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DONNAN EXCLUSION CHROMATOGRAPHY 
WITH NONlONlC ADSORPTION 

Hirohiko Waki, Kazuhisa Tsuruta, 
and Yuji Tokunaga" 

Department of Chemistry 
Faculty o f  Science 
Kyushu University 

Hazozaki, Higashiku, Fukuoka, 812 Japan 

ABSTRACT 

The Donnan exc lus ion  chromatography a s s o c i a t e d  wi th  nonionic  
adsorp t ion  h a s  been s t u d i e d  on n u c l e o t i d e s  ( AMP, ADP and ATP 
and aromat ic  a c i d s  ( p h t h a l i c  a c i d ,  benzoic  a c i d ,  s a l i c y l i c  a c i d  
and phenol ) us ing  c r o s s l i n k e d  dext ran  cat ion-exchangers ,  SP-Sephadex 
and CM-Sephadex. I t  h a s  been c l a r i f i e d  exper imenta l ly  based on a 
t h e o r e t i c a l  p r e d i c t i o n  t h a t  t h e  combination o f  i o n i c  e x c l u s i o n  and 
a d s o r p t i o n  e f f e c t s  can make t h e  s e p a r a t i o n  i n  t h e  Donnan e x c l u s i o n  
range more e f f e c t i v e  i n  some c a s e s .  

INTRODUCTION 

The phenomena o f  i o n i c  exc lus ion  from ion-exchangers have 

q u a n t i t a t i v e l y  been e l u c i d a t e d  by Donnan e x c l u s i o n  d i s t r i b u t i o n  

and extended t o  a mutual  s e p a r a t i o n  of d i f f e r e n t l y  charged i o n s  

8 p r e s e n t  address :  Chemical Analys is  Laboratory,  Toyo Soda 
Manufacturing Co., Ltd . ,  4560 Tonda, Shinnanyo-shi, Yamaguchi-ken, 
JAPAN 
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2106 WAKI, TSURUTA, AND TOKUNAGA 

( not t h e  counter  i o n s  b u t  t h e  co-ions f o r  a n  ion-exchanger ) under  

t h e  term It Donnan exc lus ion  chromatography " ( 1 , 2 ) ,  such as 

phosphorus oxoanions ( 1 )  , organiv  ions  ( 3)  and metal i o n s  ( 1). Also 

t h e  proper ty  t h a t  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  o r  t h e  e l u t i o n  

p o s i t i o n  of a t y p i c a l  i o n  depends only on i t s  i o n i c  charge ( t h e  

average charge i n  t h e  c a s e  o f  mixture  o f  two s t a t e s  i n  e q u i l i b r i u m  

h a s  been u t , i l i z e d  t o  t h e  charge de te rmina t ion  o r  t h e  e v a l u a t i o n  of 

s t a b i l i t y  c o n s t a n t s  f o r  l a b i l e  complexes ( 4 ) .  It, has  a l s o  b e  

suggested t h a t  o t h e r  f a c t o r s  such as molecular  s i z e  ( 5 )  and nonionic  

adsorp t ion  ( 3 )  can sometimes make  t h e  s e p a r a t i o n  by Donnan e x c l u s i o n  

chromatography more e f f e c t i v e .  I n  t h i s  paper ,  detai l : ;  o f  t h e  l a t t e r  

e f f e c t  w i l l  b e  demonstrated wi th  nucleotidf?s and aromat ic  a c i d  an ions  

u s i n g  swollen c ross l inked-dext ran  c a t i o n  exchangers .  

EXPERIMENTAL 

Chemicals 

The sodium salts o f  c y c b - t r i p h o s p h a t e  Na P 0 - 6 ~ ~ 0  and l inear 1 3 9  

polyphosphate(?ii=lOO) were prepared i n  our  l a b o r a t o r y .  Adenosine 

monophosphate AMP.2Na.H 0,  adenosine d iphosphate  ADP-2Na.2H20, 

adenosine t.riph0sphat.e ATP'2Na -3H20, p h t h a l a t e  C6H4(COOK) (COOH)  , 

benzoate  C H COONa, s a l i c y l a t e  C6H4(OH)(COONa), phenol C6HsOH, 

phosphi te  Na2PH0 *5H20, hypophosphate N a P H 2 0 2 *  H 2 0  and 

crotonaldehyde t r a n s - C H  CH=CHCHO were of commercially a v a i l a b l e  

r e a g e n t  grade.  A l l  o t h e r  chemicals  were a l so  of r e a g e n t  grade .  

