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INTRODUCTION 

Historically, the separation of similar molecules by their 

differential solubility between two immiscible phases has provided 

the basis of several highly selective separatory techniques such 

as paper chromatography, countercurrent distribution, and liquid- 

liquid column chromatography. The great selectivity of these 

techniques arises from the fact that the partition coefficient is 

a fundamental reflection of intermolecular forces which can be 

strongly modified by conditions of temperature and phase com- 

position. Thus, with judicious choice of conditions, highly 

specific interactions can often be exploited which will permit the 

resolution of selected components from even very complex mixtures. 

Paper chromatography has long been used as a highly selective 

separatory method. However, sample sizes are limited and separa- 

tions are of relatively low efficiency. Until the fairly recent 

advent of "high resolution" column chromatography, countercurrent 
distribution was probably the method of choice for high resolution 

separations based upon the liquid-liquid partition principle. The 
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advantages of  l a r g e  sample c a p a c i t i e s ,  an almost  un l imi ted  choice  

of s o l v e n t  p a i r s ,  and easy d e s c r i p t i o n  o f  s e p a r a t i o n s  tended t o  

outweigh t h e  concomitant d i sadvantages  of expens ive ,  cumbersome 

appara tus  and long s e p a r a t i o n  t i m e s .  

techniques of high p r e s s u r e  l i q u i d  chromatography, which a f f o r d  

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

d i s t r i b u t i o n  techniques  f o r  s e p a r a t i o n s  involv ing  small  molecules ,  

they do n o t ,  a s  y e t ,  a f f o r d  a panacea t o  t h e  problems of  separa-  

t i o n .  The choice  of phases  i s  r a t h e r  l i m i t e d  by t h e  requi rements  

o f  r e t e n t i o n  (adsorp t ion  or chemical  b o n d a b i l i t y )  t o  t h e  suppor t  

which, i t s e l f ,  must be i n e r t .  I n  p a r t i c u l a r ,  t h e s e  problems a r e  

more a c u t e  f o r  h ighly  p o l a r  molecules ,  f o r  which t h e  a v a i l a b i l i t y  

of s u i t a b l e  phases  i s  r a t h e r  l i m i t e d ,  and f o r  b i o l o g i c a l  macro- 

molecules  f o r  which s u i t a b l e  phases  a r e  v i r t u a l l y  n o n - e x i s t a n t .  

Although t h e  newly developed 

We have been experimenting w i t h  a l i q u i d - l i q u i d  p a r t i t i o n  

technique which combines t h e  s e l e c t i v i t y  a f f o r d e d  by paper 

chromatographic and c o u n t e r c u r r e n t  d i s t r i b u t i o n  techniques  w i t h  

t h e  e f f i c i e n c y  and speed a f f o r d e d  by column chromatographic 

techniques .  T h i s  technique ,  which has been c a l l e d  c o u n t e r c u r r e n t  

chromatography, i s  a cont inuous  flow technique which, a l though 

employing much of  t h e  i n s t r u m e n t a t i o n  o f  column chromatography, 

does not u t i l i z e  a s o l i d  suppor t .  Thus, t h e  c h o i c e  i n  phase 

composi t ion e q u a l s  o r  exceeds t h a t  p o s s i b l e  w i t h  paper chromatog- 

raphy o r  c o u n t e r c u r r e n t  d i s t r i b u t i o n .  A d d i t i o n a l l y  s e p a r a t i o n s  on 

both  an a n a l y t i c a l  and p r e p a r a t i v e  s c a l e  a r e  p o s s i b l e .  

I n  o r d e r  t o  e l i m i n a t e  t h e  s o l i d  s u p p o r t ,  i t  was necessary  t o  

overcome f o u r  problems. 

1. How t o  r e t a i n  t h e  s t a t i o n a r y  phase w h i l e  t h e  mobile phase 

i s  e l u t e d .  

How t o  d i v i d e  t h e  column space i n t o  numerous p a r t i t i o n  

u n i t s  and reduce laminar  flow spreading  of sample bands. 

2 .  

3 .  How t o  i n c r e a s e  i n t e r f a c i a l  a r e a .  

4 .  How t o  mix each phase t o  reduce mass t r a n s f e r  r e s i s t a n c e .  

The fo l lowing  model system d e s c r i b e s  one method of achiev ing  

t h i s  which overcomes t h e  above problems. 
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THE FLOW-THROUGH COIL PLANET CENTRIFUGE 

P r i n c i p l e s  of  o p e r a t i o n  

The model c o n s i s t s  of  a h e l i c a l l y  c o i l e d  tube mounted w i t h  

i t s  long a x i s  perpendicular  t o  t h e  g r a v i t a t i o n a l  f i e l d ,  The c o i l  

i s  slowly r o t a t e d  about  i t s  long a x i s .  (The speed o f  r o t a t i o n  i s  

slow enough so t h a t  c e n t r i f u g a l  f o r c e s  may be i g n o r e d ) .  T h i s  model 

reproduces much of t h e  e s s e n t i a l  o p e r a t i n g  phenomena, and i s  e a s i e r  

t o  v i s u a l i z e  t h a n  t h e  c e n t r i f u g e  device  which i s  used f o r  separa-  

t i o n s .  

F i r s t ,  t h e  c o i l  i s  completely f i l l e d  w i t h  a s i n g l e  s o l u t e .  

During r o t a t i o n ,  t h e  s o l v e n t  simply fo l lows  t h e  tub ing  around. The 

superimposed g r a v i t a t i o n a l  f i e l d  has  no e f f e c t  because t h e  s o l v e n t  

i s  of  homogeneous d e n s i t y .  Next, some a i r  bubbles  and p l a s t i c  

beads denser  than  t h e  s o l v e n t  a r e  in t roduced .  Now, t h e  s o l v e n t  

s t i l l  fo l lows  t h e  t u b i n g  around,  but  t h e  a i r  bubbles  and beads 

exper ience  buoyant f o r c e s  a s  w e l l .  The a i r  bubbles  and beads a r e  

observed t o  migra te  toward t h e  same end of  t h e  column, which w i l l  

be c a l l e d  t h e  head. The motion of t h e  suspended o b j e c t s  r e s u l t s  

from i n t e r p l a y  o f  buoyancy, which t e n d s  t o  keep them i n  t h e  t o p  

o r  bottom of t h e  c o i l ,  and hydrodynamic drag  which tends  to  move 

them w i t h  t h e  s o l v e n t .  I n  f a c t ,  any suspended o b j e c t ,  whether 

heavier  o r  l i g h t e r  than t h e  s o l v e n t ,  m i g r a t e s  toward t h e  head of 

t h e  column. I n  t h e  extreme c a s e  where t h e  buoyant f o r c e s  over -  

power t h e  hydrodynamic drag ,  e . g .  l a r g e ,  heavy beads ,  t h e  bead 

remains a t  t h e  bottom w h i l e  t h e  c o i l  undergoes h e l i c a l  screw motion 

p a s t  t h e  bead. Hence, f o r  every  r e v o l u t i o n ,  t h e  bead advances one 

t u r n  of  t h e  c o i l  toward t h e  head. I n  t h e  more g e n e r a l  case, t h e  

suspended o b j e c t  t r i es  t o  fo l low t h e  s o l v e n t  around, bu t  i s  

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

g r a v i t y .  This  t ime,  a more g r a d u a l  m i g r a t i o n  toward t h e  head i s  

observed w i t h  a number o f  r e v o l u t i o n s  being r e q u i r e d  t o  advance 

t h e  o b j e c t  one t u r n  of t h e  h e l i x .  

If a drop of an immiscible  l i q u i d  i s  suspended i n  t h e  s o l v e n t  

it w i l l  a l s o  m i g r a t e  toward t h e  head o f  t h e  column a s  d i d  t h e  bead. 
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Now t h e  c o i l  i s  i n i t i a l l y  f i l l e d  w i t h  r o u g h l y  e q u a l  amounts o f  two 

immiscible s o l v e n t s  such  as  w a t e r  and b u t a n o l  c o l o r e d  w i t h  a dye f o r  

c o n t r a s t .  The p r i n c i p l e  t h a t  suspended  d r o p s  m i g r a t e  toward t h e  

head s t i l l  a p p l i e s ,  b u t  t h e  q u e s t i o n  o f  which phase  a c t s  a s  t h e  

suspend ing  medium depends on which phase  i s  i n  l o c a l  e x c e s s  w i t h i n  

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

two p h a s e s  r e a c h  a dynamic e q u i l i b r i u m  s t a t e  where ,  s t a r t i n g  from 

t h e  head end ,  e a c h  t u r n  of  t h e  c o i l  i s  o c c u p i e d  by n e a r l y  e q u a l  

volumes of  t h e  two p h a s e s .  

f o r c e d  t o  t h e  t a i l  end o f  t h e  c o i l ,  b e c a u s e  any e x c e s s  i n  a g i v e n  

c o i l  u n i t  w i l l  s imp ly  s p i l l  o v e r  i n t o  t h e  n e x t  c o i l  u n i t .  

