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INTRODUCTION 

Ion exchange is t.he process of replacing one ion with a 

second ion. This process is usually carried out in water 

solution on a specially functionalized polystyrene resin. 

The actual replacement reaction involved in ion exchange is 

given in Equation 1. 

The use of ion exchange as a.practica1 analytical tool 

depends on a number of things. The ion exchange must be 

performed in a chromatographic system with an efficient ion- 

exchange resin. A sensitive and universal detector must be 

used. An efficient eluent which is compatible with the other 

requirements of the system is needed. Finally, an eluent 

pump is necessary to allow the system to be automated and to 

speed up the separation of the Ions. 

An automated ion-exchange system which meets these 

requirements was introduced by Small, stevens and Bauman in 

1975 [I]. The unique features of their system were the 

combination of a conductivity detector.with a method of 



lowering .the eluent conductivity, which produced very good . - . 

sensitiviti~s for ionic samples. '   he system is capable of 
performing .either anion exchange or cation exchange, but only 

'the anion-exchange system will be discussed. 

The anion-exchange system consists of a low'capacity 

anion-exchange resin, which separates the anions, followed'.by 

t 
a high capacity cation-exchange, suppressor column. in the H 

form. The purpose of the cation column is to convert the 

eluent, which is a1ways.a dilute solution of a weak acid, 

from the. ionic form to the protonated acid form. This 

conversion is necessary because a'conductivity detector 

responds to all of the ions in solution and the unprotonated 

eluent would give too high a background conductance to allow 

this type of a detector to be used. The eluents used in this 

system were originally mixtures of 0.035-0.045 F sodium 

hydroxide and 0.005-0.015 F sodium phenate or 0.005-0.015 P 

solutions of sodium phenate alone. The currently recommended 

eluent [2] is a mixture of 0.003 M NaHCO and 0,'0012-0.0036 M 
3 

Na CO 2 3' This entire system is now commercially.marketed by 

the Dionex Corporation as the Ion Chromatograph. 

Gjerde, Fritz and Schmuckler 131 introduced a second 

method for performing ion chromatography which does not use a 

suppressor column. This system uses very low capacity ion- 

exchange. resins and lower concentrations of the eluent to 

maintain an eluent conductance which is low enough to permit 



t h e  u se  of a  c o n d u c t i v i t y  d e t e c t o r .  Because o f  t h e s e  

c o n s t r a i n t s ,  t h e  e l u e n t  used i n  t h i s  sys tem must have a 

h i g h e r  a f f i n i t y  f o r  t h e  r e s i n  and a lower  e q u i v a l e n t  con- 

duc tance  t h a n  t h e  e l u e n t  used i n  t h e  Dionex sys tem.  The 

e l u e n t s  used i n  t h e  nonsuppressed sys tem t y p i c a l l y  c o n s i s t  

o f  0,00005 t o  0.0005 M s o l u t i o n s  o f  po tass ium benzoa t e ,  

benzoic  a c i d ,  po tass ium p h t h a l a t e ,  o r  ammonium s u l f o b e n z o a t e .  

Most o f  t h e  components o f  nonsuppressed i o n  chromatog- 

raphy  have r e c e i v e d  e x t e n s i v e  a t t e n t i o n .  Methods f o r  

p r e p a r i n g  ve ry  low c a p a c i t y  ion-exchange r e s i n s  have been 

worked o u t  [ 4 , 5 ] .  The e f f e c t  o f  v a r i a t i o n s  i n  t h e  exchange 

c a p a c i t y  o f  r e s i n s  ha s  been s t u d i e d  [5] .  Se .pa r a t i ons  o f  a 

wide v a r i e t y  o f  an ion  and c a t i o n  samples  have been ach i eved  

[6 ,7 ] .  An e x t e n s i v e  s t u d y  on t h e  p r o p e r t i e s  of  p o t e n t i a l  

e l u e n t s ,  however, had no t  been performed when t h i s  s t u d y  

was i n i t i a t e d .  

The purpose  o f  t h i s  s t u d y  i s  t o  su rvey  a  number o f  

o r g a n i c  a c i d s  which have p o t e n t i a l  as e l u e n t s  f o r  an ion-  

exchange chromatography and t o  de t e rmine  how t h e  s t r u c t u r e  

and p r o p e r t i e s  o f  t h e s e  a c i d s  a f f e c t  t h e i r  performance as 

e l u e n t s .  A number o f  pa r ame te r s  w i l l  b e . e v a l u a t e d  f o r  t h e i r  

e f f e c t  on t h e  performance o f  t h e  e l u e n t .  These i n c l u d e  t h e  

numb'er,, t y p e ,  and s t r u c t u r e  o f  t h e  a c i d  g r o u p s , . t h e  o v e r a l l  

s t r u c t u r e  of t h e  molecu le ,  and t h e  e l e c t r i c a l  n a t u r e  o f  t h e  



molecule,  as r e f l e c t e d  b y  i t s .  a c i d  d i s s o c i a t i o n  constan' t  . , 

The ' . e f f ec t s  of nonacid . . groups w i l l  a l , so  b e ' e v a l u a t e d ,  

.When t h e  survey .and' e v a l u a t i o n  of  t h e  e l u e n t s  has  been . 

completed, a number of  a c t u a l  s e p a r a t i o n s  w i l l  be ,performed 
. . 

t o  demonstra te  t h e  ~ o t e n t i a l  u s e s  'of! some of t h e  e l u e n t s ,  A 

method . f o r  choosing an'  a p p r o p r i a t e  . e l u e n t  f o r  a s p e c i f j c  

t ype  of  s e p a r a t i o n  w i l l  a l s o  be o u t l i n e d ,  



EXPERIMENTAL 

Components and M o d i f i c a t i o n s  o f  t h e  Dionex 

Modei 1 0  Ion  Chromatograph 

. A 1 1  of  t h e  r e s u l t s  were o b t a i n e d  u s i n g  a  m o d i f i e d  

v e r s i o n  of  a  Dionex System Ten Ion  C.hromatograph. T h i s .  

sys tem was modi f i ed  t o  e l i m i n a t e  t h e  need f o r  a s u p p r e s s o r  

column and t o  r e d u c e  t h e  number o f  pneumat ic  v a l v e s  u s e d .  

S i n c e  o n l y  one column was used t h e  pump and r e g e n e r a n t  t a n k  

a s s o c i a t e d  w i t h  t h e  s u p p r e s s o r  column were e l i m i n a t e d  ( s e e  

F i g u r e  1).  I n  o r d e r  t o  r e d u c e  t h e  number o f  v a l v e s  i n  t h e  

sys tem,  two m o d i f i c a t i o n s  were made, The f i r s t  was t o  

connec t  t h e  s o l v e n t  d e l i v e r y  pump d i r e c t l y  t o  a 2 - l i t e r  

e l u e n t  c o n t a i n e r  u s i n g  2 ; 5  mm T e f l o n  t u b i n g .  The second 

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

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

column. T h i s  e l i m i n a t e d  t h e  s u p p r e s s o r  v a l v e  ( s e e  F i g u r e  2  

f o r  t h e  modi f i ed  cyo tem) .  

The o t h e r  components o f  t h i s  sys tem c o n s i s t e d  o f  a  pump, 

an  i n j e c t i o n  sys tem,  a  s e p a r a t o r  column and a  c o n d u c t i v i t y  

d e t e c t o r .  The pump was a M i l t o n  Roy model 396  .Simplex 

constant-volume pump. The i n j e c t i o n  sys tem c o n s i s t e d  o f  a 

p a i r  o f  four-way v a l v e s ,  a r r a n g e d  s o  t h a t  a  100 p 1  sample 

c o u l d  be loaded  i n t o  a  20.5 cm p i e c e  o f  t u b i n g  and t h e n  

i n j e c t e . d  o n t o  t h e  t o p  o f  t h e  column. The g l a s s  a n a l y t i c a l  
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columns were p r e p a r e d  i n  t h i s  g roup .  T h e i r  e x a c t  d imens ions  

and p r e p a r a t i o n  w i l l  be g i v e n  l a t e r .  The d e t e c t o r  used  was 

t h e  one s u p p l i e d  w i t h  t h e '  model t e n  sys tem.  .It h a s  a  c e l l  

volume o f  a p p r o x i m a t e l y  6 p 1  w i t h  s t a i n l e s s  s t e e l  e l e c t r o d e s .  

The c o n d u c t i v i t y  me te r  h a s  a  r a n g e  o f  0  - 1000 pmhos and a n  
q 

o f f s e t  s w i t c h  w i t h  t h i s  same r a n g e .  The r e c o r d e r  was a 

F i s c h e r  R e c o r d a l l  s e r i e s  5000. 

P r e p a r a t i o n  and S p e c i f i c a t i o n s  o f  t h e  

Anion-exchange Columns 

The a n a l y t i c a l  columns used  i n  these e x p e r i m e n t s  were 

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

d i a m e t e r  t o  t h e  pre-formed g l a s s  end p i e c e s  of A l t e x  200-17 

c o n n e c t o r s .  A f t e r  t h e  b l a c k  p l a s t i c  c o n n e c t o r s  were p r e s s e d  

o v e r  t h e  g l a s s  end c a p s ,  t h e  columns were packed u s i n g  t h e  

wet s l u r r y  method. 

The ion-exchange r e s i n  used. f o r  pack ing  an  a n a l y t i c a l  

column was wet ted  w i t h  methano l ,  s l u r r i e d  w i t h  w a t e r ,  and 

t h e n  drawn i n t o  a s y r l n g e ,  A Luer  a d a p t e r  was used  t o  

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

t h i s  t i m e ,  t h e  o p p o s i t e  end of  t h e  column was p lugged  w i t h  

g l a s s  wool and a p l a s t i c  f i t t i n g  was a t t a c h e d  s o  t h e  p l u g  
. . 

would n o t  be f o r c e d  o u t t h e  end o f  t h e  column. The s l u r r y  

was t h e n  manual ly  pushed t h r o u g h  t h e  s y r i n g e  and i n t o  t h e  

coiumn. ,When t h e  column was f i l l e d  w i t h  r e s i n ,  i t  was,. 



connected  t o  $he i o n  chromatograph and an  e l u e n t  o f  i n t e r e s t  

was pumped t h r o u g h  t h e  colunln f o r  abou t  2  h o u r s .  T h i s  

c o n d i t i o n e d  t h e  column and compacted any l o o s e  r e s i n  

p a r t i c l e s .  A t  t h e  end o f  t h i s  t i m e ,  t h e  column was d i s -  

connec ted  and r e s i n  was added t o  f i l l  t h e  v o i d  caused  by 

u s e t t l i n g .  T h i s  pumping and f i l l i n g  p r o c e d u r e  was r e p e a t e d  

u n t i l  no more s e t t l i n g  of  t h e  r e s i n  o c c u r r e d .  

Three s e p a r a t e  a n a l y t i c a l  columns were used dur i 'ng  t h e s e  

e x p e r i m e n t s .  The f i r s t  column was 50 cm l o n g  w i t h  a  3 mm 

i n s i d e  d i a m e t e r  and was packed w i t h  0.007 meq/g f u n c t i o n -  

a l i z e d  XAD-1 .  The second column was 50 cm l o n g  w i t h  a 4 rnm 

i n s i d e  d i a m e t e r  and was packed w i t h  0.0057 meq/g f u n c t i o n -  

al ized,XAD-1 r e s i n .  The t h i r d  column was 50 cm l o n g  w i t h  a  

3 mrn i n s i d e  d i a m e t e r  and was packed w i t h  0.016 meq/g AN59-XA. 

T h i s  l a s t  r e s i n  was p r e p a r e d  from u l t r a - c l e a n  XAD-1 which was 

c a r e f u l l y  s i z e d  and f u n c t i o n a l i z e d  by Rober t  B a r r o n ,  A l l  

o f  t h e  a n i o n  exchange r e s i n s  were 250 - 325 mesh. 

P r e p a r a t i o n  of  t h e  E l u e n t s  

T h e ' p r e p a r a t i o n  of t h e  e l u e n t s  r e q , u i r e d  c o n t r o l  b o t h  of 

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

a p p a r a t u s  was d e s i g n e d  t o  c a r r y  o u t  t h i s  p r o c e d u r e  

e f f i c i e n t l y .  T h i s  a p p a r a t u s  c o n s i s t e d  o f  a  2 - l i t e r  c o n i c a l  

f l a s k  which c o n t a i n e d  a  magne t i c  s t i r r i n g  b a r ,  The open ing  

o f  t h e  f l a s k  was s e a l e d  w i t h  a  number 1 0  r u b b e r  s t o p p e r  which 



had ' two  h o l e s  bored t h rough  i t .  The l a r g e r  h o l e  was 1.'5 cm 

i n  d i ame te r  and t h e  s m a l l e r  h o l e  was 0 .5  cm i n  d i a m e t e r .  A 

combinat ion  pH e l e c t r o d e  was pushed th rough  t h e  . . l a r g e r  h o l e  

and was used t o  measure t h e  pH of  t h e  s o l u t i o n  i n  t h e  f l a s k .  

