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DONNAN EXCLUSION - I O N  EXCLUSION CHROMATOGRAPHY 

Hirohiko Waki and Yuji  Tokunaga 

Department of  Chemistry, Facu l ty  of Science,  

Hakozaki, Higashiku, Fukuoka, 812 JAPAN 
Kyushu Unive r s i ty  

ABSTRACT 

A review of  Donnan exc lus ion  and i o n  e x c l u s i o n  
chromatography i s  p resen ted  by e x t r a c t i n g  t h e  phenomena 
of "pure" i o n i c  exc lus ion  by ion-exchangers from l i t e r -  
a t u r e  and by g iv ing  i t s  t h e o r e t i c a l  background i n  terms 
of Donnan equ i l ib r ium d i s t r i b u t i o n ,  n o t  i n t e n d i n g  a 
complete c o l l e c t i o n  of t h e  l i t e r a t u r e  on convent ional  
ion-exclusion chromatography. 

OUTLINE OF I O N I C  EXCLUSION STUDIES FROM LITERATURE 

The phenomenon t h a t  co-ions of  an ion-exchanger 
are excluded from the  ion-exchanger by e l e c t r o s t a t i c  

r e p u l s i o n  wi th  t h e i r  f i x e d  charged groups ( an ions  from 
cation-exchangers o r  c a t i o n s  from anion-exchangers) w a s  
f i r s t  u t i l i z e d  by Wheaton and Bauman (1,2) as "ion 

exc lus ion"  i n  t h e  chromatographic s e p a r a t i o n  of e l e c t r o -  
l y t e s  a n d n o n e l e c t r o l y t e s .  The s e p a r a t i o n  of  hydroch lo r i c  
a c i d  and a c e t i c  a c i d ,  hydroch lo r i c  a c i d  and d i c h l o r o -  
acetic a c i d ,  sodium c h l o r i d e  and e t h y l  alcohol, and o t h e r  
p a i r s  of s t r o n g  e l e c t r o l y t e  and non- or weak e l e c t r o l y t e  
components were q u a n t i t a t i v e l y  s e p a r a t e d  with s t r o n g  a c i d  
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106 WAKI AND TOKUNAGA 

type cation-exchange r e s i n  Dowex 50W column and water 
e l u e n t .  The f e a t u r e s  of t h i s  i o n  exc lus ion  chromatogra- 
phy are t h a t  water  i s  u s u a l l y  t h e  b e s t  e l u e n t  and t h a t  
i o n i c  components are e l u t e d  a t  t h e  column i n t e r s t i t i a l  

volume, while  nonionic components are e l u t e d  a t  t h e  

t o t a l  column l i q u i d  volume i n  a t y p i c a l  case. These 
f e a t u r e s  may l e a d  t o  a remarkable s i m p l i f i c a t i o n  of  
ope ra t ion  and,therefore,sometimes t o  an economical i n -  
d u s t r i a l  u t i l i t y .  A number of s e p a r a t i o n s  on t h i s  

p r i n c i p l e  were t r i e d  by s e v e r a l  i n v e s t i g a t o r s  i n  t h e  
e a r l y  years .  For example, t h e  s e p a r a t i o n  of  sodium 

c h l o r i d e  and b o r i c  a c i d  ( 4 ) ,  t h iocyana te  and su lph ide  
(5 )  , and hydrochlor ic  and acetic a c i d  ( 6 )  were performed 

using s t r o n g  a c i d  type cation-exchanger of sodium form 
o r  hydrogen form. 

The same techniquesof column o p e r a t i o n  w e r e  a p p l i e d  
t o  t h e  mutual s e p a r a t i o n  among o rgan ic  weak a c i d s  o r  
nonionic components ( 1 , 2 , 6 , 8 , 9 , 1 0 ) .  A c e t i c  a c i d  and 
acetone , o r  acetone and formaldehyde w e r e  s e p a r a t e d  wi th  

cation-exchanger Dowex 50W o r  anion-exchanger Dowex 1 
( 2 ) .  Harlow and Morman ( 6 )  developed a method f o r  t h e  
s e p a r a t i o n  and automatic de t e rmina t ion  of a c i d s  by i o n  
exclusion chromatography wi th  a column of hydrogen form 
Dowex 50W-Xl2 and water e l u e n t .  The e l u t i o n  of  i n d i v i d -  
u a l  a c i d s  w a s  au tomat i ca l ly  recorded by base t i t r a t i o n  
f o r  t h e  e f f l u e n t .  By t h i s  technique,  they could ana- 
l yze  a sample con ta in ing  s e v e r a l  a c i d s ' s u c h  as hydro- 
c h l o r i c ,  formic,  a c e t i c ,  p rop ion ic  and o t h e r  a l i p h a t i c  
a c i d s .  The same method w a s  employed i n  t h e  determina- 
t i o n  of d i ca rboxy l i c  a c i d s  such as o x a l i c ,  malonic,  

