i t e d  by t h e  amount of t i m e  a l lowed f o r  t h e  f r a c t i o n a t i o n .  

One can t r y  t o  o p t i m i z e  t h e  peak c a p a c i t y  f o r  a g i v e n  a n a l y s i s  

t ime.  The a n a l y s i s  t i m e  i s  expres sed  as :  
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tA = - 

R1 i m u  
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( 6 2 )  

o r ,  by combinat ion w i t h  Eqs.  27 and 29:  

I n  t h i s  e q u a t i o n ,  t h e  t e r m  w Z / D o  i s  twice t h e  a v e r a g e  t i m e  r e q u i r e d  

by t h e  s o l u t e  e l u t e d  a t  R = 0.984 ( A = l )  t o  move a d i s t a n c e  w by 

d i f f u s i o n .  S i n c e ,  as  noted p r e v i o u s l y ,  D i s  e q u a l  t o  Uw where U 

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

the rma l  and f low FFF, and co r re spond ing  t o  t h e  s o l u t e  f o r  which 

A=l i n  s e d i m e n t a t i o n  FFF. T h i s  t i m e  w Z / D  r e p r e s e n t s  a l s o  w / U ,  

t h e  t i m e  r e q u i r e d  t o  move d i s t a n c e  w a t  t h e  f i e l d - i n d u c e d  v e l o c i t y  

U. 

because  t h e r e  a r e  many v a r i a b l e s  invo lved  i n  t h e  e x p r e s s i o n  of t 

Op t imiza t ion  of n a t  c o n s t a n t  tA can be  made i n  d i f f e r e n t  ways, 

A '  
F i r s t  of  a l l ,  one  may l e a v e  R c o n s t a n t  and e q u a l  t o  t h e  1 i m  

minimum v a l u e  of R a t  which compounds can  e l u t e  because  of t h e  

o n s e t  of  t h e  s t e r i c  e f f e c t .  I f  one  assumes w and D c o n s t a n t ,  one 

i s  look ing  a t  n f o r  a c o n s t a n t  r a t i o  </v  which means c o n s t a n t  

v o i d  volume e l u t i o n  t i m e .  The o p t i m i z a t i o n  problem i s  t h e n  t h e  

fo l lowing :  i s  i t  b e t t e r  t o  work w i t h  a l o n g  c h a n n e l  a t  a h i g h  

f l o w - r a t e  o r  w i t h  a s h o r t  channe l  a t  a low e l u a n t  v e l o c i t y ?  

F i g u r e  8 r e p r e s e n t s  on a l o g a r i t h m i c  s c a l e  t h e  v a r i a t i o n s  of n w i t h  

v a t  c o n s t a n t  v a l u e  of < / v  f o r  R = 1/50  and f o r  f o u r  cases. 

Curves 1 and 2 co r re spond  t o  s e d i m e n t a t i o n  FFF w i t h  t h e  < / v  r a t i o  

e q u a l  t o  1 and 0.1,  r e s p e c t i v e l y ,  c u r v e s  3 and 4 t o  t he rma l  and 

f l o w  FFF w i t h  </vo  e q u a l  t o  1 and 10,  r e s p e c t i v e l y .  

f i g u r e  i t  a p p e a r s  t h a t  t h e  peak c a p a c i t y  i s  c o n s t a n t  i n  sedimen- 

t a t i o n  FFF f o r  v > 5000 and i n  the rma l  and f low FFF p r a c t i c a l l y  

ove r  a l l  t h e  v e l o c i t y  r ange .  Again t h e  h i g h  r e t e n t i o n  l i m i t  w i t h  

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

h e i g h t ,  as r e f l e c t e d  i n  Eqs.  48 and 4 9 ,  a l l o w s  one t o  e x p l a i n  t h i s  

cons t ancy  of  n. Indeed ,  a c c o r d i n g  t o  t h e s e  e q u a t i o n s ,  n i s  pro- 

p o r t i o n a l  t o  t h e  s q u a r e  r o o t  of t h e  < / v  r a t i o .  T h e r e f o r e ,  as t h i s  

r a t i o  i s  ma in ta ined  c o n s t a n t ,  n is c o n s t a n t  whatever  t h e  a c t u a l  

0' 

1 i m  

From t h i s  
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FIGURE 8. Peak c a p a c i t y  v e r s u s  reduced e l u a n t  v e l o c i t y  a t  c o n s t a n t  
a n a l y s i s  t i m e .  (VR/Vo)max = 50. Curve 1: y = 1 / 3 ,  < / v  = 1. 