. . A d i s p o s a b l e  P a s t e u r  p i p e t t e  w i t h  a  s m a l l  r u b b e r  bu lb  w a s  
6 

. p l a c e d . i n  t h e  s m a l l e r  h o l e .  T h i s  p i p e t t e  c o n t a i n e d  approx i -  

mate ly  0 . 1  M KOH.and was used t o  a d j u s t  t h e  pH of t h e  

s o l u t i o n ,  The p i p e t t e  was e a s i l y  removed and r e . f i l l e d  if 

a d d i t i o n a l  base  was needed t o  r e a c h  t h e  d e s i r e d  pH. The 

complete  a p p a r a t u s  i s  shown i n  F i g u r e  3 .  

An e l u e n t  was p r epa red  by c a l c u l a t i n g  t h e  arnourit o f  

r e a g e n t  needed t o ' p r o d u c e  2 R of  e l u e n t  of  t h e  d e s i r e d  con- 

c e n t r a t i o n ;  Th i s  amount o f  r e a g e n t  was weighed o u t  and 

p l a c e d  i n  t h e  d i l u t i o n  a p p a r a t u s  a l o n g  w i t h  abou t  1 . 7  R of 

d e i o n i z e d  wa t e r .  The magne t ic  s t i r r e r  was t u r n e d  on and t h e .  

pH was moni tored  c o n t i n u o u s l y ,  D i l u t e  KOH was added dropwise  

from t h e  P a s t e u r  p i p e t t e  u n t i l  t h e  p r o p e r  pH was reached. .  

The s o l u t i o n  was t h e n  q u a n t i t a t i v e l y  t r a n s f e r r e d  i n t o ,  a 2 R 

vo lu me t r i c  f l a s k - a n d  d i l u t e d  t o  volume. The e l u e n t  was 
i. 

t ho rough ly  mixed i n  t h e  v o l u m e t r i c  f l a s k  and t r a n s f e r r e d  t o  

a  2 11 Nalgene b o t t l e ,  which was used as. t h e  e l u e n t  r e s e r v o i r  

f o r  t h e  i o n  chromatograph.  The pH was rechecked  and a d j u s t e d  

by add ing  a few d rops  o f  KOH i f  necegs ,ary .  ' . 

The procedure  o u t l i n e d  abov'e was used  t o  p r e p a r e  a l l ,  of 

t h e  e l u e n t s  used i n  t h e  e l u e n t  su rvey .  The e l u e n t s  u'sed i n  



F i g u r e  3.  The d i l u t i o n  a p p a r a t u s  used  f o r  p r e p a r i n g  
e . l u e n t  s 



t h e  pH s t u d y  were p r epa red  i n  a  s i m i l a r  manner, excep t  t h a t  

a  0 . 0 1  M s o l u t i o n  of  1,3,5-benzenetricarboxylic a c i d  was 

p repa red  and t h e  amount of  t h i s  s o i u t i o n  n e c e s s a r y  t o  produce  

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

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

P r e p a r a t i o n  and Handling o f  t h e  Samples 

A l l  of  t h e  samples used  i n  t h e s e  expe r imen t s  were p r e -  

pa r ed  from t h e  h i g h e s t  p u r i t y  r e a g e n t s  a v a i l a b l e  i n  t h i s  

l a b o r a t o r y  and no f u r t h e r  p u r i f i c a t i o n  was a t t e m p t e d .  The 

i n o r g a n i c  samples were p r e p a r e d  from e i t h e r  t h e  po tass ium o r  

sodium s a l t  o f , t h e  an ion  o f  i n t e r e s t , ,  The o r g a n i c  samples  

were p r epa red  e i t h e r  f r o m ' , t h e  f r e e  a c i d  o r  t h e  sodium, 

po tass ium o r  ammonium s a l t ,  

The samples were p r epa red  by d i s s o l ' v i n g  a known amount 

of  t h e  compound c o n t a i n i n g  t h e  an ion  o f  i n t e r e s t  i n  500 m l .  of  

d e i o n i z e d  w a t e r .  The samples were t h e n  t r a n s f e r r e d  t o  500 m l  

Nalgene b o t t l e s  f o r  s t o r a g e .  A l l  of  t h e  s a m p l e s  a r e  s t a b l e  

i n d e f i n i t e l y  i f  kep t  t i g h t l y  s e a l e d ,  excep t  f o r  s o l u t i o n s  of  

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

e a s i l y  o x i d i z e d  i n  s o l u t i o n ,  samples . c o n t a i n i n g  t h e s e  a n i o n s  

were a lways  p r epa red  j u s t  b e f o r e  t h e y  were ana lyzed .  I n  a l l  

c a s e s  t h e  c o n c e n t r a t i o n  . . of  t h e  samples  was r e p o r t e d  as ppm 

of t h e  f r e e  a n i o n .  



The r e t e n t i o n  t ime  o f  a  p a r t i c u l a r  i o n  w a s  d e t e r m i n e d  

by p o u r i n g  1 0  m l  o f  t h e  sample c o n t a i n i n g  t h a t  i o n  i n t o  a 

c l e a n  b e a k e r .  A 3-ml s y r i n g e  was r i n s e d  w i t h  two p o r t i o n s  

of d e i o n i z e d  w a t e r  and t h e n  r i n s e d  w i t h  t h e  sample i n  o r d e r  

t o  a v o i d  c o n t a m i n a t i o n .  The s y r i n g e  was r e f i l l e d  w i t h  t h e  

sample 'and t h e  s o l u t i o n  was I n j e c t e d  i n t o  t h e  Ion  

Chromatograph. A s t r i p - c h a r t  r e c o r d i n g  o f  t h e  e l u t i o n  was 

begun and t h e  r e t e n t i o n  t i m e  f o r  t h e  a n i o n  was d e t e r m i n e d  

from t h e  p o s i t i o n  of  i t s  peak on t h i s  chromatogram. 

The p r o c e d u r e  f o r  t h e  i n j e c t i o n  o f  t h e  sample c o n s i s t e d  

o f  a  number o f  s t e p s .  F i r s t ,  t h e  sample i n j e c t i o n  s w i t c h  

was p u t  i n  t h e ' l o a d  p o s i t i o n  and  3 m l  o f  sample were pushed 

t h r o u g h  t h e  s y r i n g e  and i n t o  t h e  Ion  Chromatograph. T h i s  

s t e p  r i n s e d  t h e  100 p 1  sample l o o p  and f i l l e d  i t  w i t h  t h e  

sample.  Next ,  t h e  i n j e c t i o n  s w i t c h  was moved t o  t h e  l o a d  

p o s i t i o n  and t h e  b e g i n n i n g  o f  t h e  chromatogram was marked 

s i m u l t a n e o u s l y  on t h e  s t r i p  c h a r t ,  When t h e  i n j e c t i o n  

. ~ w i . t c h  was. moved t o  t h e  f i i j ec t  p o s & t l o n ,  t h e  e l u e n t  was 

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

t o p  of  t h e  ion-exchange column and b e g i n n i n g  e l u t i o n  o f  t h e  

sample down t h e  column. A f t e r  abou t  25 seconds ,  t h e  sample 

i n j e c t i o n  s w i t c h  was moved back t o  t h e  l o a d  p o s i t i o n  s o  i t  

w o u l d , b e  r e a d y  f o r  t h e  n e x t  i n j e c t i o n .  The e l u t i o n  of  t h e  

sample w a s ' n o t  d i s t u r b e d  because  t h e  e l u e n t  a l s o  f lowed  

t h r o u g h  t h e  ion-exchange column i n  t h e  l o a d  p o s i t i o n .  



RESULTS AND DISCUSSION 

Survey of E l u e n t  s 

Benzoic and n i t r o b e n z o i c  a c i d s  

A s t u d y  . to  d e t e r m i n e  t h e  e f f e c t  a n  e l e c t r o n - w i t h d r a w i n g  

s u b s t i t u e n t  h a s  on t h e  e l u e n t  p r o p e r t i e s  o f  benzo ic  a c i d  was 

c a r r i e d  o u t .  The e l u e n t s  were 1 x  M s o l u t i o n s  of  

benzo ic ,  o - n i t r o b e n z o i c ,  m-n i t robenzo ic ,  and p - n i t r o b e n z o i c  

a c i d s .  The pH of  t h e s e  s o l u t i o n s  was a d j u s t e d  t o  6 . 9 ,  7:8, 

' 7 . 8  and, 8 . 0 ,  r e s p e c t i v e l y ,  t o  i n s u r e  t h a t  e a c h  e l u e n t  was 

comple te ly  ioni.zed. (See  t h e  Appendix f o r  t h e . p K  of  a l l  
. a  

e l u e n t s , )  A l l  of t h e  t r i a l s  were r u n  on t h e  0.007 meq/g 

XAD-1 anion-exchange column w i t h  a n  e l u e n t  f l o w  r a t e  of 

1 . 5  ml/min. 

The r e s u l t s  of  t h e  chromatographic  t r i a l s  a r e  g i v e n  i n  

Table  1, and some t y p i c a l  s e p a r a t i o n s  a r e  g i v e n  . in  F i g u r e s  4 

and 5 .  These r e s u l t s  i n d i c a t e  t h a t  t h e  e f f i c i e n c y  of benzo ic  

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

o r d e r :  p - n i t r o b e n z o i c  = m-ni t robenzo ic  >> b e n z o i c  > o- 

n i t r o b e n z o i c .  

The c a r b o x y l a t e  a n i o n s  o f  meta and p a r a  s u b s t i t u t e d  

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

benzoa te .  The r e a s o n  f o r  t h i s  e f f e c t  i s  t h e  e l e c t r o n -  

wi thdrawing n a t u r e  of t h e  n i t r o  ( - N O 2 )  s u b s t i t u e n t  . The 

n i t r o  group p u l l s  e l e c t r o n s  away from t h e  c a r b o x y l a t e  



T a b l e  1.. Benzoic  and  n i t r o b e n z o i c  a c i d s  a 
. . .  . 

Sample . p - n l t r o b e n z o i c  m-n i t robenzo ic  b e n z o i c  a c i d  o - n i t r o b e n z o i c  
a c i d  a c i d  a c i d  

Tic w% T;c Wt ~1 ;  Wlr Tk 
(min)  (min )  (min )  (min)  (min )  (min)  

w~ 
(rnin) (rnin) 

' 9 .6  ppm ~ 1 -  3.05  1 . 4 0  3.70 1 . 6 0  5 .70  1 . 3 0  7 .65  . 2 . 5 0  

0 .96  ppm ~ 1 -  3 .05  0.60 3 - 7 0  0 , 8 0  5 . 7 0  0 .70  7 .65  1 . 5 0  

4.60 0 .90  ' 4.85 1 . 2 0  6.85 1 . 0 5  9 .85  1 ..60 9 .8  ppm ~ r -  

9 . 1  ppm NO; 4.90 C.90 5 .05  1 . 3 0  7.20'  1 , 0 5  1 0  55 1 . 7 0  
.. . 

24.7 ppm I-. 10.40 . 2.00 1 0 . 4 5  1 . 4 0  1 7 . 8 0  3 - 3 0  20.40 2.70 P 
ul 

a ~ h e  c o n c e n t r a t i o n  of e a c h  e l u e n t  was 1 x  M and  t h e  ion-exchange  r e s i n  
was 0.007 meq/.z XAD-1 f o r  a l l  o f  t h e  t r i a l s .  



TIME ( M I N U T E S )  

The e l u e n t  was 1 x M benzo ic  a c i d  a t  a pH of  7 . 2 .  The 
anion-exchange column w a s  0.016 meq/g AN59-XA. The sample 
was. 3.94 ppm f l u o r i d e ,  2.60 ppm bromide and 7.40.ppm i o d i d e .  