Any e x c e s s  o f  e i t h e r  p h a s e  w i l l  be  

It i s  t h i s  e f f e c t  which o b v i a t e s  t h e  i n e r t  s u p p o r t ;  an e x c e s s  

o f  e i t h e r  phase c a n  be  i n t r o d u c e d  i n t o  t h e  head end by means o f  a 

pump. I f  more upper  phase  i s  s l o w l y  pumped i n t o  t h e  head end o f  

t h e  c o i l ,  a l i k e  amount o f  upper  phase  w i l l  emerge a t  t h e  t a i l  end 

l e a v i n g  t h e  lower phase  w i t h i n  t h e  c o i l  as a s t a t i o n a r y  phase .  

Meanwhile,  i n  e a c h  t u r n  o f  t h e  c o i l ,  t h e  two p h a s e s  are  c o n t i n u a l l ) .  

p e r c o l a t i n g  th rough  e a c h  o t h e r  a s  t h e  h e l i x  r e v o l v e s .  Consequent l ] , ,  

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

p a r t i t i o n e d  between t h e  two v i g o r o u s l y  mix ing  p h a s e s ,  and w i l l  m o w  

toward t h e  t a i l  a t  a r a t e  dependent  upon i t s  p a r t i t i o n  c o e f f i c i e n t ,  

Thus ,  one can  c a r r y  o u t  l i q u i d - l i q u i d  chromatography w i t h o u t  u s i n g  

a s o l i d  s u p p o r t .  

I n  summary, t h e  s a l i e n t  f e a t u r e  o f  t h i s  sys t em i s  t h e  seg -  

m e n t a t i o n  o f  p h a s e s  produced by t h e  combina t ion  o f  t h e  c o i l  and t h e  

g r a v i t a t i o n a l  f i e l d .  I n  t h e o r y ,  t h e  model d e s c r i b e d  above c o u l d  

b e  used a s  i s ;  however f o r  a p r a c t i c a l  sys t em c e n t r i f u g a t i o n  must 

b e  used t o  enhance  t h e  g r a v i t a t i o n a l  f i e l d  i n  o r d e r  t o  p e r m i t  

r e a s o n a b l e  f low ra tes  w i t h  s m a l l  b o r e  c o i l s .  

P r i n c i p l e s  of c o n s t r u c t i o n  

The f i r s t  scheme u t i l i z i n g  t h e  p r i n c i p l e s  i l l u s t r a t e d  w i t h  t h e  

above model i s  t h e  " f low- th rough  c o i l  p l a n e t  c e n t r i f u g e ' '  which i s  

i l l u s t r a t e d  d i a g r a m m a t i c a l l y  i n  F i g u r e  1. T h i s  d e v i c e  employs a 

v e r t i c a l  h e l i c a l  column i n  t h e  c e n t r i f u g a l  f i e l d .  The column i s  
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A B 
I 

Sfo fionory 
Pu//ey 

FIGURE 1 
P r i n c i p l e  of  t h e  flow-through c o i l  p l a n e t  c e n t r i f u g e .  (A)  H e l i c a l  
s e p a r a t i o n  column w i t h  f l e x i b l e  feed  and r e t u r n  t u b e s  suppor ted  
by themoving and s t a t i o n a r y  d i s k s .  (B)  Success ive  p o s i t i o n s  of  
t h e  s t a t i o n a r y  and moving d i s k s .  

mounted i n  such a manner t h a t  i t  and t h e  c o i l  ho lder  ( t h e  d i s k  i n  

F igure  1 - A  marked w i t h  t h e  "x") make a s i n g l e  r o t a t i o n  about  t h e  

co i l  a x i s  f o r  each r e v o l u t i o n  of  t h e  c e n t r i f u g e .  The r e q u i s i t e  

r o t a t i o n  can be provided by means of  a b e l t  on t h e  h e l i x  holder  

which couples  t h e  lower moving d i s k  t o  a s t a t i o n a r y  d i s k  of  equal  

diameter  around t h e  a x i s  of  r o t a t i o n  of  t h e  c e n t r i f u g e .  T h i s  

coupl ing  causes  a c o u n t e r - r o t a t i o n  of t h e  h e l i x  t o  c a n c e l  o u t  t h e  

r o t a t i o n  of t h e  h e l i x  induced by t h e  r e v o l u t i o n  of  t h e  c e n t r i f u g e .  

A s  a consequence, t h e  moving d i s k  main ta ins  t h e  same f a c e  toward a 

s t a t i o n a r y  observer  a s  shown i n  F igure  1 -B .  It i s  t h i s  f e a t u r e  

which o b v i a t e s  r o t a t i n g  s e a l s ;  t h e  feed  and r e t u r n  tubes  do not  

t w i s t  because t h e  moving d i s k  does not  r o t a t e  w i t h  r e s p e c t  t o  t h e  

s t a t i o n a r y  d i s k s .  
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When t h e  h e l i c a l  column i s  f i l l e d  w i t h  two i m m i s c i b l e  p h a s e s ,  

s u c h  p l a n e t a r y  mot ion  c a n  p roduce  a n  e q u i l i b r i u m  p a t t e r n  

m u l t i p l e  segments  o f  t h e  two p h a s e s  are  a l t e r n a t e l y  a r r a n g e d  from 

t h e  head end of t h e  column and any e x c e s s  o f  e i t h e r  p h a s e  r ema ins  

a t  t h e  t a i l ,  A s  w i t h  t h e  p r e v i o u s l y  d i s c u s s e d  model ,  t h e  mob i l e  

p h a s e  must be  i n t r o d u c e d  from t h e  head  end a s  de t e rmined  by b o t h  

t h e h a n d e d n e s s  o f  t h e  h e l i x  and t h e  d i r e c t i o n  o f  p l a n e t a r y  mot ion .  

Any s o l u t e  i n t r o d u c e d  i n t o  t h e  column w i l l  t h e n  be  p a r t i t i o n e d  

between t h e  a l t e r n a t i n g  segments  o f  t h e  two p h a s e s  and e l u t e d  i n  

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

where t h e  

Appara tus  

A " l a b o r a t o r y  b r e a d  board" t y p e  o f  d e v i c e  h a s  been  c o n s t r u c t e d  

by mod i fy ing  a c o n v e n t i o n a l  c e n t r i f u g e  a s  shown i n  F i g u r e  2 .  

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

arms w i t h  b e a r i n g s  which a r e  e q u i v a l e n t  t o  t h e  p r e v i o u s l y  men t ioned  

"moving d i s k " .  A p a i r  o f  p u l l e y s  o f  t h e  same s i z e ,  one  a t  t h e  

bo t tom of t h e  h o l d e r  and t h e  o t h e r  a t  t h e  s t a t i o n a r y  t u b e  s u r -  

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

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

h o l d e r .  

The 

The column i s  p r e p a r e d  by wind ing  T e f l o n  t u b i n g  o n t o  a p l a s t i c  

c o r e  t o  make a column u n i t .  M u l t i p l e  column u n i t s  are  i n t e r -  

c o n n e c t e d  i n  ser ies  and t i g h t l y  mounted i n t o  t h e  p e r i p h e r a l  g r o o v e s  

o f  t h e  h o l d e r .  Both f e e d  and r e t u r n  t u b e s  are  p a s s e d  th rough  t h e  

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

h e i g h t  o f  abou t  25 cm above t h e  c e n t e r  o f  t h e  a p p a r a t u s .  These 

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

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

h a v i n g  been used  many t imes .  The r a d i u s  o f  r e v o l u t i o n  i s  ad- 

j u s t a b l e  t o  3 0 . 7 ,  20 .2 ,  13 .6 ,  and 8 . 6  c m .  The r e v o l u t i o n a l  speed  

i s  c o n t i n u o u s l y  r e g u l a t e d  up t o  700 rpm a t  t h e  30.7 c m  r a d i u s .  