Curve 2: y = 113, </vo = 0.1. Curve 3: y = 1, < / v  = 1. Curve 
0 

4 :  y = 1, < / v  = 10.  

v a l u e s  of < and v . The d e v i a t i o n  from t h i s  l i m i t  f o r  t h e  s e d i -  

m e n t a t i o n  FFF c u r v e s  a t  low v i s  accounted f o r  by t h e  i n c r e a s i n g  

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

d e c r e a s i n g  v e l o c i t i e s .  When t h i s  c o n t r i b u t i o n  i s  predominant ,  

Eq. 57 p r e d i c t s  t h a t  n is p r o p o r t i o n a l  t o  

T h e r e f o r e ,  a t  low v e l o c i t y ,  n v a r i e s  l i n e a r l y  w i t h  v and t h e  l o g  

n v e r s u s  l o g  v curve  should have a s l o p e  e q u a l  t o  1. The shape  

of  c u r v e  1 f o r  v r a n g i n g  from 100 t o  5000 r e p r e s e n t s  t h e  t r a n s i -  

t i o n  between t h e  two l i m i t i n g  forms of n .  I n  summary, from F i g u r e  

8 ,  i t  a p p e a r s  t h a t  i n  o r d e r  t o  g e t  t h e  h i g h e s t  peak c a p a c i t y  a t  

c o n s t a n t  a n a l y s i s  t i m e , c o n s t a n t  f i e l d  and r e t e n t i o n  volume r a n g e ,  

i t  does  n o t  matter what a r e  t h e  a c t u a l  v a l u e s  of v and 5, pro- 

v i d e d  t h a t  vo i s  l a r g e  enough f o r  t h e  axial  d i f f u s i o n  c o n t r i b u t i o n  

t o  p l a t e  h e i g h t  t o  be  n e g l i g i b l e .  

t h e  o p t i m i z a t i o n  r e s u l t  i n  l i q u i d  chromatography where t h e  h i g h e s t  

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

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

o r  v KO. 
0’ 

T h i s  i s  i n  s h a r p  c o n t r a s t  w i t h  
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When working w i t h  a g iven  FFF channel  a t  a f i x e d  f o r c e - f i e l d ,  

one may impose a low e l u a n t  v e l o c i t y  and s t o p  t h e  a n a l y s i s  a f t e r  

a s m a l l  volume of l i q u i d  h a s  flowed through t h e  column, o r  one may 

have t h e  e l u a n t  f lowing a t  a h igh  r a t e  and s t o p  t h e  f i e l d  a f t e r  a 

l a r g e r  r e t e n t i o n  volume s o  t h a t  t h e  a n a l y s i s  t i m e  i s  t h e  same i n  

t h e  two cases. T h i s  i s  e q u i v a l e n t  t o  main ta in ing  t h e  product  

Rlim vo or t h e  ra ' t io  (VR/Vo>max/vo c o n s t a n t  i n  E q .  63. 

high vo/v 

experimental  work i s  done, Eq. 48 i n d i c a t e s  t h a t  n i s  p r o p o r t i o n a l  

t o  (VR/Vo)max/ Go o r  J"0 [(Vk/Vo)max/vo]. 

shows t h a t ,  i n  sed imenta t ion  FFF, n is  p r o p o r t i o n a l  t o  

(VR/Vo)max*/3/ 6 o r  v O 5 I 6 [  (VR/Vo)max/vo] 

a t  c o n s t a n t  (VR/~'o)max/vo, n i s  s e e n  t o  i n c r e a s e  w i t h  i n c r e a s i n g  

v . T h i s  t rend  i s  confirmed by t h e  n v a l u e s  r e p o r t e d  f o r  d i f f e r -  

e n t  reduced e l u a n t  v e l o c i t i e s  i n  Table  1 f o r  y=1/3 and Table  2 

f o r  y=l. Therefore  t h e  maximum peak c a p a c i t y  a t  c o n s t a n t  a n a l y s i s  

t i m e ,  channel  geometry and f i e l d ,  w i l l  be obta ined  a t  t h e  maximum 

r e t e n t i o n  volume compatible  w i t h  t h e  o n s e t  of t h e  s t e r i c  e f f e c t  

and t h e  a s s o c i a t e d  h i g h e s t  v e l o c i t y .  