F igu re  4 .  S e p a r a t i o n  o f  f l u o r i d e ,  bromide,  and i o d i d e ' u g i n g  
benzo ic  a c i d  



T I M E  ( M I N U T E ' S )  

The eluent was 1 x M p-nitrobenzoic acid at a pH of 7.2. 
The anion-exchange column was 0.016 meq/g AN59-XA. The 
sample was 3.9.4 pprn fluoride, 2.60 ppm bromide, and 7.40 ppm 
iodide, 

Figure 5. Separation of fluoride, bromide, and iodide using 
p-nitrnhenzolc acid 



p o r t i o n  of t h e  a n i o n  and s t a b i l i z e s  t h e  molecu le  by d i s -  

p e r s i n g  some of  t h e  charge  t h r o u g h  more o f  t h e  n i t r o b e n z o a t e  

a n i o n .  Because of t h i s  i n c r e a s e d  s t a b i l i t y ,  a  n i t r o b e n z o a t e  

a n i o n  r e q u i r e s  l e s s  s o l v a t i o n  t h a n  a  benzoa te  a n i o n .  T h i s  

. ' d e c r e a s e d  s o l v a t i o n  makes i t  e a s i e r  f o r  n i t r o b e n z o a t e  t o  
t 

i n t e r a c t  w i t h  t h e  ion-exchange s i t e s  on . t h e  r e s i n  and a 

l a r g e r  p o r t i o n  o f  t h e  c o l l i s i o n  between t h e  n i t r o b e n z o a t e  

a n i o n s  and t h e  exchange s i t e s  r e s u l t  i n  i o n  exchange.  It 

i s  t h i s  i n c r e a s e d  exchange e f f i c i e n c y  which makes t h e  meta 

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

a c i d .  

The c a r b o x y l a t e  a n i o n  o f  o - n i t r o b e n z o i c  a c i d  i s  a  weaker 

e l u e n t  t h a n  po tass ium b e n z o a t e .  The d e c r e a s e  i n  e l u e n t  

s t r e n g t h  o f ' -  o - n i t r o b e n z o a t e  i s  due t o  a  complex i n t e r a c t i o n  

between t h e  n i t r o  group and t h e  c a r b o x y l a t e  g roup ,  known a s  

t h e  ' o r t h o  e f f e c t ,  T h i s  e f f e c t  a r i s e s  from t h e  p r o x i m i t y  o'f .  

t h e  two s u b s t i t u e n t s  on t h e  benzene r i n g .  The e x a c t  n a t u r e  

o f  t h e  o r t h o  e f f e c t  i s  d e s c r i b e d  by t h e  m o d i f i e d  Hammett 

e q u a t i o n  g i v e n  below. 

. . 

Q - t h c .  o v c r a l l  c f f e c t  o f  t h e  a u b s t i t u e n t  ( a  change . .  

i n  f r e e  e n e r g y )  

'i = l o c a l i z e d  e l e c t r i c a l  e f f e c t  

= r e s o n a n c e  e l e c t r i c a l  e f f e c t  Sr 
= s t e r i c  e f f e c t  



h  = c o n s t a n t  

a = s c a l e  f a c t o r  

b  = s c a l e  f a c t o r  

c  = s c a l e  f a c t o r  

. A  comprehensive s t u d y  o f  t h e  o r t h o  e f f e c t  by M .  Char ton , 

[8]  was c o n s u l t e d  t o  de t e rmine  whether  t h e  s t e r i c  f a c t o r  o r  

t h e  e l e c t r i c a l  f a c t o r s  i n  t h e  e q u a t i o n  above i s  more 

impor t an t .  The s t u d y  reviewed 265  s e t s  o f  p u b l i s h e d  d a t a  

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

s t e r i c  f a c t o r  i s  n o t  g e n e r a l l y  s i g n i f i ' c a n t .  Even f o r  

s u b s t i t u e n t s  as l a r g e  a s  a  n i t r o  g roup ,  t h e  on ly  s i g n i f i c a n t  

f a c t o r s  a r e  t h e  e l e c t r i c a l  f a c t o r s .  

The o r t h o  e f f e c t -  c ause s  t h e  cha rge  on t h e  c a r b o x y l a t e  

i o n  t o  'be d i s p e r s e d  more . e f f e c t i v e l y  t h rough  t h e  molecu le  

f o r  t h e  o r t h o  i somer  o f  po tass ium benzoa te  t h a n  f o r  t h e  meta 

and p a r a  i somers .  Because of  t h i s  a d d i t i o n a l  d i f f u s i o n  of  

cha rge ,  t h e  o -n i t r obenzoa t e  i o n  i s  n o t  s t r o n g l y  h e l d  by t h e  

p o s i t i v e l y  charged ion-exchange s i t e s  on t h e  r e s i n ,  It i s  

t h i s  d e c r e a s e  i n  t h e  e l e c t r o s t a t i c  a t t r a c t i o n  between t h e  

r e s i n  and e l u e n t  which c a u s e s  o - n i t r o b e n z o i c  a c i d  t o  be a 

weaker e l u e n t  t h a n  t h e  o t h e r  benzo ic  e l u e n t s  i n  t h i s  s t u d y .  

P h t h a l f e  a c i d 3  

A s t u d y  was performed t o  de t e rmine  what e f f e c t  t h e  

r e l a t i v e  p o s i t i o n s  of t h e  a c i d  g roups  have on t h e  e l u e n t  

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



1 x  M s o l u t i o n s  o f  o - p h t h a l i c .  i s o p h t h a l i c  and t e r e -  

p h t h a l i c  a c i d s .  The pH o f  t h e s e  s o l u t i o n s  was a d j u s t e d  t o  

6 . 9 ,  6 . 9  and 6 .8 ,  r e s p e c t i v e l y ,  t o  i n s u r e  t h a t  e a c h  e l u e n t  

was c o m p l e t e l y  i o n i z e d ,  A l l . o f  t h e  t r i a l s  were r u n  on t h e  

0.007 meq/g XAD-1  a n i o n  exchange column w i t h  a n  e l u e n t  f l o w  

r a t e  of 1 . 5  ml/min. 

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

t h e  e l u e n t  i s  shown i n  F i g u r e  6 ,  and t h e  r e s u l t s ,  o f  a l l  t h e  

chromatographic  t r i a l s  a r e  g i v e n  i n  Table  2 .  These r e s u l t s  

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

d e c r e a s e s  in t h e  f o l l o w i n g  o r d e r :  i s o p h t h a l i c  > o - p h t h a l i c  > 

t e r e p h t h a l i c  . 
The d i f f e r e n c e  i n  t h e  performance  o f  t h e  v a ' r i o u s  

p h t h a l i c  a c i d ' e l u e n t s  i s  c o n t r o l l e d  by two f a c t o r s .  The 

f i rs t  f a c t o r  i s  t h e  s t a b i l i t y  of t h e  d i v a l e n t  a n l o n  which 

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

e l e c t r i c a l  c h a r g e .  The second f a c t o r  i s  t h e  g e o m e t r i c  

ar rangement  o f  t h e  c a r b o x y l a t e  g r o u p s  around t h e  benzene 

r i n g .  

The. s t a b i l i t y  of  t h e  d i v a l e n t  a n i o n  i s  p r o p o r t i o n a l  t o  

t h e  second i o n i z a t i o n  c o n s t a n t  ( K a 2 )  o f  t h e  p h t h a l i c  a c i d ,  

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

an ion .  The r e s u l t s  from t h e  n i t r o b e n z o i c  e l u e n t  s t u d y  

i n d i c a t e  t h a t  i n  t h e  absence  of  o t h e r  e f f e c t s  t h e  more s t a b l e  

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



INJECT I I I I . . J  1 

0 2 4 6  8 1 0 1 2 1 4  

The e l u k n t  was 1 x M o - p h t h a l i c  acid a t  a pH o f  7 . 4 .  
The anion-exchange  column was 0.016 meq/g AN59-XA. The 
sample was 4 . 2 5  pprn f l u o r i d e  6.0 pprn bromide,,  6.8 ppm 
i o d i d e ,  and  9.0. ppm s u l f a t e .  

F i g u r e  6 .  S e p a r a t i o n  o f . f l u o r i d e  bromide ,  i o d i d e ,  and  
s u l f a t ' e  u s i n g  o - p h t h a l i c  a c i d  



T a b l e  2.  P h t h a l i c  a c i d s a  

Sample i s o p h t h a l i c  a c i d  o - p h t h a l i c  a c i d  
b  

t e r e p h t h a l i c  a c i d  

~i (min )  W4 (min )  T i  (min )  W (min)  % T i  (min )  W (rnin) 
% 

C.96 ppm ~ 1 -  1 .60"  0.25 1 .70 '  0 .30  2 .00  0 . 2 5  

9 .8  ppm ~ r -  1 - 9 5  0.40 2.10 0.40 2 .40  0 . 4 0  

9 . 1  pprn NO- 3 1 . 9 5  0 .40  2.20 0 .40  2 . 6 5  0 .40  

24 .7  ppm I- 3.10 0.50 3 . 7 0 .  . 0.60  3 .95  0 .50  

27 .6  ppm s 0 i 2  7 .35  1 . 2 0  8 .50  1 . 3 0  1 0 . 4 5  1 . 4 0  
IU 
I U .  

7.. 35 0 .90  8 . 5 0  1 . 0 0  1 0 . 4 5  1 . 2 0  2.76 pprn ~ 0 4 '  

a ~ h e  c o n c e n t r a t i o n  o f  e a c h  e l u e n t  was 1 x M and  t h e  ion-exchange  r e s i n  
was 0.007 meq/g XAD-1 f o r  a l l  o f  t h e  t r i a l s .  

b ~ h e  p e a k  h e i g h t s  are 2  t imes l a r g e r  f o r  a n i o n s  e l u t e d  w i t h  p h t h a l i c  a c i d  a s  
compared t o  t h e  o t h e r  e l u e n t s  i n  t h i s  s t u d y .  

C C1-  i s  n o t  c o m p l e t e l y  r e s o l v e d  from t h e  pseudo p e a k .  



i s  t h e  c o n t r o l l i n g  f a c t o r ,  t h e  e l u e n t  s t r e n g t h  should  

dec rease  from t e r e p h t h a l i c  a c i d  t o  i s o p h t h a l i c  a c i d  because 

t h e  secbnd pKa f o r  t h e s e  a c i d s  i s  4.46 and 4.60,  

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

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

'(pKa2 = 5 .42)  w i . 1 1  behave. . . 

The most f a v o r a b l e  geomet r ies  a r e  t h e  ones  w i t h  t h e  

ca rboxy la t e  groups c l o s e s t  t o g e t h e r .  Th is  arrangement 

i n c r e a s e s  t h e  p o l a r i t y  of t h e  p h t h a l a t e  an ion ,  which enhances 

i t s  a t t r a c t i o n  f o r  t h e  ion-exchange s i t e s .  It a l s o  improves 

t h e  p o s s i b i l i t y  t h a t  t h e  ca rboxy la t e  g r o u p s ' w i l l  work 

c o o p e r a t i v e l y  once t hey  a r e  a t t a c h e d  t o  an ion-exchange s i t e .  

If the '  geometr ic  arrangement i s  t h e  c o n t r o l l i n g  f a c t o r ,  

p h t h a l i c  and i s o p h t h a l i c  a c i d s  should  be b e t t e r  e l u e n t s  t h a n  

t e r e p h t h a l i c  a c i d .  

The r e s u l t s  of  t h e  exper iments  show t h a t  t h e  geometry 

of t h e  an ion  i s  t h e  major f a c t o r ,  a l t hough  e l e c t r i c a 1 , e f f e c t s  

may be s i g n i f i c a n t .  S p a c e - f i l l i n g  models of t h e  p h t h a l a t e  

and i s o p h t h a l a t e  i o n s  show t h a t  both  ca rboxy la t e  groups  could 

i n t e r a c t  wi th  a  s i n g l e  ion-exchange s i t e ,  Even if t h e  two 

groups a c t  independent ly ,  t h e  p rox imi ty  of t h e  second 

ca rboxy la t e  group enhances t h e  p r o b a b i l i t y  t h a t  t h e  phtha1at .e  

i o n  w i l l  r e a t t a c h  i t s e l f  t o  t h e  same ion-exchange s i t e  a f t e r  

a  p o t e n t i a l  ion-exchange c o l i i s i o n  o c c u r s ,  



No c o o p e r a t i v e  a c t i o n s  can  o c c u r  w i t h  t e r e p h t h a l i c  a c i d  

because  t h e  c a r b o x y l a t e  g roups  a r e  on o p p o s i t e  s i d e s  o f  t h e  

benzene r i n g .  The l a r g e  d i s t a n c e  between t h e s e  g roups  a l s o  

r e d u c e s  t h e  l i k e l i h o o d  o f  r e a t t a c h m e n t  t o  a n  ion-exchange 

s i t e .  These s t e r i c  f a c t o r s  enhance t h e  e l u e n t  s t r e n g t h  of  

b o t h  p h t h a l i c  and i s o p h t h a l i c  a c i d  b u t  do n o t  improve t h e  

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

1,3,5-Benzenetricarboxylic and c i t r i c  a c i d s  

A s t u d y  was performed t o  e v a l u a t e  t h e  e l u e n t  p r o p e r t i e s  

of o r g a n i c  compounds which c o n t a i n  t h r e e  c a r b o x y l i c  a c i d  

g r o u p s .  The e l u e n t s  were 1 . 2 5  x ~ o - ~ M  s o l u t i o n s  o f  c i t r i c  

and 1,3,5-benzenetricarboxylic a c i d .  The l a t t e r .  compound , 

w i l l  be r e f e r r e d  t o  by i t s  common name, t r i m e s i c  a c i d .  . , 

The pH of b o t h  s o l u t i o n s  was a d j u s t e d  t o  8 . 0 .  A l l  of t h e  

t r i a l s  were r u n  on t h e  0.016 meq/g AN59-XA a n i o n  exchange 

column w i t h  a n  e l u e n t  f l o w  r a t e  of  1 . 6  ml/min. 