s u c c i n i c ,  g l u t a r i c  a c i d s ,  e tc .  (7), and a l s o  a p p l i e d  t o  
the  determinat ion of trace amounts of o rgan ic  a c i d s  i n  
s i l a g e  ( 8 ) .  Harlow and Morman p resen ted  re t e n t i o n  
d a t a  f o r  over 50 a c i d s  of d i f f e r i n g  s t r u c t u r e  ( 6 ) .  
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DONNAN EXCLUSION - ION EXCLUSION 107 

Although t h e s e  d a t a  gave u s  very u s e f u l  information 
f o r  p r a c t i c a l  s e p a r a b i l i t y ,  an e s s e n t i a l  exp lana t ion  f o r  
i o n  exc lus ion  mechanism could n o t  be shown, because most 

o rgan ic  a c i d s  have more o r  less tendency of  adso rp t ion  

on to  t h e  ion-exchange r e s i n  c a l l e d  i o n  exclu-  
s i o n - p a r t i t i o n  chromatography. A rough tendency t h a t  
weaker a c i d s  are e l u t e d  la ter  than  s t r o n g e r  a c i d  could 
be seen,  b u t  t h e r e  are a l s o  some excep t ions ;  € o r  i n s t a n c e ,  
formic a c i d  (pK 3.75)  i s  e l u t e d  be fo re  c h l o r o a c e t i c  a c i d  
(pK 2 . 7 5 )  and propionic  a c i d  (pK 4.87)  befo re  a c r y r i c  

a c i d  (pK 4.26)  by t h e i r  d a t a .  The dependence of d i s t r i -  
bu t ion  c o e f f i c i e n t  f o r  a l i p h a t i c  monocarboxylic a c i d  

(C -C ) and d ica rboxy l i c  a c i d  (C2-C7) on t h e i r  moleculal  1 6  
weight w a s  s t u d i e d  i n  d e t a i l  by Lehotay and Tra i t e r  ( 9 )  

a t  d i f f e r e n t  c r o s s l i n k a g e s  of  t h e  s t r o n g l y  a c i d i c  
cation-exchanger.  A remarkable increase i n  t h e  d i s t r i -  
bu t ion  c o e f f i c i e n t  va lue  wi th  i n c r e a s i n g  molecular weight 
w a s  observed i n  both mono- and d i c a r b o x y l i c  series, b u t  
t h i s  tendency w a s  c l e a r l y  beyond t h a t  expected from t h e  
less d i s s o c i a t i o n f o r  t h e  l a r g e r  a c i d ,  which i n d i c a t e s  
t h a t  o t h e r  nonionic f a c t o r s  are superimposed on i o n  ex- 

c l u s i o n  mechanism i n  t h e  d i s t r i b u t i o n  of  t h e  sample a c i d  
between t h e  r e s i n  phase and t h e  o u t e r  s o l u t i o n .  I n  case 
of aromatic  ca rboxy l i c  a c i d s ,  t h e  e l u t i o n  behavior  can 
be explained with more d i f f i c u l t y  by pure i o n  exc lus ion ,  

e s p e c i a l l y  i n  t h e  weak a c i d s  (10). For  t h e s e  s o l u t e s ,  
adso rp t ion  byx-bonding e f f e c t  o r  h ighe r  s o l u b i l i t y  t o  
more "organic"  r e s i n  phase than  o u t e r  aqueous s o l u t i o n  
causes  r e t a r d e d  e l u t i o n  from an ion-exchanger column; 
t h e r e f o r e  i t  seems n o t  proper  t o  use  a t e r m  " ion exclu- 
s i o n  chromatography" f o r  t h i s  case. 