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

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

FIGURE 2 
The flow-through coil planet centrifuge. The column unit is to 
the left. Note the coupling pulley at the bottom. 

feed tube. After the desired revolutional speed is established, 

the mobile phase is pumped through the feed tube while the eluate 

is monitored with an LKB UV monitor at 280 nm. It should a l s o  be 

noted that it i s  not necessary to maintain a constant composition 
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IT0 ET AL. 

f o r  t h e  mob i l e  phase .  I n  f a c t ,  a g r a d i e n t  i n  t h e  c o m p o s i t i o n  o f  

a t h i r d  component can  o f t e n  be  employed a d v a n t a g e o u s l y  t o  improve 

r e s o l u t i o n  and d e c r e a s e  a n a l y s i s  t ime.  

Three  t y p e s  of  column c o n f i g u r a t i o n s  which have been  used  a r e  

shown i n  F i g u r e  3. The s t r a i g h t  h e l i x  column was p r e p a r e d  by 

wind ing  t u b i n g  o n t o  a r i g i d  r o d  which was mounted p a r a l l e l  t o  t h e  

a x i s  o f  t h e  h o l d e r .  The c o i l e d  h e l i x  column was p r e p a r e d  by winding 

a t u b e  o n t o  a f l e x i b l e  t u b e  which was c o i l e d  a round  t h e  h o l d e r  a t  

v a r i o u s  a n g l e s .  The f l a t  c o i l e d  h e l i x  column was p r e p a r e d  by 

wind ing  a t u b e  o n t o  a p l a s t i c  s t r i p  which was c o i l e d  a round  t h e  

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

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

E f f i c i e n t  s e p a r a t i o n  depends on s a t i s f y i n g  two r e q u i r e m e n t s  f o r  

phase  b e h a v i o r  i n  t h e  e q u i l i b r a t e d  c o i l .  The f i r s t  r e q u i r e m e n t  i s  

t o  r e t a i n  an  a d e q u a t e  amount o f  t h e  s t a t i o n a r y  phase  i n  t h e  column, 

Straight Helix Coiled Helix Flat Coiled Helix 

FIGURE 3 
T h r e e  t y p e s  o f  column c o n f i g u r a t i o n  used  w i t h  t h e  f low- th rough  
c o i l  p l a n e t  c e n t r i f u g e .  
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COUNTERCURRENT CHROMATOGWHY 

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

a d e q u a t e  t o  p roduce  a l a r g e  number o f  p a r t i t i o n  u n i t s  w i t h  h i g h  

i n t e r f a c i a l  a r e a .  For a g i v e n  s o l v e n t  sys t em,  t h e s e  r e q u i r e m e n t s  

can  u s u a l l y  be  s a t i s f i e d  by c h o o s i n g  an a p p r o p r i a t e  c o m b i n a t i o n  o f  

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

d i a m e t e r ,  r e v o l u t i o n a l  s p e e d ,  r a d i u s ,  f l ow r a t e ,  e t c .  The number 

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

c h o i c e  i t  i s  u s u a l l y  n e c e s s a r y  t o  r e s o r t  t o  t h e  phase d i s t r i b u t i o n  

d i ag ram.  The phase  d i s t r i b u t i o n  d i ag ram d e s c r i b e s  t h e  s t e a d y  

s t a t e  r e l a t i v e  volumes o c c u p i e d  by t h e  two p h a s e s  a s  a f u n c t i o n  o f  

r e v o l u t i o n a l  speed  f o r  a g i v e n  s e t  o f  o t h e r  v a r i a b l e s .  

w i t h  a s t r a i g h t  h e l i x  c 0 1 u m n . ~  

c e n t a g e  o f  t h e  column s p a c e  o c c u p i e d  by t h e  aqueous p h a s e  and t h e  

a b s c i s s a  t h e  a p p l i e d  r e v o l u t i o n a l  speed  i n  rpm a t  30.7 c m  r a d i u s .  

Two p o i n t s  a r e  measured f o r  e a c h  speed :  l i g h t  c i r c l e s  f o r  t h e  

aqueous phase  used  as  t h e  mob i l e  phase  and b l a c k  c i r c l e s  f o r  t h e  

aqueous p h a s e  a s  t h e  s t a t i o n a r y  p h a s e .  A s  t h e  f low r a t e  i s  

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

r e d u c e  t o  one  p o i n t  which r e p r e s e n t s  t h e  t r u e  e q u i l i b r i u m  composi- 

t i o n  under  no f low c o n d i t i o n s .  A p a i r  o f  c u r v e s  drawn t h r o u g h  

e a c h  p o i n t  shows some common f e a t u r e s  among v a r i o u s  p h a s e  s y s t e m s  

examined. The uppe r  c u r v e  s t a r t s  t o  move down e a r l i e r  and 

d i s p l a y s  a s h a r p  s p i k e  b e f o r e  i t  becomes n e a r l y  h o r i z o n t a l ,  whereas  

t h e  lower c u r v e  s t a r t s  t o  r i s e  la te r  and smoothly approaches  t h e  

uppe r  c u r v e .  

F i g u r e  4 shows a phase  d i s t r i b u t i o n  d i ag ram o f  Hexane /wa te r  

The o r d i n a t e  i n d i c a t e s  t h e  p e r -  

Thus,  t h e  phase  d i ag ram may be  c o n v e n i e n t l y  d i v i d e d  i n t o  t h r e e  

r e g i o n s  a s  shown i n  F i g u r e  4 :  t h e  "p lug  flow" r e g i o n ,  t h e  " sp ike"  

r e g i o n ,  and t h e  " e q u i l i b r i u m "  r e g i o n .  The p l u g  f low r e g i o n  i s  

found a t  low s p e e d s  and i s  c h a r a c t e r i z e d  by comple t e  d i s p l a c e m e n t  

o f  t h e  s t a t i o n a r y  phase  ( p l u g  f low) .  I n  t h e  s p i k e  r e g i o n ,  p l u g  

f low i s  induced  o n l y  i f  t h e  nonaqueous p h a s e  i s  used a s  t h e  m o b i l e  

p h a s e .  Although r e t e n t i o n  does  o c c u r  i n  t h i s  r e g i o n  when t h e  

aqueous  phase  i s  t h e  m o b i l e  phase  s e p a r a t i o n s  are o f  l o w  e f f i c i e n c y .  
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IT0 ET AL. 

PHASE DISTRIBUTION DIAGRAM 

Hexane / H20 system 

RPM 

FIGURE 4 
Phase distribution diagram of hexanelwater phase system. 

The relatively flat equilibrium region has been used most widely 

for separations. The phase distribution is relatively insensit.ive 

to speed variations, either phase can be used as mobile phase, and 

separations are of high efficiency. 

The phase distribution pattern varies both with phase com- 

position parameters and instrumental variables. Figure 5 shows 
the phase distribution diagrams for 9 phase systems in relation to 
the internal diameter of the straight helix c01umn.~ 

diagram, the flat equilibrium region close to the 50% line repre- 

sents the optimal situation. Note that as the coil diameter 

decreases, the equilibrium region is shifted to higher speeds and 

In each 
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COUNTERCURRENT CHROMATOGRAPHY 

t h a t  f o r  some s o l v e n t  systems,  t h e  e q u i l i b r i u m  r e g i o n  does not  

appear  on t h e  phase diagram. T h i s  f a c t o r  i s  r e l a t e d  t o  t h e  i n t e r -  

f a c i a l  t e n s i o n  which i s  t h e  major s o l v e n t  v a r i a b l e  a f f e c t i n g  t h e  

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

t e n s i o n  can  be gained from Figure  5. The high i n t e r f a c i a l  p a i r s  

such a s  hexanelwater o r  e t h y l  a c e t a t e l w a t e r  e x h i b i t  a n  e q u i l i b r i u m  

r e g i o n  a t  high speeds ,  whi le  f o r  low i n t e r f a c i a l  t e n s i o n  s o l v e n t s ,  

t h e  e q u i l i b r i u m  region  appears  a t  lower speeds .  I n  some of  t h e s e  

however, t h e r e  i s  no t r u e  e q u i l i b r i u m  region  because of  t h e  forma- 

t i o n  of an emulsion.  It can a l s o  be seen t h a t  a d d i t i o n  of  sub- 

s t a n c e s  s o l u b l e  i n  both phases  tends  t o  reduce i n t e r f a c i a l  t e n s i o n  

whi le  t h e  a d d i t i o n  of subs tances ,  such a s  s a l t s ,  which a r e  s o l u b l e  

i n  one phase only  tends  t o  i n c r e a s e  i t .  

These f a c t o r s  combine t o  produce two t e c h n i c a l  d i f f i c u l t i e s .  