Cation-exchange columns 

2 

6 5  

3 

3 

Both a cross- l inked  dext ran  g e l  t y p e  s t r o n g  a c i d  ca t ion-  

+ 
exchanger, SP-Sephadex C-25(Na form), and t h e  sme gel t y p e  weak 
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DONNAN EXCLUSION CHROMATOGRAPHY 2107 

a c i d  cat ion-exchanger ,  CM-Srphadpx C-25(Na+ Yorm), were conver ted  

i n t o  t h e  t e t ramethylamonium ion  form b e f o r e  chromatographic  r u n s .  

These ion-exchangers were packed i n t o  a column t o  make a bed 

dimension 1 .0  cm I.D. X 66.5 cm, 1.0 cm I . D .  X 92.0 cm o r  1 . 5  cm 

I.D. X 96.0 cm i n  water .  

E luents  

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

c o n c e n t r a t i o n s  were prepared at a d e s i r e d  pH a d j u s t e d  w i t h  a small 

amount o f  hydrochlor ic  a c i d  o r  tetramethylammonium hydroxide.  The 

mixed s o l u t i o n  o f  0 .40 M tetramethylammonium c h l o r i d e  and 0.10 M 

ammonium chloride-ammonia b u f f e r  w a s  a l s o  used as a n  e l u e n t .  

E lu t ion  procedure 

A f t e r  t h e  column was p r e t r e a t e d  w i t h  t h e  e l u e n t ,  0.1 m l  ( o r  

1.13 m l  f o r  1 . 5  cm I . D .  column ) o f  sample s o l u t i o n  d i s s o l v e d  i n  t h e  

same e l u e n t  w a s  added t o  t h e  t o p  o f  t h e  column. Then e l u t i o n  was 

c a r r i e d  out a t  room temparature  ( 20 f 2 O C  ) and flow rate  ( 50 

ml/h 1 .  The e f f l u e n t  was c o l l e c t e d  by f r a c t i o n s  o f  0 . 5  ml ( o r  

1 . 0  m l  f o r  1 . 5  cm I.D. column ) o r  int,roduced d i r e c t l y  t o  a f low 

c e l l  o f  a v a r i a b l e  wavelength spec t rophotometer  ( LDC Model 

SpectroMonitor m ) f o r  t h e  components w i t h  l i g h t - a b s o r p t i v i t y .  

Analyses o f  sample components 

Inorganic  phosphorus oxoanions were determined s p e c t r o -  

p h o t o m e t r i c a l l y  with a molybdenum (V) - molybdenum (E ) r e a g e n t .  

Lower phosphorus oxoanions were determined by t h e  same r e a g e n t  a f te r  

o x i d a t i o n  w i t h  hydrogen s u l f i t e .  Crotonaldehyde,  n u c l e o t i d e s  and 

aromatic  a c i d s  were d i r e c t l y  determined at 224 nm, 260 nm and 

275 nm, r e s p e c t i v e l y ,  u t i l i z i n g  t h e i r  own W l i g h t  a b s o r p t i o n .  
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2108 WAKI, TSURUTA, AND TOKUNAGA 

Determination o f  d i s t r i b u t i o n  c o e f f i c i e n t  

The d i s t r i b u t i o n  c o e f f i c i e n t ,  KD, o f  a given sample component 

w a s  es t imated  from t h e  r e l a t i o n  Ve = Vo + KD VD,  where Ve is t h e  

peak e l u t i o n  volume, V t h e  vo id  volume and V t h e  n e t  volume o f  t h e  0 D 

exchanger phase, which were determined accord ing  t o  t h e  l i t e r t i i re  (1) .  

RESULT'S AND DISCUSSION 

The Donnan exc lus ion  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  a n  anion Xx- 

e l u t e d  by i o n i c  excl i is ion from a B -form c a t i o n  exchange column is  

expressed by t h e  fo l lowing  equat ion .  