The ion  exc lus ion  phenomenon w a s  observed a l s o  f o r  
c r o s s l i n k e d  dex t r an  g e l s  such as Sephadex G - 1 0  o r  G-25 

used i n  g e l  chromatography,based on s te r ic  exc lus ion  (11). 
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108 WAKI AND TOKUNAGA 

Since t h e s e  g e l s  u s u a l l y  c o n t a i n  f i x e d  ca rboxy la t e  groups 
a s  much a s  about  1 % of o rd ina ry  ion-exchange r e s i n  ca- 
p a c i t y ,  an ion ic  s p e c i e s  are excluded from t h e  g e l  phase 

when water is  employed as e l u e n t .  The e l u t i o n  o rde r  
Na5P3010-Na2HP04-NaC1 was observed and glucose,having 
l a r g e r  s i z e  than N a C 1 , w a s  e l u t e d  t h e  l a tes t .  With an 
inc reased  concen t r a t ion  of  e l u e n t  background e l e c t r o l y t e  
o r  sample s a l t  i t s e l f ,  each e l u t i o n  volume inc reased  
excep t  f o r  glucose and t h e  behavior came t o  show pure 
s t e r i c  exc lus ion  e f f e c t .  

Ion exclusion e f f e c t s  i n  t h e  chromatography of 
va r ious  compounds of b i o l o g i c a l  i n t e r e s t  such as poly- 
phosphoric esters (12), amino a c i d s  and p r o t e i n s  (13,14, 
15)  w e r e  i n v e s t i g a t e d  using Sephadex ( 1 2 )  , Sepharose (131, 
c o n t r o l l e d  pore g l a s s  (14), and DEAE-Sephadex and CM- 
Sephadex ( 1 5 ) .  Crone found two i n t e r e s t i n g  e m p i r i c a l  
r e l a t i o n s h i p s  on t h e  r e t e n t i o n  of t h e s e  b i o l o g i c a l  com- 
ponents;  one i s  t h e  l i n e a r  p l o t  between l / K D  and 1/I f o r  
agarose g e l s  where K i s  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  
and I the  i o n i c  s t r e n g t h  of t h e  e l u e n t  s o l u t i o n  ( 1 3 ) ,  

and t h e  o t h e r  i s  t h e  l i n e a r i t y  between KD of amino a c i d s  

and t h e i r  n e t  p o s i t i v e  o r  nega t ive  charge w i t h  anion o r  
c a t i o n  exchange Sephadex ( 1 5 ) .  The l a t t e r  i s  very i m -  
p o r t a n t ,  because t h i s  r e s u l t  may approach a fundamental 
c l ea rance  f o r  i o n i c  exc lus ion  phenomena. 

To g ive  a c o r r e c t  exp lana t ion  f o r  i o n i c  exc lus ion ,  
a system, i n  which only i o n i c  exc lus ion  i s  involved and 
any o t h e r  e f f e c t s  such as adso rp t ion  o r  steric exc lus ion  
are absen t ,  should be i n v e s t i g a t e d .  Tanaka e t  a l .  ( 1 6 ,  

17,18) s tud ied  such a system using many i n o r g a n i c  and 
organic  a c i d s  o f  s m a l l  s i z e ,  and s t r o n g  a c i d  type  ca t ion -  
exchange r e s i n  f o r  l i q u i d  chromatographic use.  They 
obtained a l i n e a r  r e l a t i o n s h i p  between pK1 ( t h e  f i r s t -  
s t e p  d i s s o c i a t i o n  c o n s t a n t )  of t he  sample a c i d  and ca- 
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DONNAN EXCLUSION - ION EXCLUSION 109 

p a c i t y  f a c t o r  ( r e t e n t i o n  volume, d i s t r i b u t i o n  c o e f f i c i e n t )  
under a c o n d i t i o n  with w a t e r  e l u e n t  (16 ,18 ) .  I t  may be  
d i f f i c u l t  t o  g ive  a t h e o r e t i c a l  b a s i s  f o r  t h e i r  r e s u l t s ,  

because t h e  pH may changes with t h e  kind and t h e  amount 

of sample component when water i s  employed as e l u e n t .  
The q u a n t i t y  d i r e c t l y  r e l a t e d  t o  t h e  r e t e n t i o n  should be 
t h e  a n i o n i c  charge and n o t  t h e  pK1 i t s e l f .  
s t u d i e d  t h e  e f f e c t  of o rgan ic  s o l v e n t  c o n t e n t  and t e m -  
p e r a t u r e  of t h e  e l u e n t  on t h e  r e t e n t i o n  volume ( 1 6 , 1 7 ) .  
They concluded t h a t  t h e  inc reased  r e t e n t i o n  wi th  o r g a n i c  
s o l v e n t  and a t  e l e v a t e d  temperature was due t o  t h e  i n -  
c r eased  pK va lue  caused by t h e  lowered d i e l e c t r i c  con- 

s t a n t  of t h e  e l u e n t .  The chromatographic de t e rmina t ions  
of phosphate,  phosphi te  and hypophosphite i o n s  wi th  t h e  