When high i n t e r f a c i a l  t e n s i o n  phase systems a r e  used i n  f i n e  bore 

columns, p lug  flow p e r s i s t s  t o  h igher  speeds .  This  can be overcome 

t o  some e x t e n t  by i n c r e a s i n g  t h e  r e v o l u t i o n a l  speed. It should  be 

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

tube  d iameter ;  t h u s  f o r  high r e s o l u t i o n  s e p a r a t i o n s  as  smal l  a 

diameter  as p o s s i b l e  i s  d e s i r a b l e .  On t h e  o t h e r  hand, when low- 

i n t e r f a c i a l  t e n s i o n  phase systems a r e  used w i t h  l a r g e  bore  columns, 

t h e  phase diagram passes  from plug flow t o  e m u l s i f i c a t i o n  wi thout  

going through a s t a b l e  e q u i l i b r i u m  r e g i o n .  

This  i s  e s p e c i a l l y  s e r i o u s  because low i n t e r f a c i a l  t e n s i o n  

phase systems such as 2-butanol /water  and 1 - b u t a n o l / a c e t i c  a c i d /  

water  systems have been widely used t o  s e p a r a t e  b i o l o g i c a l  macro- 

molecules .  However, t h i s  problem was so lved  by u s i n g  t h e  c o i l e d  

h e l i x  column c o n f i g u r a t i o n  a t  60' a n g l e  a s  shown i n  F igure  6 .  

The t h r e e  column c o n f i g u r a t i o n s  d e s c r i b e d  above were employed 

w i t h  s e v e r a l  aqueous/organic  s o l v e n t  systems.  

from 0.85 mm i . d .  t e f l o n  tub ing ,  and t h e  mobile  phase i s  pumped a t  

t h e  r a t e  o f  1 2  ml lhr  us ing  a Harvard s y r i n g e  pump. The r a d i u s  of  

t h e  c e n t r i f u g e  arm was set a t  30.7 c m .  A s  can  be s e e n  both  c o i l e d  

h e l i x  columns show e x c e l l e n t  f l a t  e q u i l i b r i u m  r e g i o n s  c l o s e  t o  t h e  

50% l i n e  f o r  low i n t e r f a c i a l  t e n s i o n  phase systems.  C a r e f u l  s t u d i e s  

The columns a r e  made 
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2-8uOH 
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FIGURE 6 
The e f f e c t  of  column c o n f i g u r a t i o n  on phase r e t e n t i o n .  Note t h e  
improvement i n  phase r e t e n t i o n  shown f o r  t h e  t o p  two phases  i n  
t h e  c o i l e d  h e l i x  and f l a t  c o i l e d  h e l i x  columns. 

have shown t h e  f l a t  h e l i x  t o  be s u p e r i o r  t o  t h e  o r d i n a r y  c o i l e d  

h e l i x  f o r  s t a b i l i z a t i o n  of  t h e  i n t e r f a c e ,  however. Since t h e s e  

columns have very s i m i l a r  e f f i c i e n c y  a f l a t  c o i l e d  h e l i x  column was 

employed f o r  low i n t e r f a c i a l  t e n s i o n  phase systems which tend t o  

emuls i fy .  
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IT0 ET AL. 

F a c t o r s  a f f e c t i n g  c h o i c e  o f  phase  sys t ems  

These f a c t o r s  have been c o n s i d e r e d  a t  l e n g t h  e l s e w h e r e 4  and 

w i l l  be r ev iewed  o n l y  b r i e f l y  h e r e .  The major  f a c t o r s  a f f e c t i n g  

t h e  c h o i c e  o f  p h a s e s  have a l r e a d y  been d i s c u s s e d  above.  An ab-  

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

r e t e n t i o n  of  a t  l e a s t  30% i s  manda to ry ;  t h u s ,  t h e  s o l v e n t  com- 

p o s i t i o n ,  s p e e d ,  and t u b i n g  d i a m e t e r  must be chosen  w i t h  t h i s  i n  

mind.  A l though ,  t h e  s i n g l e  most i m p o r t a n t  p h y s i c a l  p r o p e r t y  of  t h e  

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

role  i n  t h a t  i t  i s  more d i f f i c u l t  t o  o b t a i n  a d e q u a t e  r e t e n t i o n  f o r  

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

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

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

c o n s i d e r e d .  Few r u l e s  can  be  g i v e n ,  e x c e p t  t o  o b s e r v e  t h a t  s e p a r e -  

t i o n s  dependent  p r i m a r i l y  upon p o l a r i t y  d i f f e r e n c e s  a r e  r a r e l y  as 

s e l e c t i v e  a s  t h o s e  dependent  upon some s p e c i f i c  i n t e r a c t i o n ,  such  

as between d i c h l o r o a c e t i c  a c i d  and t h e  p e p t i d e  bond.6 I t  shou ld  

a l s o  be  n o t e d  t h a t  p a r t i t i o n  c o e f f i c i e n t s  i n  t h e  r a n g e  5 .0  - 0 .2  

p r o v i d e  t h e  b e s t  s e p a r a t i o n s .  

The d i s t i n c t i o n  between s e l e c t i v i t y  and e f f i c i e n c y  shou ld  be  

n o t e d .  S e l e c t i v i t y ,  which i s  measured by t h e  r e l a t i v e  s e p a r a t i o n  

o f  t h e  peaks  or band c e n t e r s  o f  two s o l u t e s ,  i s  governed by t h e  

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

a f i r s t  app rox ima t ion  t h i s  r e f l e c t s  fundamen ta l  m o l e c u l a r  p r o p e r t i - e s  

and i s  i n s e n s i t i v e  t o  i n s t r u m e n t a l  pe r fo rmance  f a c t o r s  w h i l e  e f f i - .  

c i e n c y ,  on t h e  o t h e r  hand ,  and i s  governed p r i m a r i l y  by t h e s e  i n -  

s t r u m e n t a l  performance f a c t o r s .  The two f a c t o r s  combined d i s c r i b t :  

t h e  r e s o l u t i o n  which i s  measured by t h e  o v e r l a p  o f  two s o l u t e  b a n d s .  

App li ca t i o n s  

DNP A mino Ac i&:' A set  o f  n i n e  d i n i t r o p h e n y l  amino a c i d s  
were s e p a r a t e d  u s i n g  a two-phase s o l v e n t  sys t em composed o f  

c h l o r o f o r m / a c e t i c  a c i d / O . l  N aqueous HC1 (2:2:1V/V/V). The p a r -  

t i t i o n  c o e f f i c i e n t s  o f  t h e  v a r i o u s  DNP amino a c i d s  i n  t h i s  phase  

sys t em v a r i e d  from 100 t o  .18. A n a l y t i c a l  a n d  p r e p a r a t i v e  
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COUNTERCURRENT CHROMATOGRAPHY 

chromatograms a r e  shown i n  F i g u r e  7 .  I n  each c a s e ,  t h e  n i n e  DNP 

amino a c i d s  a r e  w e l l  r e s o l v e d  i n  o r d e r  o f  decreas ing  p a r t i t i o n  

c o e f f i c i e n t .  The e f f i c i e n c y  of  s e p a r a t i o n  was e s t i m a t e d  u s i n g  a 

formula from gas chromatography, N = ( ~ R / w ) ~ ,  where N i s  t h e  number 

of t h e o r e t i c a l  p l a t e s  (TP), R i s  t h e  r e t e n t i o n  time r e f e r r e d  t o  t h e  

peak maximum, and w i s  t h e  peak wid th  i n  t h e  same u n i t s .  By t h i s  

measure, t h e  a n a l y t i c a l  column achieved 10,000 t o  3,000 TP f o r  t h e  

v a r i o u s  peaks,  w h i l e  t h e  p r e p a r a t i v e  column achieved 2,000 t o  500 

TP. The t i m e  r e q u i r e d  p e r  t r a n s f e r  was 0.7 t o  2.4 seconds f o r  t h e  

a n a l y t i c a l  column and 3 t o  1 2  seconds f o r  t h e  p r e p a r a t i v e  column, 

compared t o  s e v e r a l  minutes  per  t r a n s f e r  r e q u i r e d  f o r  c o u n t e r c u r r e n t  

d i s t r i b u t i o n  method. To assess t h e  r e l a t i v e  performance o f  counter -  

c u r r e n t  chromatography and c o u n t e r c u r r e n t  d i s t r i b u t i o n ,  t h e  

fo l lowing  rough comparison can be made. 

r e s o l v e d  i n  a c o u n t e r c u r r e n t  chromatography s e p a r a t i o n  of  100 

t h e o r e t i c a l  p l a t e s ,  an e q u i v a l e n t  s e p a r a t i o n  by c o u n t e r c u r r e n t  

d i s t r i b u t i o n  would r e q u i r e  m i g r a t i o n  of  t h e  s o l u t e  peaks through 

100 tubes  u s i n g  t h e  same s o l v e n t  system. 