The r e s u l t s  o f  t h e  chromatograph ic  t r i a l s  a r e  g i v e n  i n  

Tab le  3 .  These r e s u l t s  i n d i c a t e  t h a t  b o t h  a c i d s  a r e  v e r y  

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

t h e  f o l l o w i n g  o r d e r :  t r i m e s i c  a c i d  > c i t r i c  a c i d .  

Although t r i m e s i c  and c i t r i c  a c i d s  b o t h  c o n t a i n  t h e  same 

number ot' c a r b o x y l i c  a c i d  g r o u p s ,  . t h e y  . a r e  v e r y  d i f f e r e n t  

compounds. T r i m e s i c  a c i d  c o n t a i n s  t h r e e  a c i d  g r o u p s  a r r a n g e d  

s y m m e t r i c a l l y  around a  benzene r i n g ,  w h i l e  c i t r i c  a c i d  i s  

a l i p h a t i c  and c o n t a 5 . n ~  a n  OH group i n  a d d i t i o n  t o  t h e  a c i d  



Table 3. 1,3,5-Benzenetricarboxylic and citric acids a 

Sample 1,3,5-benzenetricarboxylic acid citric acid 

' (min) Wq (mi") T; (min) W (min) -R 4 

27.6 ppm s0i2 ' ' 1.50 - 0.50 2.05 0.80 
. . 

29.0 ppm cr0i2 1.30 0.40 2.40 0.85 

53 ppm phenylacetate 8 .2,0 2.60 

'61 pprn benzoate 

43 pprn 4-amino- 
benzenesulfonate 

49 pprn 2-amino- 
toluene-5-sulfonate 

45 pprn 4-amino- 
toluene-2-sulfonate 

46 pprn 2-amino- 
toluene-4-sulfonate 

a ~ h e  concentration of each eluent was 1.25 x M - and the ion-exchange resin 
was 0.016 meq/g AN59-XA for all of the trials. 



groups .  Tr imes ic  a c i d  (pK = 4 . T O )  i s  a l s o  a  s t r o n g e r  a c i d  
a 3  

t h a n  c i t r i c  a c i d  ( P K , ~  = 6 . 3 9 ) .  

It i s  t h e s e  d i f f e r e n c e s  which cause  t r i m e s i c  . ac id  t o  be 

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

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

s t r o n g e r  e l u e n t .  The a r o m a t i c  n a t u r e  o f  t r i m e s i c  a c i d  may 

a l s o  enhance i t s  e l u e n t  s t r e n g t h  because  a r o m a t i c . m o 1 e c u l e s  

have a  h i g h e r  a f f i n i t y  t h a n  a l i p h a t i c  m o l e c u l e s  f o r  XAD-1. 

Although t h i s  l a s t  f a c t o r  i s  very .  i m p o r t a n t  f o r  most o f  t h e  

e l u e n t s  s t u d i e d ,  i t  may be o n l y  m a r g i n a l l y  i m p o r t a n t  f o r  

t h e s e  p a r t i c u l a r  e l u e n t s  s i n c e  t h e  a t t r a c t i o n  t o  XAD-1  

d e c r e a s e s  a s  t h e  m o l e c u l e s  become more i o n i c .  

The d i f f e r e n c e  i n  t h e  s t r u c t u r e  o f  t h e  two m o l e c u l e s  

a l s o  a l l o w s  t h e  e l u e n t s  t o  have d i . f f e r e n t  s e l e d t i v i t i e s  f o . ~  

v a r i o u s  a n i o n s .  The d a t a  i n  Tab le  3  i n d i c a t e  t h a t  chromate 

e l u t e s  b e f o r e  s u l f a t e  when t r i m e s i c  a c i d  i s  used  a s  t h e  

e l u e n t ,  b u t  i t  e l u t e s  a f t e r  s u l f a t e  when c i t r i c  a c i d  i s  t h e  

e l u e n t .  'l'hese t y p e s  of  s e l e c t i v i t y  d i f S e r e n c e s  can  be v e r y  

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

c i t r i c  and t r i m e s i c  a c i d s  s h o u l d  be e v a l u a t e d  when choos ing  

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

N i t r o p h e n o l s  

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

a  p h e n o l i c  OH group was u n d e r t a k e n  t o  determine '  i f  t h e y  cou ld  



be used a s  a l t e r n a t i v e s  t o  c a r b o x y l i c  a c i d ' e l u e n t s ,  The 

e l u e n t s  i n  t h i s  s t u d y  were 1 x  M s o l u t i o n s  o f  

o - n i t r o p h e n o l ,  m-n i t ropheno l ,  p - n i t r o p h e n o l ,  and d ihydroxy-  

p-benzoquinone. The pH o f  t h e s e  s o l u t i o n s  was a d j u s t e d  t o  

8 . 6 ,  9 . 0 ,  8 . 6  and 7 .9 ,  r e s p e c t i v e l y .  A l l  o f  t h e  t r i a l s  were 

r u n  on t h e  0.0057 meq/g XAD-1  column w i t h  a  pumping r a t e  of  

1 . 5  rnllmin, 

Because of  t h e  h i g h  pH o f  t h e s e  e l u e n t s ,  t h e  C 0 2  

d i s s o l v e d  i n  t h e  sample s o l u t i o n s  became a problem. The C 0 2  

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

t h i s  a d d i t i o n a l  i o n  i n t e r f e r e d  w i t h  t h e  d e t e r m i n a t i o n  o f  some 

samples .  Bromide, n i t r a t e  and b i c a r b o n a t e  were e s p e c i a l l y  

e a s y  t o  m i s t a k e  f o r  e a c h  o t h e r ,  and s p e c i a l  c a r e  was used t o  

d e t e r m i n e  which peak was caused  by b i c a r b o n a t e  and which peak 

was caused  by t h e  sample i o n .  The i d e n t i f i c a t i o n  was 

accompl ished by i n j e c t i n g  a second sample which had a  h i g h e r  

c o n c e n t r a t i o n  o f  t h e  i o n  o f  i n t e r e s t .  The peak caused by t h e  

sample became l a r g e r ,  w h i l e  t h e  b i c a r b o n a t e  peak remained t h e  

same s i z e ,  

,The e n t i r e  problem o f  b i c a r b o n a t e  i n t e r f e r e n c e  can  be 

avo ided  by e i t h e r  d e g a s s i n g  a l l  of  t h e  s o l u t i o n s  o r  d e c r e a s -  

i n g  t h e  pH o f  t h e  e l u e n t .  N e i t h e r  approach  was used  

e x t e n s i v e l y  due t o  t h e  s u r v e y  n a t u r e  o f  t h e  s t u d y .  Degass ing  

t h e  s o l u t i o n s  by b u b b l i n g  He t h r o u g h  them i s  i n c o n v e n i e n t  and 

time-consuming i f  a  v a r i e t y  o f  samples  and e l u e n t s  a r e  u s e d .  



Changing t h e  pH would have changed t h e  e x t e n t  t o  which t h e  

e l u e n t s  were i o n i z e d  and would have made i t  v e r y  d i f f i c u l t  t o  

compare p h e n o l s  t o  o t h e r  t y p e s  o f  e l u e n t s .  

The r e s u l t s  o f  t h e  chromatograph ic  t r i a l s  a r e  g i v e n  i n  

Table  4 and a  s e p a r a t i o n  u s i n g  o - n i t r o p h e n o l  a s  t h e  e l u e n t  i s  

shown i n  F i g u r e  7 .  These r e s u l t s  i n d i c a t e  t h a t  t h e  

e f f i c i e n c y  .of t h e  n i t r o p h e n o l  and dihydroxybenzoquinone 

e l u e n t s  d e c r e a s e s  i n  t h e  f o l l o w i n g  o r d e r :  2,5-dihydroxy-p- 

benzoquinone > o - n i t r o p h e n o l  > m-ni t rophenol  > p - n i t r o p h e n o l .  

Dihydroxy-p-benzoquinone i s  a  s t r o n g e r  e l u e n t  t h a n ,  any 

of t h e  n i t r o p h e n o l s .  T h i s  i s  e x p e c t e d  because  i t  forms a 

d i v a l e n t  a n i o n  w h i l e  t h e  n i t r o p h e n o l s  form monovalent a n i o n s .  

T h e . e l u e n t  s t r e n g t h  of  2,5-dihydroxy-p-benzoquinone i s  

a p p r o x i m a t e l y  t h e  same as t h a t  o f  p h t h a l i c  a c i d .  

The pKa v a l u e s  of  t h e  o r t h o ,  meta and p a r a  i s o m e r s  

n i t r o p h e n o l  a r e  7 . 2 ,  8 . 4 ,  and 7 .1 .  Because of t h e  s i m i l a r i t y  

of t h e  v a l u e  of t h e  pKa f o r  t h e  o r t h o  and p a r a  isomers ' ,  t h e  

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

t h e  a n i o n  shou ld  be minimized.  T h i s  a l l o w s  t h e  e l u e n t  

s t r e n g t h  of  t h e s e  two i s o m e r s  t o  be compared s o l e b y  on t h e  

c o n t r i b u t i o n s  from s t e r i c '  f a c t o r s .  Using o n l y  s t e r i c  f a c t o r  

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

p - n i t r o p h e n o l .  

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

s t r e n g t h  of  m-n i t ropheno l .  These f a c t o r s  s h o u l d  cause  t h e  



a 
Table 4. Nitrophenols and dihydroxybenoquinone 

a The concentration of each eluent was 1 x M - and the ion-exchange resin 
was 0.0057 meq/g XAD-1 for all of the trials. 

dihydroxy-p-benzoquinone 

w+, 
(rnin) (rnin) 

1.80 0.70 

2.40 0.70 

2.80 1.10 

4.75 1.10 

10. 55 2.60 

p-nitr~phen~l 

TA W+ 
(min) (rnin) 

3.80 1.40 

4.70 1.50 

5 70 2.Q0 

8.25 1.60 

>22 --- 

Sample o-nitrophenol 

TA ' r j  
(min) (nin) 

10.3 ppm ~ 1 -  2.10 0.90 

13.0 ppm ~ r -  2.35 0.90 

12.2 ppm NO- 2.50 1.50 
3 

19.7 P P ~  1- 4.60 1.30 

27.6 pprn s0i2 13.20 3.80 

m-nitrophenol 

T; Wt 
(rnin) (rnin) 

2.50 0.70 

2.60 0.80 

3.10 1.10 

5.60 1.10 

18.10 4.80 
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T I M E  ( M I N U T E S )  

The e l u e n t  was 1 . 6 5  x  l o o 4  M o - n i t r o p h e n o l  a t  a pH o f  7.5. 
The an ion-exchange  column was 0.016 meq/g AN59-XA. The 
sample  w a s 4 . 2 5  p y r t i ' f l u o r i d e ,  4 . 0  ppm bromide ,  6 . 8  ppm 
i o d i d e ,  a n d  9 . 0  ppm s u l f a t e .  

F i g u r e '  7 .  S e p a r a t i o n  o f  f l u o r i d e ,  b romide ,  i o d i d e ,  and 
sulfaLe u s l r ~ g  o - n l t r o p h e n o l  



meta i somer  t o  be a  weaker e l u e n t ' t h a n  t h e  o r t h o  i somer .  