70 % acetone-water e l u e n t  ( 1 7 ) ,  and of  phosphate,  pyro- 
phosphate,  t r i po lyphospha te  and t r imetaphosphate  i o n s  
wi th  t h e  80 % dioxane t o  water  g r a d i e n t  e l u e n t ,  w e r e  
performed by pu re ly  i o n i c  exc lus ion .  

They a l s o  

1 

Waki and Tokunaga ( 2 0  , 2 1  , 22,23) extended t h e  i o n i c  

exc lus ion  system from t h e  convent ional  very d i l u t e  media 
t o  much more concentrated e l u e n t s  and gave a t h e o r e t i c a l  
b a s i s  f o r  t h e  i o n i c  exc lus ion  behavior  by s tudy ing  an 
a p p r o p r i a t e  system c o n s i s t s  of s m a l l  s i z e  an ions  of 
widely d i f f e r e n t  charges ,  a sulphonated c r o s s l i n k e d  
dex t r an  cation-exchanger SP-Sephadex C-25 and a concent- 
r a t e d  tetramethylammonium c h l o r i d e  e l u e n t  (when necessa- 
r y ,  pH-buf f e r e d )  . They named "Donnan exc lus ion  chromato- 
graphy" (DEC)  f o r  such a pu re ly  i o n i c  exc lus ion  chromato- 
graphy by t h e  reason t h a t  t h e  i o n i c  exc lus ion  behavior  
can be q u a n t i t a t i v e l y  expressed by a s imple Donnan equ i -  
l i b r i u m  r e l a t i o n .  The convent ional  " ion  exc lus ion  chro-  
matography" wi th  w a t e r  or very d i l u t e  e l u e n t s  can,  of  

cour se ,  be included i n  DEC i n  p r i n c i p l e .  I n  t h e  a p p l i -  
c a t i o n  of  DEC, a number of phosphorus oxoanions of 
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110 WAKI AND TOKUNAGA 

d i f f e r e n t  cha rges  w e r e  s e p a r a t e d  t o  e a c h  o t h e r  a t  t h e i r  

d i s s o c i a t e d  s ta tes  us ing  SP-Sephadex C-25, s o m e  m e t a l  
i o n s  us ing  QAE-Sephadex A-25, and a l s o  mono-, d i - ,  and 

t r i v a l e n t o r g a n i c a c i d s  were s e p a r a t e d  t o  each  o t h e r  ( 2 4 ) .  

A s  a s p e c i a l  a p p l i c a t i o n  o f  Donnan e x c l u s i o n  chro-  

matography, t h e  d e t e r m i n a t i o n  o f  s t a b i l i t y  c o n s t a n t s  

f o r  u n s t a b l e  i o n - p a i r s  i n  c o n c e n t r a t e d  media such  as 

t r ime taphospha te  complexes of calcium and magnesium w e r e  
s t u d i e d  ( 2 3 ) .  A f u r t h e r  d e s c r i p t i o n  of t h e  t h e o r y  and 

t h e  a p p l i c a t i o n s  o f  Donnan e x c l u s i o n  chromatography i s  
g iven  i n  t h e  fo l lowing  s e c t i o n .  

THEORY AND APPLICATION 

OF DONNAN EXCLUSION CHROMATOGRAPHY 

When a ca t ion-exchanger  i s  immersed i n  t h e  s o l u t i o n  

of  e l e c t r o l y t e  B A-, t h e  d i s t r i b u t i o n  o f  t h e  e l e c t r o l y t e  

and a sample an ion  Xx- a r e  g iven  by Donnan e q u i l i b r i u m ,  

+ 

+ x -  - x  
[ Xx- 3 ,  [ B I r  yx yB 

= Xx- 1 [ B+ I x  yx y," ( 2 )  

and [ I a r e  molar  c o n c e n t r a t i o n s ,  y ' s  Ir where [ 

a c t i v i t y  c o e f f i c i e n t s  and r o r  b a r  r e f e r s  t o  exchanger  

phase .  The d i s t r i b u t i o n  c o e f f i c i e n t  o f  t h e  sample an ion  
can be expres sed  as 