I f  two s o l u t e s  are b a r e l y  

Catecholamine M e t a b o l i t e s : 2  The a n a l y s i s  of  catecholamine 

m e t a b o l i t e s  from u r i n e  i s  shown i n  F i g u r e  8. The m e t a b o l i t e s  

(3-methoxy-4-hydroxypheny1)hydroxyacetic a c i d  (VMA) and (3-methoxy- 

4-hydroxphenylbacet ic  a c i d  (HVA) were w e l l  s e p a r a t e d  from each 

o t h e r .  HVA was completely s e p a r a t e d  from o t h e r  U . V .  a b s o r b i n g  

components i n  u r i n e .  VMA e l u t e s  c l o s e  t o  s e v e r a l  unknowns which, 

however, do not  i n t e r f e r e  w i t h  c o l o r i m e t r i c  a s s a y s  f o r  VMA. 

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

tumors, and t h e  technique does not  r e q u i r e  p r e l i m i n a r y  concent ra -  

t i o n  o r  p u r i f i c a t i o n  of  t h e  u r i n e  sample. 

D i p e p t i d e ~ : ~  A mixture  of d e p e p t i d e s  was s e p a r a t e d  u s i n g  a 

1-butanol /aqueous d i c h l o r o a c e t i c  a c i d  s o l v e n t  system w i t h  r e s u l t s  

as shown i n  F igure  9 .  Note t h e  r e s o l u t i o n  of  s e q u e n t i a l  isomers. 

A s  p r e v i o u s l y  mentioned, i t  i s  p o s s i b l e  t o  change t h e  composi t ion 

of  t h e  mobile  phase dur ing  e l u t i o n .  A g r a d i e n t  i n  d i c h l o r o a c e t i c  

a c i d  c o n c e n t r a t i o n  (0 -2% W/V) was employed t o  achieve  t h e  sep- 

a r a t i o n  of t h e  same d i p e p t i d e s  w i t h  r e s u l t s  a s  shown i n  F i g u r e  10.  
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FIGURE 7 
Separation of DNP amino acids. (A)  Analytical column: straight 
helix wound from 100 meters of 0.30 mm i.d. Teflon tubing, helix 
diameter 5 mm, total capacity 8 ml. 10 pl sample contained about 
1% (W/V) concentration of each component (where solubility 
permited), dissolved in upper phase of  solvent system. Speed 
550 RPM, radius 30.7 cm., elution with upper phase at 2 . 4  ml/hr. 
Phase system was chloroform/acetic acid/O.lN HC1 (aqueous) ( 2 : 2 : 1  
V/V/V). (B) Preparative column: straight helix wound from 100 
meters of 1.4 mm i.d. Teflon tubing, helix diameter 1 cm, total 
capacity 140 ml. Sample: 100 ul of sample solution used in A ,  
diluted with upper phase to 2 ml (sample was diluted to facilitate 
W monitoring) speed 520 RPM, radius 8.6 cm, flow rate 60 ml/hr. 
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COUNTERCURRENT CHROMATOGRAPHY 
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FIGURE 7.  Con t inued .  

Two f e a t u r e s  s h o u l d  b e  n o t e d .  F i r s t l y ,  t h e  a n a l y s i s  t i m e  h a s  been 

r educed  a l m o s t  by a f a c t o r  of t h r e e .  Second ly ,  and e q u a l l y  

i m p o r t a n t l y ,  t h e  e f f i c i e n c y  of  t h e  s e p a r a t i o n  o f  t h e  l a s t  peak has  

a c t u a l l y  been  i n c r e a s e d  by r o u g h l y  t h e  same f a c t o r .  As a con-  

sequence ,  t h e r e  i s  much less  d i l u t i o n  o f  t h e  l a t e r  p e a k s .  I n  f a c t ,  

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

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

i s  i l l u s t r a t e d  i n  F i g u r e  11 f o r  t h e  same d i p e p t i d e s .  Note t h a t  

a l t h o u g h  t h e  r e s o l u t i o n  of t h e  e a r l y  p e a k s  i s  degraded ,  t h e  re- 

s o l u t i o n  o f  t h e  l a te r  peaks  i s  u n a f f e c t e d  by a 3 3 - f o l d  i n c r e a s e  i n  

sample s i z e .  

T h i s  

I n s u l i n .  F i g u r e  12 compares t h e  p a r t i t i o n  of bov ine  i n s u l i n  

i n  t h e  2 - b u t a n o l / a q u e o u s  d i c h l o r o a c e t i c  a c i d  sys t em by c o u n t e r -  

c u r r e n t  d i s t r i b u t i o n  and by c o u n t e r c u r r e n t  ch romatography .  The 

c o u n t e r c u r r e n t  d i s t r i b u t i o n  d a t a  r e p o r t e d  by H a r f e n i s t  and Cra ig6  

r e v e a l e d  a second component,  i d e n t i f i e d  as  a deamina ted  i n s u l i n ,  
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Pure Sample 

50 

HVA 

Normal Urine 

FIGURE 8 
A n a l y s i s  of c a t e c h o l a m i n e  m e t a b o l i t e s  from u r i n e .  P h a s e  sys t em:  
e t h y l  a c e t a t e  (5% W/V NaC1, 10% V / V  Acetic a c i d ,  i n  H20) (1:l). 
Lower p h a s e  used  as  m o b i l e  p h a s e .  S t r a i g h t  h e l i x  column wound 
f rom 60 meters of 0.85 mm i . d .  T e f l o n  t u b i n g .  Sample: 0 . 9  ml o f  
u r i n e  w i t h  50 mg. o f  N a C l  and  0 .1  m l  of g l a c i a l  a c e t i c  a c i d  a d d e d .  
Speed 720 RPM, r a d i u s  20.2 cm,  f l o w  r a t e  24 m l / h r .  
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FIGURE 9 
S e p a r a t i o n  of d i p e p t i d e s  by p l a i n  e l u t i o n .  Solvent  system: 1- 
b u t a n o l / l %  (W/V) aqueous d i c h l o r o a c e t i c  a c i d  ( 1 : l ) .  S t r a i g h t  
h e l i x  column wound from 140 meters of  0.55 mm bore  tub ing .  Speed 
720 RPM, 20 .2  cm. r a d i u s ,  0 .3  m l .  sample, flow r a t e  12 m l / h r .  

which was not  s e p a r a b l e  by e i t h e r  e l e c t r o p h o r e s i s  o r  u l t r a c e n -  

t r i f u g a t i o n  a t  t h a t  t i m e .  Countercur ren t  chromatography shows a 

s i m i l a r  r e s u l t .  

Because of t h e  low i n t e r f a c i a l  t e n s i o n  o f  t h i s  phase system, 

i t  was necessary  t o  use a f l a t  c o i l e d  h e l i x  column r a t h e r  t h a n  

t h e  usua l  s t r a i g h t  h e l i x ,  The column was a f l a t  c o i l e d  h e l i x  

column wound from 90 meters  of .55 nun i . d .  Tef lon  t u b i n g ,  us ing  

t h e  phase system: 2-butanol/dichloroaceticacid/water (100:3:100 

V / W / V ) .  A sample of 0.5 m l  of  1% s o l u t i o n  of bovine i n s u l i n  i n  

lower phase was s e p a r a t e d  a t  a speed of  700 rpm a t  30.7 cm r a d i u s  

and a flow r a t e  of  6 m l / h r .  
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FIGURE 10 
S e p a r a t i o n  o f  d i p e p t i d e s  by g r a d i e n t  e l u t i o n .  
s o l v e n t  system: 1 - b u t a n o l / O . l  M aqueous  ammonium f o r m a t e ,  g r a d i e n t  
i n  d i c h l o r o a c e t i c  a c i d  c o n c e n t r a t i o n  from 1% (W/V) t o  0%, w i t h  
lower p h a s e  used  a s  m o b i l e  p h a s e .  S t r a i g h t  h e l i x  column wound 
from 70 meters o f  0.55 mm. i . d .  t u b i n g .  Speed 720 RPM, 2 0 . 2  cm. 
r a d i u s ,  0 .3  m l  sample,  f low r a t e  6 m l / h r .  