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

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

.me ta -n i t ropheno l  a s  compared t o  p a r a - n i t r o p h e n o l ,  i t  i s  n o t  

p o s s i b l e  t o  p r e d i c t  whether  t h e  meta o r  p a r a  i somer  s h o u l d  

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

be made w i t h  t h i s  two p a r a m e t e r  model,  however, do a g r e e  

w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .  It may be n o t i c e d  t h a t  

o - n i t r o p h e n o l  i s  a  v e r y  s t r o n g  e l u e n t ,  w h i l e  o - n i t r o b e n z o i c  

a c i d  i s  a  weak e l u e n t .  T h i s  comparison shows t h a t  c a r e  must 

be t a k e n  when making p r e d i c t ' i o n s  abou t  e l u e n t s  which have 

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

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

cause  t h e  d i f f e r e n c e s  i n  e l u e n t  s t r e n g t h ,  

0 -Ni t robenzo ic  a c i d  i s  a  f a i r l y  s t r o n g  a c i d  ( p ~ , = 2 . 2 2 )  

and t h e  o - n i t r o b e n z o a t e  a n i o n  i s  s t a b i l i z e d  by a  good d e a l  

of  cha rge  d i s p e r s a l  t h r o u g h o u t  t h e  a n i o n .  I n  f a c t ,  it i s  

t h i s  charge '  d i s p e r s a l  t h a t  makes o - n i t r o b e n z o i c  a c i d  a  weak 

e l u e n t .  The c h a r g e  i s  d i s p e r s e d  'so w e l l  t h a t  t h e r e  i s  n o t  

enough e l e c t r o n  d e n s i t y  around t h e  c a r b o x y l a t e  group t o  
I 

cause  t h e  o - n i t r o b e n z o a t e  t o  be s t r o n g l y  h e l d  by t h e  i o n -  

exchange s i t es  on t h e  r e s i n .  

o -Ni t ropheno l ,  however,  i s  a  weak a c i d  (pK, = 7 . 2 )  

'because t h e  a n i o n  i s  n o t  s t a b i l i z e d  by a n  e f f i c i e n t  c h a r g e  

d i s t r i b u t i o n  mechanism. T h i s  c a u s e s  most of t h e  c h a r g e  t o  



remain on t h e  oxygen .and i n c r e , a s e s  t h e  e l e c t r o s t a t i c  a t t r a c -  
I 

t i o n  between t h e  phenoxide a n i o n ' a n d  a n  ion-exchange s i t e .  

The 0- g r o u p . i s  s m a l l e r  t h a n  t h e  COO- g roup ,  T h i s  s i z e  

d i ' f f e rence  a l l o w s  t h e  phenoxide  i o n  t o  approach  a n  i o n -  

exchange s i t e  more c l o ' s e l y  t h a n  a  benzoa te  i o n  and a l s o '  

i n c r e a s e s ' t h e  e l e c t r o s t a t i c  a t t r a c t i o n  between t h e  phenoxide 

i o n . a n d  t h e  exchange s i t e .  Both of  t h e s e  e f f e c t s  s h o u l d  

i n c r e a s e  t h e  e l u e n t  s t r e n g t h  of o - n i t r o p h e n o l  a s  compared 

t o  t h e  e l u e n t  s t r e n g t h  o - n i t r o b e n z o i c  a c i d .  These f a c t o r s  

must be c o n s i d e r e d  i n  a d d i t i o n  t o  t h e  u s u a l ' f a c t o r s  b e f o r e  

any p r e d i c t i o n s  abou t  t h e  r e l a t i v e  s t r e n g t h  of  d i f f e r e n t  

t y p e s  of e l u e n t s  can be madc. 

Su l . fon ic  a c i d s  

A s t u d y  o f  t h e  e l u e n t  p r o p e r t i e s  of  compounds con- 

t a i n i n g  s u l f o n i c  a c i d  g roups  was under taken  t o  d e t e r m i n e  i f  

t h e y  cou ld  be used  a s  a l t e r n a t i v e s  t o  c a r b o x y l i c  a c i d  

e l u e n t s .  The e l u e n t s  i n  t h i s  s t u d y  w e r e ,  1 x  M s o l u -  

t i o n s  of  b e n z e n e s u l f o n i c ,  s u l f a n i l i c ,  and s u l f o b e n z o i c  

a c i d s .  The pH of t h e s e  s o l u t i o n s  was a d j u s t e d  t o  7 . 8 ,  8 . 0 ,  

and 7 .8 ,  r e s p e c t i v e l y .  A l l  o f  t h e  t r i a l s  were r u n  on t h e  

0.0057 meq/g XAD-1 a n i o n  exchange column w i t h  a n  e l u e n t  f l o w  

r a t e  of  1 . 5  ml/min. 

The r e s u l t s  o f  t h e  chromatograph ic  t r i a l s  a r e  g i v e n  i n  

Tab le  5 .  These r e s u l t s  i n d i c a t e  t h a t  t h e  e f f i c i e n c y  o f  t h e  



T a b l e  5. S u l f o n i c  a n d  mixed s u l f o n i c  a c i d s a  

Sample b e n z e n e s u l f c n i c  a c i d  s u l f a n i l i c  a c i d C  s u l f o b e n z o i c  a c i d  b  

T; (min)  li (rnin) 3 T; (rnin) W (min)  
+5 T; (rnin) W4 (rnin) 

1 0 . 3  ppm ~ 1 -  4.60  1 . 1 0  4.80 1 - 3 0  1. 90 0 .60  

1 3 . 0  ppm ~ r -  5 9.0 2 .10  6 .60  1 . 8 0  1 . 8 0  0 . 6 0  

12 .2  ppm NO- 
3  

27.6 ppm ~ 0 4 '  --- --- --- --- 8.70  2 .20  

a ~ h e  c o n c e n t r a t i o n  o f  e a c h  e l u e n t  was 1 x  M - and  t h e  ion-exchange r e s i n  
was 0.0057 meq/g X A D - 1 .  

. . 

b ~ n  a d d i t i o n a l  peak  a p p e a r s  i n  a l l  chromatograms a t  T; = 7 .80  w i t h  W % = 1 . 8 0 .  

C An a d d i t i o n a l  peak  a p p e a r s  i n  a l l  chromatograms a t  T; = 3 . 9 5  w i t h  W = 1 . 9 0 .  3 
d ~ n  a d d i t i o n a l  peak  a p p e a r s  w i t h  t h e  i o d i d e  sample a t  T; = 7.80 w i t h  W+ = 1 . 8 0 .  



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

s u l f o b e n z o i c  a c i d  > b e n z e n e s u l f o n i c  a c i d  > s u l f a n i l i c  a c i d ,  
. . 

The r e s u l t s  of  t h e s e  t r i a l s  were v e r y  d i s a p p o i n t i n g .  

The r e t e n t i o n  t i m e s  f o r  common i n o r g a n i c  a n i o n s  a r e  rough ly  

t h e  same f o r  s u l f o b e n z o i c  and p h t h a l i c  , a c i d s .  b u t  when 

s u l f o b e n z o i c  a c i d  i s  used a s  t h e  e l u e n t .  t h e  peaks  a r e  

c o n s i d e r a b l y  b r o a d e r .  S u l f o b e n z o i c  a c i d  a l s o  e x h i b i t s  no 

s e l e c t i v i t y  d i f f e r e n c e s  among f l u o r i . d e ,  c h l o r i d e  and bromide 

i o n s ,  which would cause  problems i n  t h e  a n a l y s i s  o f  most 

r e a l  samples .  

Benzenesu l fon ic  and s u l f a n i l i c  a c i d s  a r e  a l s o  p o o r  

e l u e n t s ;  Not o n l y  a r e  f l u o r i d e ,  c h l o r i d e  and bromide 

u n s e p a r a b l e ,  b u t  a n . a d d i t i o n a 1  peak a p p e a r s  i n  a l l  of  t h e  

chromatograms. T h i s  peak does  n o t  a p p e a r  t o  be ca.used by 

c a r b o n a t e  i o n s ,  b u t  seems t o  be a n  i n t r i n s i c  p a r t  of  t h e s e  

e l u e n t  sys tems .  i s  p r o b a b l y  caused  by t y p e  of 

e a s i l y  r e v e r s T b l e  a b s o r p t i o n  o f . t h e  e luen t  o n t o  t h e  ~ e s i n .  

A similar problem o c c u r s  w i t h  t r i m e s i c  a c i d  a t  low pH v a l u e s  

a n d ' t h e  problem i s  d i s c u s s e d  i n  d e t a i l  i n  t h e  s e c t i o n  

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

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

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

n o t  recommended .. 



Phosphonic and p h o s p h i n i c  a c i d s  

A s t u d y  of t h e  e l u e n t  p r o p e r t i e s  of  compounds w i t h  a  

phosphorus -con ta in ing  a c i d  group was under taken  t o  d e t e r m i n e  

i f  t h e y  would be e f f e c t i v e  e l u e n t s .  The e l u e n t s  were 

1 x  M s o l u t i o n s  o f  pheny lphosph in ic  and phenyl-  , 
4 

phosphonic a c i d s .  The pH o f  t h e  pheny lphosph in ic  a c i d  was 

a d j u s t e d  t o  6.80 w h i l e  two s o l u t i o n s  o f  phenylphosphonic  

a c i d  were p r e p a r e d  and a d j u s t e d  t o  pH 6 .05 and pH 8 .00 .  A l l  

o f  t h e  t r i a l s  were run  on t h e  0.0057 meq/g XAD-1  a n i o n  

exchange column w i t h  an  e l u e n t  f l o w  r a t e  of 1 . 5  ml/min. 

The r e s u l t s  of  t h e  chromatographic '  t r i a l s  a r e  g i v e n  i n  

Tab le  6 .  These r e s u l t s  i n d i c a t e  t h a t  t h e  e f f i c i e n c y  o f  

phosphorus -con ta in ing  e l u e n t s  d e c r e a s e s  i n  t h e  f o l l o w i n g  

o r d e r :  p h e n y l p h o s p h o n i c ' a c i d  (pH 8 . .6) .  > pheny lphosph in ic  

a c i d  ( 6 . 8 )  > phenylphosphonic  a c i d  (pH 6 . 1 ) .  

, I t  i s  e x p e c t e d  t h a t  phenylphosphonic  a c i d  a t  pH 8.60 

shou ld  be t h e  s t r o n g e s t  phosphorus -con ta in ing  e l u e n t  

because  i t  forms a comple te ly  d i s s o c i a t e d  d i v a l e n t  a n i o n  

above a  pH o f ' 8 . 4 .  The o t h e r  e l u e n t s  i n  t h i s  s t u d y  form 

o n l y  nlonovalent a n i o n s  a t  t h e  lower  pH v a l u e  used  f o r  t h e i r  

a a n .  Both t h e  s t r u c t u r e s  and 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 s  of phenylphosphonic  and pheng lphosph in ic  a c i d s  a r e  

v e r y  s i m i l a r  (pK, = 2 .2  v s .  2 . 1 )  s o  no p r e d i c t i o n s  c o u l d  be 

made abou t  t h e  r e l a t i v e  s t r e n g t h  o f  t h e s e  e l u e n t s .  



T a b l e  6 .  P h o s ~ h o n i c  and  p h o s p h i n i c  a c i d s  a 

Sample p t e n y l p h o s p h i n i c  a c i d b  pheny lphqsphon ic  a c i d C  p h e n y l  phosphon ic  a c i d  d  

T: (rnin) W (rnin) 4 T; (rnin) W (min )  
% T: (rnin) W (min )  t 

1 0 . 3  ppm C 1 -  6 . 2 5  1 .60  7.30 1 . 6 0  2 .60  1 . 0 0  

1 3 . 0  ppm ~ r -  7 . 9 5  2 . 4 0  9 .95  1 . 9 0  3 .50  1 . 0 0  

1 2 . 2  ppm NO; 9 .65  2.80 10 .50  2.30 4 .20  1 . 3 0  . w  
m 

1 9 . 7  ppm I- . l 9 .  70 3 .70  >20 --- 7.. 50 . 1 . 6 0  

27.6 ppm s 0 i 2  --- --- --- --- 20.10  4.80 

a ~ h e  c o n c e n t r a t i o n  of e a c h  e l u e n t  was 1 x  M and  t h e  ion-exchange  r e s i n  was - 
0.0057 meq/g XAD-1.  

b ~ n  a d d i t i ~ n a l  peak  a p p e a r s  i n  a l l  chromatograms a t  T; = 4.60  w i t h  Wt = 1 . 8 0 .  

'An a d d i t i s n a l  peak  a p p e a r s  i n  a l l  chromatograms a t  T;! = 10 .20  w i t h  Wt = 1 . 8 0 .  

d ~ d d i t i o n a l  p e a k s  a p p e a r  i n  a l l  chromatograms a t  T; = 2 .  Q0 ,  5 .00  and  8 . 8 0 .  