+ 

where 

Here b l a c k e t  and y are molar c o n c e n t r a t i o n  and a c t i v i t y  c o e f f i c i e n t ,  

r e s p e c t i v e l y ,  and b a r  refers t o  t h e  ion-exchanger phase.  When t h e  

a c t i v i t y  c o e f f i c i e n t  q u o t i e n t  R i s  c o n s t a n t ,  K m a y  depend only  on 

t h e  i o n i c  charge o f  t h e  sample component, as f a r  as a s t e r i c  e x c l u s i o n  

D 

o r  a nonionic  adsorp t ion  t o  t h e  ion-exchanger m a t r i x  dose n o t  t a k e  

p l a c e .  The r e l i a b i l i t y  of t h i s  assumption was shown exper imenta l ly  

by  a l i n e a r  r e l a t i o n s h i p  between l o g  K and t h e  i o n i c  charge wi th  

v a r i o u s  i o n s  and SP-Sephadex p r e v i o u s l y  (1). This  w a s  also confirmed 

a t  a n o t h e r  i o n i c  s t r e n g t h  ( I = 0.5 ) and a t  a n o t h e r  ion-exchanger, 

CM-Sephadex. ( Fig .  1 ) 
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0 

-0.5 

a 
?c 
M 

d 

-1 .o 

-1.5 

I o n i c  Charge 

-1 -2 -3 
I I 

3CH =C H CHO 

I 
CM-Sephadex 

I = 0 . 5  pH= 

\ 

\ PH0;- / 

I=O. 5 Q 
FIGURE 1 

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

The s i t u a t . i o n  may become a l i t t l e  more c o m p l i c a t e d  when non- 

i o n i c  a d s o r p t i o n  of  t h e  sample components o n t o  an ion -exchanger  i s  

conce rned ,  as e n c o u n t e r e d  f o r  aromatic compounds. I n  t h i s  case we 

s h o u l d  d i s t i n g u i s h  two s ta tes  f o r  t h e  sample i o n  p r e s e n t  i n  an ion- 

exchange r  phase .  The c o n c e n t r a t i o n  r a t i o  of t h e s e  two states s h o u l d  

b e  k e p t  c o n s t a n t  by t h e  a d s o r p t i o n  c o n s t a n t .  
- 

* [ XIx- 1 
K =  ( 3 )  

Thus 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  can b e  w r i t t e n  as 

- 
[ x"- 1 + [ X I X -  1 

= RX ( 1 + K* ) ( 4 )  
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2110 WAKI, TSURUTA, AND TOKUNACA 

Next w e  c o n s i d e r  t h e  mutua l  s e p a r a t i o n  of d i f f e r e n t l y  cha rged  

x -  components . If t h e  s e p a r a t i o n  f a c t o r  i s  d e f i n e d  as t h e  

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

- and X2 

t h e  Donnan e x c l u s i o n  chromatography where an  n o n i o n i c  a d s o r p t i o n  i s  

i n v o l v e d  can b e  e x p r e s s e d  by 

"1 

" 2  

l + K  

1 + K  
1 - Rxl-x2. S = K  2 D , 1  KD,2 - ( 5 )  

which i s  e a s i l y  d e r i v e d  from eqn  (3) and (4). When x1 > x2 and  

K"' > KW2, t h a t  i s ,  a n  i o n  of t h e  lower  c h a r g e  h a s  t h e  s t r o n g e r  

a d s o r p t i v i t y ,  b o t h  R x l - x z  and 1 + K"' 1 1 + K"? become larger t h a n  

u n i t y  s i n c e  R is less t h a n  u n i t y .  T h e r e f o r e ,  eqn ( 5 )  i n d i c a t e s  t h a t  

t h e  a d s o r p t i o n  can assist t h e  Donnan e x c l u s i o n  chromatography and  

a l s o  t h a t  t h e  Donnan e x c l u s i o n  p r i n c i p l e  can make t h e  a d s o r p t i o n  

chromatography more e f f e c t i v e  i n  some cases. I n  t h e  p r e s e n t  work 

t h i s  was conf i rmed  i n  t h e  s e p a r a t i o n  of  n u c l e o t i d e s  o r  some a r o m a t i c  

a c i d s  by comparing t h e  n e u t r a l  gel and t h e  ion-exchanger  from t h e  

same c r o s s l i n k e d  dex t  ran mat,rix.  