KD = RX ( 3 )  

where 

( 4 )  
- l / x  - + 
'X 'B [ B I r  
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DONNAN EXCLUSION - ION EXCLUSION 111 

+ + Since [ B ] >> 1 B ] f o r  a l l  cat ion-exchangers  a t  t h e  
d i s s o c i a t e d  s t a t e  of  t h e  i o n  exchage group, R i s  smaller 
than  u n i t y  as f a r  as a remarkable yx lowering due t o  

adso rp t ion  does n o t  t ake  p l ace .  
than u n i t y  i n  pure i o n i c  exc lus ion  system (K f o r  

D 
n e u t r a l  s p e c i e s  i s  u n i t y )  and i n  t h e  o r d e r  of 

r 

Therefore  KD i s  less 

n e u t r a l  s p e c i e s > m o n o - > d i - > t r i v a l e n t  a n i o n > . - - - .  
Th i s  i s  a l s o  t r u e  f o r  g e l s  c o n t a i n i n g  impur i ty  ion-  
exchange groups when t h e  o u t e r  s o l u t i o n  i s  d i l u t e .  

The R i n c r e a s e s  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  of 
t he  bulk e l e c t r o l y t e ,  s i n c e  t h e  i n c r e a s e  i n  [ B ] i s  
more r a p i d  than t h a t  i n  [ B 

l y t e  i nvas ion .  
increases wi th  t h e  B+A- c o n c e n t r a t i o n ,  though KD of 
n e u t r a l  component i s  unvaried a t  u n i t y .  The approximate 
manner of t h e  KD change f o r  d i f f e r e n t l y  charged anions 

can be drawn using the  r e l a t i o n  of  eqns (1) t o  ( 4 )  
under proper  assumptions.  Assuming f o r  s i m p l i f i c a t i o n  
t h a t  t h e  presence of  o t h e r  components than t h e  bulk 
s o l u t e  B+A- i n  both phases i s  n e g l i g i b l e  i n  q u a n t i t y  

and t h e r e f o r e  [ B i- I r  = Cr + [ A- I r  where Cr i s  t h e  
volume base ion-exchange c a p a c i t y ,  and t h a t  t h e  a c t i v i t y  
c o e f f i c i e n t  of any i o n  has  no d i f f e r e n c e  between t h e  

exchanger phase and t h e  o u t e r  s o l u t i o n ,  t h e  d i s t r i b u t i o n  
c o e f f i c i e n t  of t he  sample anion can be w r i t t e n  as 

+ 
+ I r  i n  s p i t e  of t h e  e l e c t r o -  

A s  a r e s u l t ,  t h e  KD value of an  anion 

- 2[ B+ 1 
KD - ( Cr + l ( C z  + 4 [  B+ l 2  

The t y p i c a l  model of  KD change wi th  o u t e r  
concen t r a t ion  i s  shown i n  Fig.  1 where i t  

( 5 )  

e l e c t r o l y t e  
i s  assumed 

t h a t  Cr does n o t  vary with the  bulk e l e c t r o l y t e  concen- 
t r a t i o n  f o r  s i m p l i f i e d  c a l c u l a t i o n s .  The c a l c u l a t i o n s  
are made f o r  a n  ion-exchanger of assumed c a p a c i t y  C =1 

which corresponds t o  a cons ide rab ly  swollen t y p e ,  and 
r 
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112 WAKI AND TOKUNAGA 

KD 

1.0  

0.5 

0 

F I G U R E  1 
The KD v a r i a t i o n  c a l c u l a t e d  f o r  d i f f e r e n t  c h a r g e s  w i t h  
o u t e r  e l e c t r o l y t e  c o n c e n t r a t i o n .  

f o r  a g e l  o f  i m p u r i t y  ion-exchange c a p a c i t y  Cr= 0 . 0 1  

A t  v e r y  l o w  o u t e r  c o n c e n t r a t i o n s t a l l  KD v a l u e s  f o r  
a n i o n s  become z e r o ,  so the c o n v e n t i o n a l  s e p a r a t i o n s  

o f  non ion ic  s o l u t e s  and i o n i c  s o l u t e s  have been  carr 
o u t  w i t h  water e l u e n t s .  However, t h i s  c o n d i t i o n  i s  