The phosphorus  c o n t a i n i n g  e l u e n t s  o f f e r  no improvement 

i n  e i t h e r  r e t e n t i o n  t i m e  o r  s e l e c t i v i t y  o v e r  t h e  commonly 

used c a r b o x y l i c  a c i d  e l u e n t s ,  The .monovalent a c i d s  a r e  

s l i g h t l y  weaker t h a n  benzo ic  a c i d  and t h e y  produce  wider  . 

peaks  t h a n  benzo ic  a c i d .  The r e t e n t i o n  t i m e s  produced w i t h  

phenylphosphonic  a c i d  a t  a' pH of 8 . 6 0  a r e  a p p r o x i m a t e l y  

t w i c e  a s  l o n g  as Lhe r e t e n t i o n  t i m e s  produced w i t h  p h t h a l i c  

a c i d .  I n  a d d i t i o n  t o  t h e s e  f a c t s ' ,  a n  e x t r a  peak a p p e a r s  i n  

a l l  of t h e  chromatograms. T h i s  peak seems t o  be a n  

i n t r i n s i c  p a r t  of t h e s e  e l u e n t s  sys tems and 1,s p r o b a b l y  

caused by a n  e a s i l y  r e v e r s i b l e  a b s o r p t i o n  of  t h e  e l u e n t  0nt.o 

t h e  r e s i n .  A s i m i l a r  problem o c c u r s  w i t h  t r t m e s i c  a c i d  a t  

low pH v a l u e s  and t h e  problem i s  d i sc ,ussed  i n  d e t a i l  i n  t h e  
, . 

s e c t i o n  d e a l i n g  w i t h  t h a t  e l u e n t .  For  a l l  of  t h e s e  r e a s o n s ,  

t h e  u s e  of  phenylphosphonic  and pheny lphosph in ic  e l u e n t s  i s  

n o t  recommended. 

A d d i t i o n a l  Data on 1,3,5-Benzenetricarboxylic Acid 

Chromatographic c o n d i t i o n s  

An ex tended  s t u d y  of  1,3,5-benzenetricarboxylic a c i d  

( t r i m e s i c  a c i d )  was c a r r i e d  o u t .  It was hoped t h a t  because  

t r i m e s i c  i s  a  v e r y  s t r o n g  e l u e n t ,  a ' n u m b e r  o f  h i g h l y  

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

m u l t i v a l e n t  i o n s  c o u l d  be reduced .  T h i s  s t u d y  I n v o l v e d  

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



f o r  t h e  common i n o r g a n i c  a n i o n s ,  c a r b o x y l i c  a c i d s ,  and 

s u l f o n i c  a c i d s ,  The c h a r a c t e r i s t i c s  of  t h e  e l u e n t  as t h e  pH 

was changed from 4.0 t o  8 . 0  were a l s o  s t u d i e d  w h i l e  perform- 

i n g  t h i s  s u r v e y .  A l l  o f  t h e  chromatograph ic  t r i a l s  were 

performed on t h e  0.016 meq/g AN59-XA anion-exchange column 

- 4  . . w i t h  a f l o w  r a t e  of  1 . 6  ml/min. The e l u e n t  was 1 . 2 5  x 1 0  

M t r i m e s i c  a c i d  which had t h e  pH a d j u s t e d  from 4.0 t o  8 . 0  

i n  i r ic rements  of one pH u n i t .  

The . e l u e n t  peak 

When t h e  pH survey  was pe r fo rmed ,  a n  e x t r a . p e a k  was 

found i n  a l l  o f  t h e  chromatograms produced w i t h  t h e  e l u e n t  

a t  a pH o f  4 . 0 . .  T h i s  peak had a n  a d j u s t e d  r e t e n t i o n . t i m e  

of  6 . 5  minu tes  and d i d  n o t . c o r r e s p o n d  t o  any known sample 

components. Fur the rmore ,  b o t h  p o s i t i v e  and n e g a t i v e  peaks  

were formed because  t h i s  e x t r a  peak sometimes had a h i g h e r  

c o n d u c t i v i t y  and sometimes had a  lower  c o n d u c t i v i t y  t h a n  t h e  

e l u e n t  background ( s e e  F i g u r e  8 ) .  A s i m i l a r  t y p e  o f  peak 

o c c u r r e d  f o r  some samples  a t  a n  e l u e n t  pH of  5 ,0 ,  b u t  i t  was 

n e v e r  obse rved  a t  a  pH of 6 . 0  o r  h i g h e r  when t r i m e s i c  a c f d  

was used a s  t h e  e l u e n t .  

' The f o r m a t i o n  of  b o t h  p o s i t i v e  and n e g a t i v e  p e a k s  under  

t h e  same e l u e n t  c o n d i t i o n s  i s  a n  i n d i c a t i o n  t h a t  t h e  peaks  

a r e  n o t  caused by i o n  exchange.  The ion-exchange p r o c e s s  

c o n s i s t s  of  removing one i o n  from s o l u t i o n  and r e p l a c i n g  i t  

w i t h . a n o t h e r  i o n ,  The exchanged i o n  can  have e i t h e r  a .  



The e l u e n t  was 1 .25  x  M t r i m e s i c  a c i d  a t  a pH o f  4 .0 .  
The anion-exchange column was 0 ,016 meq/g A N 5 9 - X A .  The 
sarrlples were 1 0  ppm c h l o r i d e  a t  a sample pH of  5 .5 ,  1 0  pprn 
c h l o r i d e  w i t h  KOH added a t  a pH of 1 0 ,  and 10  ppm c h l o r i d e  
w i t h  H C 1  added f o r  t h e  samples w i t h  a pH below 5 . 5 .  

F i g u r e  8. The e l u e n t  peak 



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

i o n  cannot  sometimes be more c o n d u c t i n g  and sometimes be 

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

Both p o s i f i v e  and n e g a t i v e  peaks  can  be produced,  

however, by a n  a d s o r p t i o n / d e s , o r p t i o n  mechanism, and t h i s  

p r o c e s s  i s  l i k e l y  t o  o c c u r  f o r  t h e  anion-exchange column 
. . . . 

because  most o r g a n i c  molecu les  a r e  adsorbed  on XAD r e s i n s  

[ 9 ] .  If t h e  i n j e c t i o n  of a  p a r t i c u l a r  sample c a u s e s  some 

s p e c i e s  i n  t h e  e l u e n t  t o  be adsorbed  from s o l u t i o n  o n t o  t h e  

r e s i n ,  a n e g a t i v e  peak w i l l  o c c u r ,  I f  t h e  i n j e c t i o n  o f  a 

sample c a u s e s  some s p e c i e s  t o  d e s o r b  from t h e  r e s i n  i n t o  

t h e  e l u e n t ,  a p o s i t i v e  peak w i l l  o c c u r .  Once i t  i s  assumed 

t h a t  t h i s  p r o c e s s  i s  a c t u a l l y  o c c u r r i n g  i n  t h e  ion-exchange 

column, i t  becomes n e c e s s a r y  t o  d e t e r m i n e  what s p e c i e s  i s  

undergo ing  a d s o r p t i o n / d e s o r p t i o n  and why some samples  cause  

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

It was f i rs t  though t  t h a t  some Tmpurity i n  t h e  e l u e n t  

was b e i n g  adsorbed  o n t o  t h e  r e s i n .  I n  o r d e r  t o  t e s t  t h i s  

p o s s i b i l i t y ,  a  new e l u e n t  c o n s i s t i n g  o f  a  1 x  M 

s o l u t i o n  of  1,2,4,5-benzenetertacarboxylic a c i d  (pyro-  

m e l l i t i c  a c i d )  a t  a  pH of 4 .0  was used .  .Th i s  e l u e n t  was 

e q u i l i b r a t e d  w i t h  t h e  r e s i n ,  and a number o f  common 

i n o r g a n i c  a n i o n  samples  were i n j e c t e d , .  An e ' x t r a  peak 

appeared  i n  a l l  of t h e  chromatograms and e x h i b i t e d  t h e  same 

b e h a v i o r  a s  w i t h  . t r i m e s i c  a c i d .  L a t e r ,  s t u d i e s  showed t h a t  



t h i s  e x t r a  peak was a l s o  p r e s e n t  when s u l f o n i c ,  phosphonic  

and p h o s p h i n i c  a c i d s  were used a s  e l u e n t s ,  . It i s  v e r y  

' u n l i k e l y  t h a t  a n  i m p u r i t y  would be p r e s e n t  i n  a l l  of  t h e s e  

e l u e n t s  and t h a t  t h e  i m p u r i t y  would e x h i b i t  t h e  same 

behav io r  i n  a l l  of them. T h e r e f o r e ,  t h i s  peak must be an  

i n t r i n s i c  p a r t  of t h e s e  e l u e n t  sys tems  and w i l l  be r e f e r r e d  

t o  a s  t h e  e l u e n t  peak.  

I n  o r d e r  t o  f u r t h e r  d e m o n s t r a t e  t h a t  t h e  e l u e n t  peak 

was n o t  caused by an  ion-exchange p r o c e s s ,  a  50' cm g l a s s  

column was packed w i t h  250-325 mesh u n f u n c t i o n a l i z e d  XAD -1  

and t h e  1 x  M p y r o r n e l l i t i c  a c i d  e l u e n t  w a s  pumped 

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

were i n j e c t e d  o n t o  t h e  column and t h e i r  e l u t i o n  was fo l lowed  

u s i n g  t h e  c o n d u c t i v i t y  d e t e c t o r .  Because i o n  exchange cou ld  

n0.t t a k e  p l a c e  and because  i n o r g a n i c  i o n s  are n o t  adsorbed  

by XAD-1 ,  any peaks  which were r e t a i n e d  by t h e  r e s i n  must be 

caused by a d s o r p t i o n  of  t h e  e l u e n t ,  The r e s u l t s  of t h e s e  

exper iments  a r e  g i v e n  i n  Tab le  7 and i n d i c a t e  t h a t  adsorp-  

t i o n  does  t a k e  p l a c e .  These r e s u l t s  a l s o  i n d i c a t e  t h a t  

p o s i t i v e  peaks  r e s u l t  from samples which a re  more a c i d i c  

t h a n  t h e  e l u e n t ,  w h i l e  more b a s i c  samples  cause  n e g a t i v e  

p e a k s .  

The e l u e n t  peak h a s  a - h i g h e r  c o n d u c t i v i t y  t h a n  t h e  ;... 

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

because  of  i n c r e a s e d  a d s o r p t i o n ,  When t h e  a c i d i c  sample i s  



Tzble 7. Eluent peaks on unfunctionalized X A D - ~ ~  

Sample T; (min) Wq (min) Height (cm) 

HN03 (pH 3.3) 4.50 

H2S04 (PH 3.3) 4.80 

HC1 (pH 4.0) 5.80 

HC1 (pH 4.3) ' --- 

KOH (pH 6.0) 6.b0 

KOH (pH 8.2) 6.10 

KOH (pH 10.0) 6.10 

-4 
a ~ h e  eluent was a 1 x 10 M - solution of pyromellitic acid with a pH of 4.5. 



i n j e c t e d ,  i t  s h i f t s  t h e  e q u i l i b r i u m  i n  t h e  column and c a u s e s  

some o f  t h e  e l u e n t '  ( E - )  t o  become p r o t o n a t e d  (HE): The 

p r o t o n a t e d  e l u e n t  i s  t h e n  adsorbed  o n t o  t h e  r e s i n  a s  shown 

i n  Equa t ion  3 .  