F i g .  2 shows t h e  e l u t i o n  c u r v e s  o f  ATP, ADP and AMP from t w o  

columns of t h e  same dimension w i t h  Sephadex G-25 and SP-Sephadpx C-25, 

and w i t h  t h e  same e l u e n t .  A t  pH 3.0 where t h e  s e p a r a t i o n  w a s  c a r r i e d  

o u t ,  t h e  c h a r g e  o f  ATP, ADP and AMP are c o n s i d e r e d  t o  b e  a p p r o x i m a t e l y  

-2, -1 and 0,  r e s p e c t i v e l y  ( 6 ) .  The s e p a r a t i o n  w i t h  t h e  neutral g e l  

Sephadex G-25 i s  undoub ted ly  caused  by t h e  d i f f e r e n c e  of t h e i r  

a d s o r p t i v i t i e s .  It  can be s e e n  from the F i g .  2 t h a t  t h e  Donnan 

e x c l u s i o n  chromatography w i t h  SP-Sephadex r e n d e r s  a better s e p a r a t i o n  

f o r  any p a i r  of t he  sample components t h a n  w i t h  Sephadex G-25. 
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Sephadex G-25 

ADP 

0 20 40 60 

SP-Sephadex C-25 

ATP 

0 20 40 60 
E f f l u e n t  volume / ml 

FIGURE 2 

Separa t ion  of nucleotddes Column; 1 . 0  cm I.D. X 

66.5 cm 

Sample; each 7.5 X 

a ;  i n t e r s t i t i a l  volume b; one column volume 

E l u e n t ;  0.5 M M e 4 N C 1  (pH 3.0) 

mol o f  ATP, ADP and AMP 
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benzoate (-1) 
i I  d 

0 
phthalate ( -2 )  

WAKI, TSURUTA, AND TOKUNAGA 

4 

phenol ( -0 .5 )  

Sephadex G-25 

a 

sa l i cy la t e  (-1) 

benzoate (-1 ) 
" I  i 

0 

a 

0 40 80 

.: T 
?no1 ( - 0 . 5 )  

FIGURE 3 

Separation of aromatic anions. 

Eluent; 0.4 M Me4NC1 + 0.1 M NH4C1-NH3 buffer(pH 10) 

Sample; each 8 X 

C & $ + ( O H )  (COONa) , C6H50H 

b; one column volume 

Column; 1.0 cm I.D. X 92.0 cm 

mol of C&-$+(COOK)(COOH), C6H5COONa, 

a ;  i n t e r s t i t i a l  volume 
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A complete s e p a r a t i o n  may be accomplished by t h e  use  of  a l a r g e r  

column, i f  necessary .  

Another i n s t a n c e  of t h e  comparison i s  demonstrated w i t h  p h t h a l a t e ,  

benzoate ,  s a l i c y l a t e  and phenol us ing  Sephadex G-25 and CM-Sephadex C-25 

columns o f  t h e  same dimension i n  Fig.  3. The charges o f  t h e s e  

components a r e  cons idered  t o  be approximately -2, -1, -1 and -0.5 

a t  pH 10 ,  r e s p e c t i v e l y  ( 7 ) .  The f a c t  t h a t  t h e  e l u t i o n  volumes for  

som? cornponetits exceed one colimn volume i n d i c a t e s  t h e  presence  of 

nonionic  adsorp t ion  t o  t h e  g e l  m a t r i x .  Again b e t t e r  s e p a r a t i o n  

f a c t o r s  could be observed on each p a i r  of components fo r  t h e  ion- 

exchanger than f o r  t,he o t h e r .  The phenomena t h a t  ion-exclusion and 

adsorp t ion  chromatography assist t o  each o t h e r  may be u t i l i z e d  i n  

many o t h e r  p r a c t i c a l  s e p a r a t i o n s .  
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