I n  t h e  

range  and h igh  r e t e n t i o n  l i m i t ,  i n  which most 
0 , O P t  

S i m i l a r l y ,  Eq. 49 

4 / 3  . I n  both  cases, 

TABLE 1 

Peak Capaci ty  Values a t  Constant  A n a l y s i s  T i m e  and Constant  
(VR/Vo)max/~o Rat io  i n  Sedimentat ion FFF 

vO (VR/Vo)max - n 

1 0  000 10 4 .9  
20 000 20  8.1 
50 000 50 16.2 

100 000 100  28.2 

Y = 1 / 3  
5=2000 

(VR/Vo)max/Vo=O. 001 
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TABLE 2 

7 21 

Peak Capac i ty  Values  a t  Cons tan t  A n a l y s i s  T i m e  and Cons tan t  
(VR/Vo)max/vo R a t i o  i n  Thermal and Flow FFF 

- UO (Vg/Vo)max - n 

100 1 0  15.7 
200 20 21.2 
500 50 32 .1  

1000 100  4 4 . 6  

y = l  

<=2000 

(vR/vo)maxlvo=o. 1 

CONCLUSION 

Under p r e s e n t  expe r imen ta l  c o n d i t i o n s ,  t h e  peak c a p a c i t y  i n  

FFF r e a c h e s  a b o u t  5 t o  100,  depending on t h e  a c t u a l  system used.  

The p r e s e n t  s t u d y  can  s e r v e  t o  e a s i l y  e v a l u a t e  t h e  change i n  peak 

c a p a c i t y  b rough t  abou t  by a m o d i f i c a t i o n  of  any o p e r a t i o n a l  param- 

eter, s i n c e  a l l  t h e s e  pa rame te r s  are grouped i n  o n l y  t h r e e  reduced 

v a r i a b l e s :  t h e  reduced channe l  l e n g t h ,  t h e  reduced e l u a n t  

v e l o c i t y  and t h e  m a x i m u m  r e l a t i v e  r e t e n t i o n  volume. The v a l i d i t y  

o f  t h e  r e s u l t s  depends on t h e  v a l i d i t y  of  t h e  b a s i c  e x p r e s s i o n s  

f o r  r e t e n t i o n  and peak broadening d e s c r i b e d  by E q s .  8 and 10. 

D e v i a t i o n s  from t h e s e  e q u a t i o n s  have sometimes been obse rved ,  

e s p e c i a l l y  f o r  h i g h  r e t e n t i o n .  While t h e  o r i g i n  of  t h e s e  dev ia -  

t i o n s  i s  n o t  comple t e ly  e l u c i d a t e d ,  one b e l i e v e s  t h a t ,  i n  most of 

t h e  cases, t h e y  r e l y  d i r e c t l y  or i n d i r e c t l y  on t e c h n o l o g i c a l  

problems and t h a t  t hey  w i l l  b e  reduced and,  h o p e f u l l y ,  e l i m i n a t e d  

by f u t u r e  p r o g r e s s .  For  i n s t a n c e ,  improved d e t e c t a b i l i t y  w i l l  

a l l o w  a d e c r e a s e  i n  peak broadening and r e t e n t i o n  s h i f t  a s s o c i a t e d  

w i t h  i n j e c t i o n  and c o n c e n t r a t i o n  n o n i d e a l i t i e s  i n  t h e  channe l .  

I n  t h a t  l i g h t ,  peak c a p a c i t y  c a l c u l a t i o n s  performed i n  t h i s  s t u d y  

g i v e  u l t i m a t e  v a l u e s  based on p r e s e n t  expe r imen ta l  c o n d i t i o n s .  
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