Res in  < > HE < > H+ + E- (Eq. 3 )  

For  s i m p l i c i t y ,  assume that t h e  amount of  e l u e n t  

adsorbed  o n t o  t h e  r e s i n  i s  e q u a l  t o  t h e  amount o f  a c i d  ( H C 1 )  

i n  t h e  s a m p l e . '    he sys tem now h a s  r e p l a c e d  X amount of  

e l u e n t  w i t h  X amount o f  H C 1  i n  s o l u t i o n .  T h i s  p o r t i o n  of  

t h e  e l u e n t  moves down t h e  column and undergoes  i o n . e x c h a n g e  

( s e e  Equa t ion  4 ) .  The X amount of  C 1 -  h a s  now been. r e p l a c e d  

w i t h  X amount of E- and e q u i l i b r i u m  t s  r e s t o r e d  a t  t h e  

s o l v e n t  f r o n t .  The c o u n t e r  i o n  remains  t h e  same t h r o u g h o u t .  

t h i s  . p r o c e s s ,  

Meanwhile, t h e r e  i s  an  e x c e s s  of  HE on t h e  r e s i n  a t  t h e  

t o p  of  t h e  column. When a  f r e s h  p o r t i o n  of  e i u e n t  moves 

p a s t  t h i s  s e c t i o n  of' t h e  ' ~ e s i n ,  t h e  e q u i l i b r i u m  w i l l  s h i f t  

t o  t h e  r i g h t  i n  Equa.tion . 3  and t h e  adsorbed  e l u e n t  w i l l  

r e t ~ ~ r n  t o  s o l . i ~ t i o n .  Because f r e s h  e l u e n t  i s  a lways  f l o w i n g  

p a s t  t h i s  s e c t i o n  of r e s i n ,  a l l  o f  t h e  adsorbed  e l u e n t  w i l l  

e v e n t u a l l y  r e t u r n  t o  s o l u t i o n .  A s  t h e  s o l u t i o n  c o n t a i n i n g  

t h e  a d d i t i o n a l  desorbed  e l u e n t  moves down t h e  column, i t  



w i l l  e n c o u n t e r  f r e s h  r e s i n .  The e q u i l i b r i u m  w i l l  s h i f t -  

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

way down t h e  column u n t i l  i t  r e a c h e s  t h e  d e t e c t o r .  The 

e x t r a  e l u e n t  i n  s o l u t i o n  w i l l  t h e n  cause  a n  i n c r e a s e  i n  

conductance  t o  0ccu.r c a u s i n g  a  p o s i t i v e  peak .  

The e l u e n t  peak h a s  a  lower  c o n d u c t i v i t y  t h a n  t h e  

e l u e n t  f o r  samples  which a r e  more b a s i c  t h a n  t h e  e l u e n t  

because  o f  i n c r e a s e d  d e s o r p t i o n .  When t h e  b a s i c  sample. i s  

i n j e c t e d ,  i t  s h i f t s  t h e  e q u i l i b r i u m  i n  Equa t ion  3 t o  t h e  

r i g h t  and c a u s e s  some of t h e  adsorbed  e l u e n t  ( H E )  t o  be 

i o n i z e d  ( E - )  and r e t u r n  t o  s o l u t i o n .  

For  s i m p l i c i t y ,  assume t h a t  t h e  amount o f  e l u e n t  

desorbed  i n t o  s o l u t i o n ,  Y ,  i s  e q u a l  t o  t h e  amount of  b a s e  

( K O H ) .  i n  t h e  sample.  The sys tem'  now h a s  a  d e f i c i e n c y  o f  Y 

amount o f  HE adsorbed  on t h e  r e s i n .  When f r e s h  e l u e n t  

r e a c h e s  t h e  p o s i t i o n  of  t h e  desorbed  e l u e n t  " h o l e " ,  t h e  

e q u i l i b r i u m  w i l l  s h i f t  and some of  t h e  e i u e n t  i n  s o l u t i o n  

w i l l  be adsorbed  t h e  r e s i n  t o  f i l l  t h e  T h i s ,  

i n  t u r n ,  d e p l e t e s . t h e  s o l u t i o n  o f  e l u e n t  m o l e c u l e s  and t h e  

s o l u t i o n  w i l l  s h i f t  t h e  e q u i l i b r i u m  i n  ~ q u a t ' i o n  t h e  

r i g h t  t o  o b t a i n  more e l u e n t  molecu les  when i t  r e a c h e s  

f r e s h  r e s i n .  I n  t h i s  way, t h e  h o l e  moves down. the  column 

and r e a c h e s  t h e  d e t e c t o r .  The r e d u c t i o n  - i n  t h e  amount of  

e l u e n t  i n  s o l u t i o n  w i l l  c a u s e  a  d e c r e a s e  i n  conductance  t o  

o c c u r  and a  n e g a t i v e  peak w i l l  be formed. 



It s h o u l d  be n o t e d  t h a t  f o r  samples  more b a s i c  t h a n  t h e  

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

KOH r e a c t s  w i t h  t h e  H' i n  t h e  e l u e n t  t o  form H Z O  The n e t  

r e s u l t  of t h i s  r e a c t i o n  i s  t o  change t h e  c o u n t e r  i o n  o f  t h e  
t t e l u e n t  from H t o  K , a s  shown i n  Equa t ion  5 .  Because t h e  

t e x c e s s  e l u e n t  i n  s o l u t i o n  i s  now a  K s a l t ,  i t  remains  i n  

s o l u t i o n  and moves t h r o u g h  t h e  column much more q u i c k l y  t h a n  

does  t h e  a c i d  form. The K' s a l t  must come o f f  w i t h  t h e  

pseudo peak because  o n l y  one e x t r a  peak i s  o b s e r v e d .  If i t  

was adsorbed  by t h e  r e s i n ,  a  second e l u e n t  peak ,  which would 

o c c u r  i n  t h e  p o s i t i v e  d i r e c t i o n ,  would be obse rved .  

H+ t E- t K+ t OH- - H20 t K+ t E- <- (Eq* 5 )  

The e l u e n t  peak i s  caused  by a n  a d s o r p t i o n  phenomena - .  

and o n l y  o c c u r s  when t h e  e l u e n t  i s  n o t  h i g h l y  i o n i z e d .  T h i s  

dependence on t h e  d e g r e e  of  i o n i z a t i o n  of t h e  e l u e n t  

e x p l a i n s  why t h e  e l u e n t  peak o c c u r s  a t  a  pH of  5 . 0  and 

below, and why i t  does  n o t  o c c u r  a t  a pH of  6 . 0  o r  above 

when t r i m e s i c  a c i d  i s  used  a s  t h e . e l u e n t .  Although a n  

e x t e n s i v e  s t u d y  was n o t  pe r fo rmed ,  t h e  o t h e r  c a r b o x y l i c  

a c i d s  su rveyed  shou ld  a l s o  b e g i n  t o  produce  e l u e n t  peaks  as 

t h e  pH i s  lowered ,  These a c i d s  s h o u l d  produce  e l u e n t  peaks  

a t  a f a i r l y  h i g h  pH, p r o b a b l y  around 6 ,  because  t h e y  have 
. . 

fewer  a c i d  g roups  and a r e  g e n e r a l l y  weaker a c i d s  t h a n  

t r i m e s i c  a c i d .  The n i t r o p h e n o l s  a r e  even weaker a c i d s ,  and 



it would n o t  be s u r p r i s i n g  i f  e l u e n t  p e a k s  were p r e s e n t  a t  

a p'H o f  6 . 5  o r  e v e n  7 . 0  f o r . t h e s e  e l u e n t s .  

If a n  e l u e n t  peak  i s  p r e s e n t ,  i t  c a n  be e l i m i n a t e d  i n  

a 'number o f  ways. The s i m p l e s t  method t o  e l i m i n a t e  t h e  

e l u e n t  peak  i s  t o  u s e  a n  e luen t , , ,  s u c h  as c i t r i c  a c i d ,  which 

i s  n o t  a d s o r b e d  on t h e  ion-exchange  r e s i n .  Another  method. . . .  

t o  e l i m i n a t e  t h i s  peak  i s  t o  r a i s e  t h e  pH of t h e  e l u e n t  

u n t i 1 , a d s o r p t i o n  on t h e  r e s i n  no l o n g e r  t a k e s  p l a c e .  A s  

d i s c u s s e d  above ,  a pH of 6 . 5  and 7 . 5  s h o u l d  be  h i g h  enough 

t o  e l i m i n a t e  t h e  e l u e n t  peak  f o r  c a r b o x y l i c  a c i d s  and 

n i t r o p h e n o l ' s .  

It i s  d e s i r a b l e  t o  be a b l e  t o  u s e  some e l u e n t s  a t  a low 
. . 

pH b e c a u s e  t h e  s e l e c t i v i t y  f o r  c e r t a i n  compounds i s  improved 

as t h e  pH i s  lowered .  I n  t h i s  case , ,  t h e  e l u e n t  peak  can  be 

e l i m i n a t e d  by a d j u s t i n g  t h e  pH o f  t h e  sample t o  'match  t h e  .pH 

of  t h e  e l u e n t .  T h i s  e l i m i n a t e s  t h e  change i n  pH d u r i n g  t h e  

i n j e c t i o n  and t h e  e l u e n t  peak  i s  n o t  p roduced .  If t h e  pH of  

t h e  sample i s  r a i s e d  t o  match t h e  pH o f  t h e  e l u e n t ,  no  

a d d i t i o n a l  p e a k s  w i l l  be formed because  t h e  added OH- i o n s  

e l u t e  w i t h  t h e  pseudo p e a k .  I f  t h e  pH o f  t h e  sample i s  

lowered  t o  match  t h e  pH of t h e  e l u e n t ,  a n ' a d d i t i o n a . 1  peak  i,s 
. . 

produced by t h e  a n i o n  o f  t h e  added a c i d .  T h i s  p e a k ,  

however,  i s  u s u a l l y  n a r r o w e r  t h a n  t h e  e l u e n t  peak .  The 

p o s i t i o n  o f  t h i s  peak  i n  t h e  chromatogram can  be  s h i f t e d  so ,  

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

c h o o s i n g  t h e  a c i d  used t o  a d j u s t  t h e  pH'. 



Another  way t o  e l i m i n a t e  t h e  e l u e n t  peak i s  t o  d i s s o l v e  

t h e  a n i o n  .sample i n  t h e  e l u e n t  used  f o r  t h e  a n a l y s i s .  T h i s  

e l i m i n a t e s  most of  t h e  changes u s u a l l y  a s s o c i a t e d  w i t h  t h e  

i n j e c t i o n  of  a  sample and t h e  e l u e n t  p e a k ' i s  n e v e r  formed.  

T h i s  p r o c e d u r e  i s  t h e  same as t h e  s t a n d a r d  method used  by 

t h e  Dionex Corp. t o  e l i m i n a t e  t h e i r  "water  d i p . "  

I n o r g a n i c  a n i o n s  

The r e s u l t s  of  t h e  ex tended  s t u d y  o f  t r i m e s i c  a c i d  a s  

an  e l u e n t  f o r  i n o r g a n i c  a n i o n s  a r e  p r e s e n t e d  i n  Tab le  8 .  

These r e s u l t s  show t h a t  t r i m e s i c  a c i d  i s  t o o  s t r o n g . a n  

e l u e n t  f o r  most monovalent i n o r g a n i c  a n i o n s .  The t h r e e  most 

common h . a l i d e  a n i o n s  (F-, ~ 1 - ,  and B r - )  e l u t e  i n  l e s s  t h a n  

1 . 2  minu tes  and a r e  n o t  r e s o l v e d  from. e a c h  o t h e r ;  ' Above an  

e l u e n t  pH o f ' 5 . 0 ,  a l l  of  t h e  d i v a l e n t  a n i o n s  a r e  removed 

from t h e  column i n  l e s s  t h a n  2 . 0  minu tes  and l i t t l e  s e l e c - '  

t i v i t y  .is obse rved .  A t  a n  e l u e n t  pH of  4 .0 ,  however,  t h e  

s e l , e c t . i v i t y  for a. number of  s t r o n g l y  r e t a i n e d  a n i o n s  

improves  d r a m a t i c a l l y  and a number of  s e p a r a t i o n s  s h o u l d  be 

p o s s i b l e .  

Carboxy l i c  a c i d s  

The r e s u l t s  of  t h e  ex tended  s t u d y  of  t r i m e s i c  a c i d  as 

a n  e l u e n t  f o r  c a s b o x y 1 . i ~  a c i d s  a r e  p r e s e n t e d  i n  T a b l e ' g .  