ed 

power less  f o r  t h e  mutual  s e p a r a t i o n s  between d i f f e r e n t l y  
charged  a n i o n s ,  and e l u e n t  of h i g h  e l e c t r o l y t e  
c o n c e n t r a t i o n  shou ld  be used i n  such  a case. For  example, 
t h e  c o n d i t i o n  o f  0 . 5  to  1 . 0  M c o n c e n t r a t i o n  is c o n s i d e r e d  
t o  be b e s t  f o r  t h e  s e p a r a t i o n  o f  monovalent  and  d i v a l e n t  
an ions  , and t h e  more c o n c e n t r a t i o n s  are recommended f o r  
h i g h e r  charged ones .  T h i s  behav io r  shou ld  somewhat 
change depending on t h e  ion-exchange c a p a c i t y ,  b u t  a 
s i m i l a r  t r e n d  i n  t h e  KD change w a s  conf i rmed by t h e  
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measurements with phosphorus oxoanions f o r  SP-Sephadex 
C-25 and tetramethylammonium c h l o r i d e  e l u e n t s  of v a r i o u s  
concen t r a t ions  (22). The s e p a r a t i o n  between charged 
i o n s  with a non-ion-exchanging g e l  which c o n t a i n s  on ly  
impuri ty  ion-exchange groups may be very d i f f i c u l t ,  
because t h e  concentrated e l e c t r o l y t e  e l u e n t s  b r i n g  abou t  
und i s t ingu i shab le  K va lues  approaching u n i t y .  Even 
i f  t h e r e  could be found a good c o n d i t i o n  i n  theo ry  f o r  
t h e  s e p a r a t i o n ,  such a system may be u n s t a b l e  and a 
s l i g h t  v a r i a t i o n  i n  c o n d i t i o n s  may g ive  a tremendous 

d i s tu rbance  t o  t h e  e l u t i n g  p o s i t i o n .  On t h e  o t h e r  hand, 
t h e  u s e  of ion-exchangers of  extremely high c a p a c i t y  
l i k e  Dowex 5OW-X8 o r  -X12 may a l s o  be unrecommendable 
because of inconvenience i n  employing extremely concen- 
t r a t e d  e l e c t r o l y t e  e l u e n t s  and by k i n e t i c  r easons .  

D 

Another important  e m p i r i c a l  f i n d i n g  i s  t h a t  R i n  

eqn ( 3 )  i s  c o n s t a n t  i r r e s p e c t i v e  t o  sample s p e c i e s  
under a given e l u e n t  c o n d i t i o n  and t h e r e f o r e  t h e r e  i s  
a l i n e a r  r e l a t i o n s h i p  between log  K and i o n i c  charge 
x. Fig.  2 shows such a r e l a t i o n s h i p  i n  t h e  system of  
SP-Sephadex C-25 and 1 . 0 0  M tetramethylammonium c h l o r i d e  

e l u e n t .  
by t h e  equa t ion  

D 

The KD here  w a s  chromatographical ly  determined 

D Ve = Vo +- K D * V  

where V i s  the  e l u t i o n  volume o f  a sample i o n ,  Vo t h e  
void volume and V t h e  n e t  i n t e r n a l  volume o f  ion-ex- 
changer phase.  V was assumed from t h e  e l u t i o n  volume 
of  i o n s  of very high charge.  
t h e  e l u t i o n  volume f o r  n e u t r a l  s p e c i e s  such as ammonia 
o r  crotonaldehyde assuming KD = 1. 
from Fig.  2 t h a t  KD va lues  are decided on ly  by t h e  i o n i c  

charge of t h e  sample i o n  b u t  molecular s t r u c t u r e  
has  no e f f e c t  on t h e  e l u t i o n  p o s i t i o n  as f a r  as  t h e  

e 
D 

0 
VD w a s  c a l c u l a t e d  from 

I t  can a l s o  be seen 
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114 WAKI AND TOKUNAGA 

Anionic Charge x 
1 2 3 

c ro to i a ldehyde  
1 I 

0 

-0.5 

-1 .0  

\ 
A c e t a t  

T r i c a r b a l l y l a t c  

FIGURE 2 
The r e l a t i o n s h i p  between charge and d i s t r i b u t i o n  
c o e f f i c i e n t  K D '  

molecular s i z e  i s  n o t  very l a r g e ,  a s  i n d i c a t e d  by t h e  

i d e n t i c a l  K va lues  f o r  acetate and v a l e r a t e  an ions  i n  

the  same a l i p h a t i c  monocarboxylate series. Fig.  3 i s  

an example of DEC s e p a r a t i o n  f o r  va r ious  Oxopolyanions 

of phosphorus based on the  charge d i f f e r e n c e  ( 2 0 ) .  For 

l a r g e  ions  whose molecular s i z e s  are beyond about  1 0  A 

i n  l e n g t h ,  however, a steric exc lus ion  e f f e c t  may be 

superimposed on t h e  i o n i c  exc lus ion  i n  t h e  chromatography 

( 2 4 ) .  