G r a d i e n t  e l u t i o n :  

THE ELUTION CENTRIFUGE 

P r i n c i p l e s  of o p e r a t i o n  

I n  a d d i t i o n  t o  t h e  "f low-through co i l  p l a n e t  c e n t r i f u g e , "  a 

second  a p p a r a t u s  employing s imi la r  p r i n c i p l e s ,  t h e  " e l u t i o n  cen -  
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SAMPLE VOLUME (ml) 

TIME (hours) 

FIGURE 11 
E f f e c t  o f  sample volume on g r a d i e n t  e l u t i o n  s e p a r a t i o n  o f  d i p e p -  
t i d e s .  To d e m o n s t r a t e  t h e  s o l u t e - c o n c e n t r a t i n g  c a p a b i l i t i e s  o f  t h e  
g r a d i e n t  e l u t i o n  t e c h n i q u e ,  t h e  sample was d i l u t e d  w i t h  m o b i l e  
phase  b e f o r e  l o a d i n g .  The ear l ie r  p e a k s  become a f f e c t e d  a t  2 m l .  
However, e f f i c i e n c y  o f  s e p a r a t i o n  o f  l a t e r  p e a k s  i s  n o t  deg raded  
even  a t  10 m l ,  where t h e  s o l u t e  c o n c e n t r a t i o n  a t  t h e  peak maximum 
i s  e s t i m a t e d  t o  b e  10 times as  h i g h  as  t h a t  i n  t h e  a p p l i e d  sample 
s o l u t i o n .  

t r i f u g e , "  h a s  a l s o  been c o n s t r u ~ t e d . ~  

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

i t s  o p e r a t i o n .  

A model similar t o  t h a t  

The b a s i c  model c o n s i s t s  of a h o r i z o n t a l  c o i l  a s  i l l u s t r a t e d  

i n  F i g u r e  13 .  T h i s  model d i f f e r s  from t h e  p r e v i o u s  one  i n  two 

ma jo r  d e t a i l s :  t h e  c o i l  i s  n o t  r o t a t e d  w i t h  r e s p e c t  t o  t h e  

g r a v i t a t i o n a l  f i e l d ,  and t h e  e x t e r n a l  f l ow i s  r e s p o n s i b l e  f o r  

p r o d u c i n g  s e g m e n t a t i o n .  I n  (a),  t h e  co i l  i s  f i l l e d  w i t h  o n e  o f  

t h e  two p h a s e s  and t h e  second i s  i n t r o d u c e d  as shown i n  (b ) .  Now,  

i f  t h e  f low i s  s u f f i c i e n t l y  low, t h e  f i r s t  p h a s e  w i l l  n o t  s imply  

b e  d i s p l a c e d ,  Because t h e  f low d i s p l a c e s  t h e  h e a v i e r  phase  from 

i t s  e q u i l i b r i u m  p o s i t i o n  a t  t h e  bo t tom o f  t h e  c o i l  u n i t ,  a n e t  

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

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

Thus t h e  n e t  r e s u l t  o f  c o n t i n u e d  pumping i s  t o  p roduce  a n e t  f l o w  

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

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

go s e p a r a t i o n ,  a c c o r d i n g  t o  t h e i r  p a r t i t i o n  c o e f f i c i e n t s ,  by 

p a r t i t i o n  between t h e  s t a t i o n a r y  phase  segmen t s  and t h e  m o b i l e  

p h a s e  which f lows  p a s t  i t .  
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FIGURE 1 2  
P a r t i t i o n  o f  Bovine i n s u l i n - c o m p a r i s o n  w i t h  c o u n t e r c u r r e n t  d i s t r i -  
b u t i o n . 6  
column wound from 90 meters o f  .55 nun i . d .  T e f l o n  t u b i n g .  P h a s e  
system: 2-butanol/dichloroacteic a c i d / w a t e r  (1:0.03:1 V/W/V). 
Sample: 0.5 m l  of 1% (W/V) s o l u t i o n  o f  b o v i n e  i n s u l i n  i n  lower 
p h a s e ,  speed  700 RPM, 30.7 c m  r a d i u s ,  f l ow ra te  6 m l l h r .  

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

P r i n c i p l e s  of c o n s t r u c t i o n  

The above s y s t e m  i s  n o t  p r a c t i c a l  f o r  s e p a r a t i o n  u n l e s s  the: 

number o f  c o i l  u n i t s  i s  l a r g e  and t h e  t u b e  d i a m e t e r  s m a l l .  I n  

o r d e r  t o  s t a b i l i z e  s u c h  a sys t em,  however,  t h e  a c c e l e r a t i o n  fie:.d 

must b e  i n c r e a s e d ,  and t h e  " e l u t i o n  c e n t r i f u g e "  was deve loped  f o r  

t h i s  p u r p o s e .  
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COUNTERCURRENT CHROMATOGRAPHY 

a 

B I 
b 

C 

FIGURE 13 
S t a t i o n a r y  c o i l  model f o r  t h e  e l u t i o n  c e n t r i f u g e .  (A)  The c o i l  
i s  f i l l e d  wi th  s t a t i o n a r y  phase and mobile  phase i s  in t roduced .  
(B) 
where only  mobile phase i s  e l u t e d .  
mobile  phase and s t a t i o n a r y  phase segments. 

The mobile phase flows around t h e  s t a t i o n a r y  phase i s  reached 
S o l u t e s  a r e  p a r t i t i o n e d  between 

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

F igure  14. 

i s  he ld  i n  a h o r i z o n t a l  p o s i t i o n .  

l e d  through t h e  c e n t e r  o f  t h e  holder  and then a r e  supported 

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

t h e  t o p  frame of  t h e  c e n t r i f u g e .  The holder  r e v o l v e s  around t h e  

c e n t r a l  a x i s  of  t h e  appara tus  i n  t h e  h o r i z o n t a l  p l a n e  and s imul-  

taneous ly  r o t a t e s  about i t s  own a x i s  a t  t h e  same angular  v e l o c i t y  

i n  t h e  i n d i c a t e d  d i r e c t i o n .  T h i s  synchronous r o t a t i o n  unwinds 

t h e  t w i s t  of  t h e  lead  t u b e s  caused by r e v o l u t i o n ,  t h u s  e l i m i n a t i n g  

t h e  need f o r  r o t a t i n g  s e a l s .  

A c y l i n d r i c a l  ho lder  c o n t a i n i n g  t h e  s e p a r a t i o n  column 

Both feed  and r e t u r n  t u b e s  a r e  

The synchronous r o t a t i o n  a l s o  adds a p e c u l i a r  e f f e c t  t o  t h e  

c e n t r i f u g a l  f o r c e  f i e l d  a t  t h e  column holder .  Simple mathematical  
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IT0 ET AL. 

I 
REVOLUTION AXIS 

FIGURE 14 
P r i n c i p l e  of  t h e  e l u t i o n  c e n t r i f u g e .  A c y l i n d r i c a l  ho lder  con- 
t a i n i n g  t h e  s e p a r a t i o n  column i s  he ld  i n  a h o r i z o n t a l  p o s i t i o n .  
Feed and r e t u r n  tubes  p a s s  through a guide tube from t h e  c e n t e r  
of  t h e  appara tus  i n t o  t h e  c e n t e r  of t h e  h o l d e r .  The holder  r e -  
volves  i n  t h e  h o r i z o n t a l  p lane  and about  i t s  own a x i s  a t  t h e  same 
angular  v e l o c i t y .  This  synchronous r o t a t i o n  unwinds t h e  t w i s t  of  
the  lead  tubes  caused by r o t a t i o n  of  t h e  c e n t r i f u g e  arm. 

a n a l y s i s 3  shows t h a t  any a r b i t r a r y  p o i n t s  i n  t h e  column holder  

except  f o r  t h o s e  l o c a t e d  on t h e  a x i s  of r o t a t i o n  a r e  subjec ted  t o  

a p e r i o d i c  f l u c t u a t i o n  of  t h e  c e n t r i f u g a l  f o r c e .  Under some 

c o n d i t i o n s ,  t h e  g r a v i t a t i o n a l  v e c t o r  can even change s i g n  and p o i n t  

toward t h e  a x i s  of  t h e  c e n t r i f u g e .  T h i s  r a t h e r  s t a r t l i n g  r e s u l t  

i s  produced whenever t h e  r a d i u s  of t h e  c o i l  ho lder  i s  g r e a t e r  than  

o r  equal  t o  one-half  t h e  r a d i u s  o f  t h e  c e n t r i f u g e  arm. For small.er 

r a t i o s ,  t h e  f l u c t u a t i o n  of  t h e  c e n t r i f u g a l  f o r c e  v e c t o r  does not  

r e v e r s e  d i r e c t i o n  and d iminishes  i n  magnitude g r a d u a l l y .  This  

has g e n e r a l l y  served  t o  l i m i t  t h e  r a d i u s  of t h e  c o i l  ho lder  t o  

va lues  l e s s  than  one- ten th  t h e  c e n t r i f u g e  arm. 