D 

0 

The same type of s e p a r a t i o n  w a s  made f o r  t h e  
o rgan ic  a c i d  an ions  of d i f f e r e n t  charges  such as mono- 

v a l e n t  acetate, d i v a l e n t  t a r t ra te  and t r i v a l e n t  tri- 
c a r b a l l y l a t e  anions ( 2 4 ) .  

s e p a r a t i o n  of c a t i o n s  w i t h  an anion-exchanger, consider-  
The DEC p r i n c i p l e  can be a p p l i e d  a l s o  t o  t h e  
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h 

h 
h 
5 
L4 
4J 
.I+ - 
Q 
5 

c 
0 

.I+ 
4J 
(d 
Q 
4J 
a, c -  CH3CH=CHCH0 
u 
c c. 
0 i !  u 

n 
Y 

i \, 
i \. 
i !  
i \, 

\. i 
i 

70 90 110 130 150 
E f f l u e n t  Volume ( m l )  

F I G U R E  3 
Separa t ion  o f  phosphorus oxoanions by DEC ( 2 0 ) .  

Colmn; SP-Sephadex C-25 ( C H 3 ) 4 N  -form, 9 5 . 8  X 1 . 5  c m .  
Eluent:  1 . 0 0  M ( C H 3 f 4 N C 1  (pH 9 . 8 ) .  Flow rate:  0.75 m l / m i n .  
Sample; each 5 X mmol(as P )  . 
Reproduced by permission of E l s e v i e r  Pub l i sh ing  Co. 

+ 

i n g  t h e  r eve r sed  s i g n  of  e lec t r ica l  charge f o r  eve ry th ing .  
F ig .  4 r e p r e s e n t s  t he  s e p a r a t i o n  o f  c o b a l t ,  potassium 

and s i l v e r  w i th  n i t r a t e  form QAE-Sephadex A-25 and 

0 . 3  M sodium n i t r a t e  e l u e n t .  H e r e  s i l v e r  h a s  about  

-0 .5  mean charge by p a r t i a l  i on -pa i r  formation wi th  

n i t r a t e  i o n ,  t h e r e f o r e  t h e  s e p a r a t i o n  from monovalent 

c a t i o n  K i s  s u c c e s s f u l  ( 2 0 ) .  I n  t he  p r a c t i c a l  s epa ra -  

t i o n  by DEC, t h e  charges  of i o n s  t o  be s e p a r a t e d  are 

+ 
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116 WAKI AND TOKUNAGA 

- 
i? ru 
!+ 
0 -  
.rl 

x=2 x = l  x= 0 

4 4 4 

FIGURE 4 

Donnan e x c l u s i o n  chromatography f o r  c a t i o n s  ( 2 0 ) .  

Column; QAE-Sephadex A-25 NO;-form, 39.0 X 1 .O c m .  
E l u e n t ;  0.3 M N a N 0 3 .  Flow r a t e ;  0.4 ml/min. Sample; 

each  0.025 mmol. 
Reproduced by pe rmis s ion  of E l s e v i e r  P u b l i s h i n g  C o .  

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

f o r  monovalent i o n  and n e u t r a l  component, t h e r e  i s  
u s u a l l y  a l a r g e  e l u t i o n  space t o  be  u t i l i z e d .  The 

Donnan e x c l u s i o n  f o r  n o n i n t e g r a l  c h a r g e s  can  be t r e a t e d  
as t h e  case o f  a n  e q u i l i b r i u m  mix tu re  sample,  as de-  

scribed below, b r i e f l y  . 
I n  an e q u i l i b r i u m  mix tu re  M-L sys tem (M:cat ion,  

L: sample an ion )  , t h e  a p p a r e n t  d i s t r i b u t i o n  c o e f f i c i e n t  

o f  L a t  excess M can be expres sed  by 

d + K  d +.... ( 7 )  - 
K~ - K ~ , ~  ‘L + K ~ , ~ ~  ML D , M ~ L  M ~ L  

assuming t h a t  any c a t i o n i c  M-I, complexes are n o t  
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formed where t h e  KDIMjL i s  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  
c h a r a c t e r i s t i c  t o  t h e  
f r a c t i o n  f o r  a l l  L s p e c i e s .  When a l l  a ' s  are c a l c u l a b l e  
from known s t a b i l i t y  c o n s t a n t s ,  KD ( t h e r e f o r e  t h e  
e l u t i n g  p o s i t i o n  of L )  can be p r e d i c t e d .  

charge of M . L  and O!M,L i t s  mole 
3 7 

Let$consider t h e  s i m p l e s t  b i n a r y  system of a p a r t l y  

d i s s o c i a t e d  monobasic a c i d  HL. The d i s t r i b u t i o n  c o e f f i -  
c i e n t  of L is  

i s  t h e  K of  

i r r e s p e c t i v e  
o r  extremely 

D monovalent anion 
of  s p e c i e s  f o r  a 
d i l u t e  e l u e n t s  

i n t roduc ing  t h e  f i r s t  d i s s o c i a t i o n  c o n s t a n t  K of t h e  
a c i d ,  where F i s  the  average a n i o n i c  charge and K 

1 
D . - 1  

which i s  a c o n s t a n t  
given e l u e n t .  For w a t e r  

r 

K D = l - i  

s i n c e  a l l  an ions  are completely excluded and R i n  eqn 
( 4 )  becomes zero.  
g i v e  a s t r a i g h t  l i n e  wi th  a nega t ive  s l o p e ,  such a 
behavior  being obtained with amino a c i d s  ( 1 5 ) .  S i m i l a r l y ,  
KD f o r  po lybas i c  a c i d s  i n  t h e  water e l u e n t  system i s  
w r i t t e n  as 

Anycase, t h e  p l o t  of KD v s .  i should 

Any simple r e l a t i o n s h i p  between KD and pK1 may n o t  be 
p r e s e n t .  1' Only when K 2  i s  very s m a l l  compared w i t h  K 
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118 WAKI AND TOKUNAGA 

and t h e  e l u e n t  pH i s  k e p t  c o n s t a n t ,  t h e  approximate  

l i n e a r i t y  may be  found f o r  t h e  a c i d s  whose pK1 v a l u e s  

range  around t h e  e l u e n t  pH va lue  (16 ,181 .  
A complex fo rma t ion  may s o m e t i m e s  e f f e c t i v e l y  be 

u t i l i z e d  i n  t h e  DEC s e p a r a t i o n .  For  i n s t a n c e ,  t h e  sep-  

a r a t i o n  o f  o r t h o - ,  pyro-  and t r i p o l y p h o s p h a t e  a n i o n s  

i s  d i f f i c u l t  a t  t h e i r  comple t e ly  d i s s o c i a t e d  forms,  
s i n c e  t h e  cha rges  a r e  -3, -4 and -5, r e s p e c t i v e l y .  

I n  g e n e r a l ,  t h e  q u a n t i t a t i v e  s e p a r a t i o n  between a d j a c e n t  

cha rges  f o r  i o n s  h i g h e r  t h a n  t r i v a l e n t  i s  n o t  e a s y  even 

i f  a l a r g e  column is  used .  I n  such  a c a s e , t h e  s e p a r a t i o n  

may be  improved by lower ing  their cha rges  through 

p r o t o n a t i o n  or i o n - p a i r  fo rma t ion  by t h e  use  o f  t h e  

e l u e n t  o f  lower pH and d i f f e r e n t  composi t ion  ( 2 0 ) .  

F i n a l l y ,  it must by s a i d  t h a t  t h e  Donnan e x c l u s i o n  

chromatography having  a unique  n a t u r e , t h a t  t h e  e l u t i n g  

p o s i t i o n  depends on ly  on t h e  i o n i c  cha rge  a t  a g iven  

e l u e n t  c o n d i t i o n ,  may be a p p l i c a b l e  t o  t h e  e v a l u a t i o n  

o f  a c i d  d i s s o c i a t i o n  c o n s t a n t s  o r  s t a b i l i t y  c o n s t a n s  o f  

l a b i l e  u n s t a b l e  complexes. The s t a b i l i t y  c o n s t a n t s  o f  

t r ime taphospha te  complexes w i t h  magnesium and calcium 
w e r e  de te rmined  by t h i s  t echn ique  ( 2 3 ) .  
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