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



COUNTERCURRENT CHROMATOGFGPHY 

Appara tus  

An a p p a r a t u s  t o  t es t  t h e s e  p r i n c i p l e s  was c o n s t r u c t e d  a s  

shown i n  F i g u r e  15 by m o d i f y i n g  a c o n v e n t i o n a l  c e n t r i f u g e .  The 

c e n t r i f u g e  head was r e d e s i g n e d  as a r e c t a n g u l a r  aluminum box w i t h  

a c e n t e r  h o l e  th rough  t h e  bo t tom p l a t e  t o  f i t  t h e  motor s h a f t  

as shown i n  A.  The two s e p t a  are p l a c e d  t o  s u p p o r t  t h e  column 

h o l d e r  and t h e  c o u n t e r w e i g h t  h o r i z o n t a l l y .  The r o t a t i o n  o f  t h e  

h o l d e r  i s  accompl i shed  as  i l l u s t r a t e d  i n  B by a p p l y i n g  a p a i r  o f  

p u l l e y s  of t h e  same s i z e ,  one f i x e d  t o  t h e  h o l d e r  and t h e  o t h e r  

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

are coup led  by a t i m i n g  b e l t  wh ich  p a s s e s  o v e r  a p a i r  o f  i d l e  

p u l l e y s  mounted o n  t h e  bo t tom p l a t e  o f  t h e  c e n t r i f u g e  h e a d ,  

Again,  t h e  geometry o f  t h e  column i s  i m p o r t a n t .  Op t ima l  

column c o n f i g u r a t i o n  were d e t e r m i n e d  f o r  b o t h  c o n v e n t i o n a l  and  

aqueous  two-phase polymer s y s t e m s  deve loped  by A l b e r t s s o n  u s i n g  

t h e  t h r e e  column c o n f i g u r a t i o n s  i l l u s t r a t e d  i n  F i g u r e  16 .  The 

s t r a i g h t  h e l i x  column was p r e p a r e d  by wind ing  a t u b e  o n t o  a r i g i d  

r o d  and mounting i t  p a r a l l e l  t o  t h e  a x i s  o f  t h e  h o l d e r .  The 

t w i s t e d  p a i r  column was p r e p a r e d  by f o l d i n g  a t u b e  i n  two and 

t w i s t i n g  a l o n g  i t s  l e n g t h  t o  make a r o p e - l i k e  c o n f i g u r a t i o n .  The 

t w i s t e d  t u b e  i s  t h e n  wound a round  t h e  column h o l d e r .  The c o i l e d  

h e l i x  column was p r e p a r e d  by wind ing  a t u b e  o n t o  a f l e x i b l e  t u b e  

which i s  c o i l e d  t i g h t l y  a round  t h e  h o l d e r .  P r e l i m i n a r y  s t u d i e s  

have i n d i c a t e d  t h a t  t h e  t w i s t e d  p a i r  g i v e s  t h e  h i g h e s t  e f f i c i e n c y  

f o r  t h e  c o n v e n t i o n a l  p h a s e  s y s t e m s  w h i l e  t h e  c o i l e d  h e l i x  column 

i s  b e s t  f o r  t h e  polymer phase  s y s t e m s .  

A p p l i c a t i o n s  

DNP Amino A c i d s .  Us ing  a t w i s t e d  p a i r  column c o n s i s t i n g  o f  

20,000 t u r n s  of T e f l o n  t u b i n g ,  .2mm x 6Om, n i n e  d i n i t r o p h e n y l  amino 

a c i d s  were s e p a r a t e d  w i t h  a p h a s e  s y s t e m  composed of c h l o r o f o r m /  

a c e t i c  a c i d / O . l  N HCL (2:2:1 V/V/Q. A s  shown i n  F i g u r e  1 7 ,  a l l  

components were e l u t e d  o u t  w i t h i n  26 h o u r s  a t  e f f i c i e n c i e s  r a n g i n g  

from 6 , 0 0 0  t o  2,500 t h e o r e t i c a l  p l a t e s .  

compared to  t h o s e  i l l u s t r a t e d  i n  F i g u r e  7 .  

These r e s u l t s  s h o u l d  be  
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A.  

0 Cross Section Of Head 
EB Cross Section Of Bearing 

8. 

\ 
FIGURE 15 

Design o f  e l u t i o n  c e n t r i f u g e :  (A) Column h o l d e r  ( c )  h o r i z o n t a l l y  
s u p p o r t e d  by t h r u s t  b e a r i n g  ( a )  and o r d i n a r y  b a l l  b e a r i n g  (b) i s  
c o u n t e r b a l a n c e d  by aluminum b l o c k  (d )  equ ipped  w i t h  a d j u s t i n g  
screw (e) .  A p a i r  o f  t o o t h e d  p u l l e y s  ( f ) ,  one f i x e d  t o  column 
h o l d e r  and t h e  o t h e r  t o  motor h o u s i n g  a t  c e n t e r ,  are c o u p l e d  w i t h  
t o o t h e d  b e l t  (g) t h r o u g h  a p a i r  o f  i d l e  p u l l e y s  (h ) .  Lead t u b e s  
(i) are s u p p o r t e d  by s t a t i o n a r y  g u i d e  p i p e  ( j )  p r o j e c t e d  down from 
t o p  frame o f  c e n t r i f u g e .  ( B )  Be l t  scheme. 
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COUNTERCURRENT CHROMATOGRAPHY 

Straight Helix 

Twisted Pair 

Coiled Helix 

FIGURE 16 
Three t y p e s  of column c o n f i g u r a t i o n  used w i t h  t h e  e l u t i o n  c e n t r i -  
f uge . 

P o l y n u c l e o t i d e s .  The e l u t i o n  c e n t r i f u g e  has  been used w i t h  

aqueous/aqueous polymer phase systems t o  p a r t i t i o n  p o l y n u c l e o t i d e s .  

The phase system, developed by A l b e r t ~ s o n , ~  c o n s i s t s  of 5% Dextran 

T500 (Pharmacia), 4% polye thylene  g l y c o l  6000 (Union Carb ide) ,  

and 10 nM Sodium phosphate of v a r i n g  pH. 

The t h r e e  t y p e s  of  columns were t e s t e d  f o r  s t a t i o n a r y  phase 

r e t e n t i o n  and p a r t i t i o n  e f f i c i e n c y .  A l l  columns r e t a i n e d  a 

s u f f i c i e n t  amount o f  lower phase a t  speeds above 1000 rpm a s  shown 

i n  F i g u r e  18A. The e f f i c i e n c y  of t h e s e  column c o n f i g u r a t i o n s  was 

i n v e s t i g a t e d  w i t h  t h e  s tep-wise  e l u t i o n  of p o l y u r a c i l .  Thus was 

accomplished by a d iscont inuous  change i n  mobile  phase t o  a h igher  

pH. As shown i n  F i g u r e  1 8 B ,  t h e  c o i l e d  h e l i x  column gave a much 

sharper  peak than t h e  o t h e r  two columns. Note t h a t  phase r e t e n t i o n  

i s  less dependent upon e x t e r n a l  c o n d i t i o n s  t h a n  f o r  t h e  c o i l - p l a n e t  

c e n t r i f u g e .  
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FIGURE 1 7  
S e p a r a t i o n  of DNP amino a c i d s  u s i n g  t h e  e l u t i o n  c e n t r i f u g e .  
Column: t w i s t e d  p a i r  o f  20,000 t u r n s  o f  0 . 2  mm i . d .  60 m l o n g .  
Phase system: same as f o r  F i g u r e  7 .  

Using t h e  c o i l e d  h e l i x  column, b o t h  s t e p w i s e  and g r a d i e n t  

e l u t i o n s  of P o l y  U ,  P o l y  C ,  P o l y  A ,  and P o l y  I were c a r r i e d  o u t  

w i t h  r e s u l t s  a s  shown i n  F i g u r e  19.  The peaks  from t h e  d i f f e r e n t  

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

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

DISCUSSION 

A s  mentioned e a r l i e r ,  c o u n t e r c u r r e n t  ch romatography ,  i n  p a r t ,  

combines t h e  s e l e c t i v i t y  and v e r s a t i l i t y  i n  c h o i c e  of  p h a s e s  

c h a r a c t e r i s t i c  of column chromatography.  A l though  s e p a r a t i o n s  of' 

small m o l e c u l e s  can  b e  performed v e r y  w e l l  w i t h  t h i s  t e c h n i q u e ,  I t  

i s  s t i l l  s l o w e r  i n  many r e s p e c t s  t h a n  h igh - speed  l i q u i d  chromato-  

g raphy .  For s o l u t e s  which c a n  be s e p a r a t e d  by t h e  l a t t e r  t e c h -  
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COUNTERCURRENT CHROMATOGRAPHY 

STRAIGHT HELIX COLUMN TWISTED COLUMN COILED HELIX COLUMN 
I00 w 

v) Lower phase stolionary a 

a 

500 1000 1500 500 1000 1500 500 1000 1500 
RPM 

m a 

0 40 80 120 160 
ELUTION TIME (minutes) 

FIGURE 18 
Performance o f  t h r e e  t y p e s  of  s e p a r a t i o n  column. (A) R e t e n t i o n  
of  t h e  s t a t i o n a r y  phase. All t h r e e  columns show s u f f i c i e n t  
r e t e n t i o n  of over  30% above 1000 RPM, i f  t h e  lower phase i s  
s t a t i o n a r y .  (B)  Column e f f i c i e n c y  examined on s tepwise  e l u t i o n .  
The f i r s t  e l u t i o n  e l i m i n a t e s  i m p u r i t i e s  whi le  t h e  second e l u t i o n ,  
i n d i c a t e d  by arrows, e l u t e s  t h e  poly U sample. Sharpness  of t h e  
peak obta ined  by t h e  c o i l e d  h e l i x  column i n d i c a t e s  t h e  h i g h e s t  
e f f i c i e n c y  . 

nique ,  c o u n t e r c u r r e n t  chromatography w i l l  probably not  be t h e  

method of choice .  However, i t  should be  noted t h a t  t h e  a n a l y s i s  

t i m e s  o f  t h e  DNP-amino a c i d s  r e p o r t e d  i n  F igures  7 and 10 compare 

favorably  w i t h  those  a f f o r d e d  by amino a c i d  a n a l y z e r s .  Thus 

c o u n t e r c u r r e n t  chromatography i s  comparable, i n s o f a r  as a n a l y s i s  

t i m e  i s  concerned,  w i t h  ion-exchange techniques .  For h ighly  p o l a r  

molecules ,  then ,  c o u n t e r c u r r e n t  chromatography a t  l e a s t  o f f e r s  an 

a l t e r n a t i v e .  

With t h e  except ion  of  sample s i z e ,  c o u n t e r c u r r e n t  chroma- 

tography compares most favorably  wi th  c o u n t e r c u r r e n t  d i s t r i b u t i o n ,  

and can provide  comparable s e p a r a t i o n s  a t  10 - 100 t imes t h e  speed. 

I n  f a c t ,  a lmost  any s e p a r a t i o n  p o s s i b l e  w i t h  c o u n t e r c u r r e n t  

d i s t r i b u t i o n  should be f e a s i b l e  w i t h  c o u n t e r c u r r e n t  chromatography 
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COUNTERCLJRRENT CHROMATOGRAPHY 

u s u a l l y  w i t h  t h e  same s o l v e n t  system. A d d i t i o n a l l y ,  u t i l i z a t i o n  

of a g r a d i e n t  e l u t i o n  scheme can be employed to reduce a n a l y s i s  

times, i n c r e a s e  r e s o l u t i o n ,  expand g r e a t l y  t h e  range o f  p a r t i t i o n  

c o e f f i c i e n t s  over which high e f f i c i e n c y  s e p a r a t i o n s  may be ob- 

t a i n e d ,  and even t o  c o n c e n t r a t e  c e r t a i n  s o l u t e s  dur ing  t h e  separ -  

a t i o n  procedure.  

It i s  w i t h  s e p a r a t i o n s  i n v o l v i n g  b i o l o g i c a l  macromolecules, 

s u b c e l l u l a r  o r g a n e l l e s ,  and i n t a c t  c e l l s  t h a t  t h e  method seems 

t o  o f f e r  t h e  g r e a t e s t  promise.  The above-mentioned s e p a r a t i o n  of 

i n s u l i n  demonstrates  t h e  p o t e n t i a l  f o r  p r o t e i n s .  The d i p e p t i d e  

s e p a r a t i o n  a l s o  sugges ts  a f u r t h e r  a p p l i c a t i o n  i n  " f i n g e r p r i n t i n g "  

p r o t e i n  d i g e s t s .  Pre l iminary  r e s u l t s  a l s o  i n d i c a t e  t h a t  g l y -  

cosaminoglycans can be s e p a r a t e d  w i t h  high r e s o l u t i o n  w i t h  a phase 

system c o n s i s t i n g  of 1 - b u t a n o l / l %  W/V aqueous hexadecylpyridinium 

c h l o r i d e  and a sodium c h l o r i d e  g r a d i e n t .  By making l i q u i d - l i q u i d  

methods f o r  t h e  h igh  r e s o l u t i o n  s e p a r a t i o n  of macromolecules 

p o s s i b l e ,  c o u n t e r c u r r e n t  chromatography o f f e r s  a t  t h e  very least 

a u s e f u l  a l t e r n a t i v e  t o  such techniques  a s  e l e c t r o p h o r e s i s  and 

ion-exchange chromatography. 

Although t h e  s e p a r a t i o n s  us ing  t h e  Alber t sson '  two-phase 

polymer systems have been amply demonstrated,  t h e  l a c k  of  a 

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

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

l a r g e  d i f f e r e n c e s  i n  p a r t i t i o n  c o e f f i c i e n t .  The demonst ra t ion  

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

should permi t  h igh  r e s o l u t i o n  s e p a r a t i o n s  of  ce l l s  and s u b c e l l u l a r  

o r g a n e l l e s .  I n  t h e  c a s e  of  c e l l s ,  i t  has  been shown t h a t  t h e  

p a r t i t i o n  c o e f f i c i e n t  r e f l e c t s  t h e  membrane a s s o c i a t e d  charge  

deep w i t h i n  t h e  membrane.8 

normal and malignant  c e l l s  has  been a t t r i b u t e d  t o  membrane charge  

d i f f e r e n c e s  ,' t h u s  i n d i c a t i n g  a p o t e n t i a l  a r e a  o f  a p p l i c a t i o n .  

These phase systems can a l s o  be a p p l i e d  t o  t h e  s e p a r a t i o n  of  

s u b c e l l u l a r  o r g a n e l l e s  such a s  lysosomes. Appropr ia te  high 

r e s o l u t i o n  s e p a r a t i o n s  of such p a r t i c l e s  could  a i d  g r e a t l y  i n  

s t u d i e s  of  t h e  lysosomal s t o r a g e  disorders' '  ( t h e  mucopoly- 

The d i f f e r e n c e  i n  a g g u l t i n a b i l i t y  of  
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s a c c h a r i d o s e s  and g l y c o l i p i d o s e s )  i n  which abnoraml amounts o f  

one  o r  more m e t a b o l i t e s  are s t o r e d  i n  t h e  lysosome and  f o r  which 

e x i s t i n g  s e p a r a t o r y  t e c h n i q u e s  are i n a d e q u a t e .  

F u t u r e  s t u d i e s  s u c h  as t h e s e  s h o u l d  be  f a c i l i a t e d  by c u r r e n t  

i n s t r u m e n t a l  deve lopmen t s .  Each o f  t h e  two schemes o f  c o u n t e r -  

c u r r e n t  chromatography h a s  i t s  own s p e c i f i c  a d v a n t a g e s  as  w e l l  a s  

d i s a d v a n t a g e s .  The f low- th rough  c o i l  p l a n e t  c e n t r i f u g e  t e c h n i q u e  

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

r e q u i r e s  a knowledge of t h e  phase  d i s t r i b u t i o n  p a t t e r n  t o  d e t e r m i n e  

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

c a n  l i m i t  t h e  c h o i c e  o f  p h a s e s .  On t h e  o t h e r  hand,  t h e  e l u t i o n  

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

lower e f f i c i e n c i e s  b u t  t h e  sys t em p r o v i d e s  a more s t a b l e  acceler-  

a t i o n  f i e l d  so t h a t  t h e  c h o i c e  o f  t h e  phase  sys t em i s  u n l i m i t e d .  

To combine t h e  v i r t u e s  o f  b o t h  i n s t r u m e n t s ,  a m o d i f i e d  f l o w  

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

column c a n  be  t i l t e d  a t  loo, 20°, or 30' w i t h  r e s p e c t  t o  t h e  

v e r t i c a l .  

r e t e n t i o n  i s  a d e q u a t e  even  f o r  t h e  polymer p h a s e  sys t ems .  T e s t s  

o f  p a r t i t i o n  e f f i c i e n c y  are i n  p r o g r e s s ,  

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