These r e s u l t s  show t h a t  c a r b o x y l i c  a c i d s  a r e  e l u t e d  v e r y  

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



Table 8. 1,3,5-Benzenetricarboxylic acid as an eluent for inorganic anionsa 

Sample pH = 4 . 0 ~  PH = 5.0 pH = 6.0 pH = 7.0 pH = 8.0 

~ 1 ;  w% T;c w+ T: W+ T; W J r  W+ 
(min) (min) (min.) (min) (min) (min) (min) (min) (min) (min) 

113.3 ppm ~ 1 -  1 . 0  0.35 0.60 0.30 0.60 PPI 0.55 0 ..30 0.55 0.30 

13.0 ppm ~ r -  1.20 0.30 0.70 0.30 0.70 0.30 0.65 0.30 0.80 0.40 

19.7 P P ~  1- 2.90 0.55 1.40 0.35 1.45 0.30 1.50 0.35 1.20 0.40 & 
a3 

27.6 ppm s0i2 6.20 0.70 1.90 0.55 1.90 0.60 . 1.80 .0.60 1.50 0.50 

24.4 ppm ~04' 0.80 0.35 0*70 0.30 0.50 0.30 0.70 0.40 0.70 0.40 

29.0 ppm cr04f 1.90 0.70 1.00 0.50 1.50 0.40 1.50 0.50 1.30 0.40 
. . 

a~he.eluen5 concentration was 1.25 x M and the ion-exchange resin was - 
0.016 meq/g AN53-XA for all of the trials. 

b ~ n  additional peak aipears in all chromatograms at Ti = 6.60 with W  + = 1.50. ' 



T a b l e  9 .  1,3,5-Bsnzenetricarboxylic a c i d  as a n  e l u e n t  f o r  c a r b o x y l i c  a c i d s a  

Sample ' p ~  = 4 . 0 ~  p ~  = 5 . 0  , pH = 6 . 0  pH = 7 . 0  pH = 8 . 0  

TA "* T;( wlr T;( w?2 *i W4 Ti Wlr 
(rnin) (min3 (min )  (rnin) (rnin) (rnin) ( inin)  (rnin) ( rnin)  (rnin) 

2 7 . 1  'pFm a c e t a t e  0 . 7 5  p p ~ ~  0.60 0 . 2 5  0 .50  0 .25  0 .55  0 .30  0 .50  O-3O 
(CH3CO;) 

100  ppm p r o p i o n a t e  1 . 3 0  1 . 0 0  0 .85  0 . 5 5  0 .80  0 .30  0 .65  0 .40  0 . 5 5  P P I  
(C2H5CO;) - a J= 

75 ppm malate 1 . 4 0  0 .40  1 . 3 0  0 .50  1 . 3 0  0;50 1 . 5 0  0 . 4 5  1 - 3 0  0 .50  
(-02CC,H3 (0H)CO;) 

5 1  ppm b e n z o a t e  . 4 . 1 0  1 . 1 0  9 .60  2.80 , 6 , 8 0  2.40 .6.40 1 . 9 0  6 .40  1 . 9 0  
( c6H6co;) 

53 ppm p h e h y l a c e t a t e  --- --- 9 .70  2 .70  8 .50  2 . 5 0  8 . 8 0  2 .80  8 . 2 0  . 2 . 6 0  
(C6H6CH2C02) 

a ~ h e  e l u e n t  c o n c e n t r a t i o n  was 1 . 2 5  x M - a n d .  t h e  ion-exchange  r e s i n  was 
11.016 meq/g AN59-XA f o r  a l l  o f  t h e  t r i a l s ,  

t 
b ~ n  a e d i t i o n a l  peak  i p p e a r s  i n  a l l  chromatograms a t  TR = 6 60 w i t h  Wlr = 1 . 5 0 .  

C ~ s e u c o  paak  i n t e r f e r s  w i t h  sample i o n .  



1 0  minu tes .  The r e s u l t s  a l s o  show t h a t  t h e  pH of  t h e  e l u e n t  

i s  'a u s e f u l  v a r i a b l e  f o r  improving t h e  s e p a r a t i o n . o f  some 

c a r b o x y l i c  a c i d s . .  A c e t a t e  and f o r m a t e  can be e a s i l y  

s e p a r a t e d  a t  a  pH of 5 . 0  bu t  t h e y  o v e r l a p  a t  a  pH of  8 . 0 .  

Malate  and p r o p i o n a t e ,  on t h e  o t h e r  hand,  a r e  e a s i l y  

s e p a r a b l e  a t  a n  e l u e n t  pH of  8 . 0 ,  b u t  o v e r l a p  a t  a  pH o f  

5 . 0 .  These s e l e c t i v i t y  d i f f e r e n c e s  a r e  caused by t h e  weak 

a c i d  n a t u r e  of t h e  sarrlples and t h e  e l u e n t .  

A t  a  pH of  8 . 0 ,  t h e  t r i m e s i c  a c i d  e l u e n t  i s  p r e s e n t  a s  

a  t o t a l l y  i o n i z e d  -3 a n i o n .  Under t h e s e  c o n d i t i o n s ,  

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

l i t t l e  s e l e c t i v i t y  f o r  any monovalent a n i o n s .  Because t h e  

e l u e n t  becomes p r o g r e s s i v e l y  more p r o t o n a t e d  a s  t h e  pH i s  

lowered,  i t  becomes a  weaker e l u e n t .  It i s  t h i s  d e c r e a s e  

i n  e l u e n t  s t r e n g t h  which c a u s e s  t h e  small ion-exchange 

a f f i n i t y  d i f f e r e n c e s  among t h e  sample a n i o n s  t o  become more 

a p p a r e n t  and improves t h e  s e l e c t i v i t y  between f o r m a t e  and 

a c e t a t e  l o n s  . 
The d e c r e a s e d  s e l e c t i v i t y  between m a l a t e  and 

p r o p i o n a t e  i s  caused  by t h e  p r o t o n a t i o n  o f  t h e  sample 

a n i o n s ,  A t  a  pH of  8 . 0 ,  m a l a t e  i s  a  d i v a l e n t  a n i o n  and 

p r o p i o n a t e  i s  a  monovalent a n i o n .  Mala te  becomes a -1 

a n i o n  when t h e  pH i s  lowered and t h e  d i f f e r e n c e s  i n  t h e  

ion-exchange a f f i n i t i e s  between ' t h e  two c a r b o x y l a t e  a c i d s  

d e c r e a s e s .  I f  t h i s  p r o c e s s  c o n t i n u e s ,  t h e  s a m p l e s . w i l 1  



become f u l l y  p r o t o n a t e d  and ion-exchange w i l l  no l o n g e r  

o c c u r .  T h i s  seems t o  be happening t o  p r o p i o n a t e  a t  a pH of 

4 .0 .  The p r o p i o n a t e  peak i s  m o r e . t h a n  t w i c e  a s  wide as t h e  

m a l a t e  peak which has  t h e  same r e t e n t i o n  t i m e .  T h i s  i s  a  

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

c o n t r o l l e d  by a d s o r p t i o n  on t h e  XAD-1 p o r t i o n  of  t h e  r e s i n  

and n o t  by ion-exchange.  

S u l f o n i c  a c i d s  

The r e s u l t s  of  t h e  ex tended  s t u d y  of  t r i m e s i c  a c i d  a s  

an  e l u e n t  f o r  s u l f o n i c  a c i d s  a r e  p r e s e n t e d  i n  Tab le  1 0 .  

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

e a s i l y  e l u t e d  w i t h  t r i m e s i c  a c i d  and t h a t  t h e r e  a r e  ma jor  

changes i n  t h e  r e l a t i v e  r e t e n t i o n  t i m e s  f o r  a 'number  of  

t h e s e  a c i d s  between t h e  e l u e n t  p H t s  of  4 .0  and 5 . 0 .  A l l  

t h e  s u b s t i t u t e d  b e n z e n e s u l f o n i c  a ' c ids  t e s t e d  i n  t h i s  s t u d y  

e l u t e  i n  a  r e a s o n a b l e  t i m e  and e x h i b i t  r emarkab le  

s e l e c t i v i t i e s .  A l l  s i x  b e n z e n e s u l f o n i c  a c i d  d e r i v a t i v e s  

a r e  s e p a r a t e d  by approx imate ly  1 minute  o r  more when 

t h e  pH o f  t h e  e l u e n t  i s  5 . 0 .  T h i s  combinat ion  of  f a s t  

e l u t i o n  and good s e l e c t i v i t y  makes t r i m e s i c  a c i d  a n  

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

I n  o r d e r  t o  conf i rm t h e  p o t e n t i a l  of  t r i m e s i c  a c i d  

a s  an e l u e n t  f o r  a n i o n  exchange,  a number o f  d i f f i c u l t  

s e p a r a t i o n s  were  performed.  F i g u r e s  9 and 1 0  b o t h  show t h e  



T a b l e  1 0 .  1;3,5-Benzenetrisarboxylic a c i d  as an  e l u e n t  f o r  s u l f o n i c  a c i d s a .  

Sample p.e = 4 , 0  pH = 5 . 0  pH = 6 . 0  pH = 7 . 0 .  pH = 8 .0  
b  

TA wzi w% Ti . W+ ~ ; 1  W4 Tli Wli 
(min)  (rnin) (rnin) (rnin) (rnin) (rnin) (rnin) (rnin) ( m i n )  (rnin) 

1 4 . 7  ppm methane- 
' s u l f o n a t e  1 0 .35  W P P ~  --- WPP --- WPP . --- WPP --- 

2 0 . 1  ppn s u l f o -  
a c e t a t e  3 . 6 ~  1 . 1 0  1 . 8 0  0 .50  1 . 6 0  0 .50  1 . 6 0  0 . 6 5  1 . 4 0  0.60 

2 7 . 5  ppm e t h a n e -  
d i s u l f o n a t e  7 .10  1 . 0 0  1 . 6 0  0 . 4 5  1 . 6 0  0.50 1 . 5 0  0 .60  1 . 2 0  0 . 4 0  

37 .8  ppm propane-  
s u l f  o n a t  e 2.70, 0 .90  1 . 5 0  0 .50  1 , 5 0  0 .60  1 . 5 0  0 .50  1 . 6 0  0.50 

40:5 ppm 3-hydroxy- 
1-propane s u l f o n a t e  1 . 0 0  0 .40  0.60 0 .40  0 .40  P P I ~  0 .50  0 .35  0 .40  PPI 

80 ppm benzene-  
s u l f o n a t e  21.50 4 .80  10 .70  2 .30  9.30 2 .70  8 . 0 0  2.50 9 .60  3 .10  . . . . . . . . . . . . . . . . . . . . . .  

a The e l u e n t  c o n c e n t r a t i o n  was 1 . 2 5  x M a n d  t h e  ion-exchange r e s i n  was - 
0.016 neq/'g AN59-XA f o r  a l l  o f  t h e  t r i a l s .  

b ~ n  a d d i t i o n a l  peak  a p p e a r s  i n  a l l  chromatograms a t  T; = 6 .60  w i t h  W = 1 . 5 0 .  
4 

'sample e l u t e s  w i t h  t h e  pseudo peak .  

d ~ s e u d o  peak  i n t e r f e r s  w i t h  sample i o n .  



T a b l e  1 0 .  ( c o n t i n u e d )  

Sample 
b 

pH = 4 ..0 pH = 5 . 0  pH = 6 . 0  'pH = 7 ,O  pH = 8 . 0 .  

TA '4 Ti W4' Ti w$ T;( \I$ T;( W$ 
(rnin) (min )  (rnin) (rnin) (min )  (rnin) (rnin) (rnin) (min )  (rnin) 

2 9 . 6  - ppn s u l f o -  
b e n z o a t e  

43.0 ppm 4-amirlo- 
b e n z e n e s u l f  o r ~ a t e  2 .60  0 . 7 0  1 . 6 5  0 . 5 5  1 . 5 0  0 .50  1 . 5 0  0 .55  1 . 3 0  0 - 5 0  

49 .4  ppm 2-amino- 
t o l u e n e - 5 - s u l f o n a t e  6 .50  1 . 5 0  5 .40  1 . 3 0  4 . 2 0  1 . 1 0  3 .40  1 - 1 0  3.1.0 1 . 0 0  

W 

44.8 ppm 4-amino- 
t o l u e n e - 2 - s u l f o n a t e  7 .00  1 . 4 0  6 . 5 0  1 . 6 0  6 .60  2 .10  7 .40  2 .40  6 . 8 0  1 . 9 0  

45 .8  ppm 2-amin.o- 
toluene-4-sulf~~nate6.50 1 . 5 0  8.80 2 .20  8.70 2 .70  9 .00  3 . 2 0  8 .90  2.10 



separation of three substituted aromatic sulfonic acids. 

The last pair of peaks, which have baseline resolution in 

.both chromatograms, are caused by three geometric isomers of 

aminotoluenesulfonic acid. The separation of these isomers 

shows the remarkable selectivity of this eluent and ion- 

exchange resin for aromatic sulfonic acids. A separation of 

sulf'ariillc, 2,5-aminotoluenesulfonic and benzoic acids is 

presentcd in Figure 11. The elution of the benzoate anion 

demonstrates the eluent strength of trimesic acid, because 

benzoic acid has a high enough affinity for the resin to be 

used as an ion-exchange eluent itself. The last chromato- 

gram, Figure 12, shows the separation of ethanesulfonic and 

propanesulfonic acids, which are small highly ionic anions, 

from 2,5-aminotoluenesulfonic and benzoic acids, which are 

large hydrophobic anions. In addition to separating the 

aromatic acids from the aliphatic acids, the individual 

anions in these two groups are also well resolved. ,This 

shows the ve~~satillty of the eluent and illustrates the 

possibility of using trimesic acid to separate a variety of 

organic anions, 



The eluent was 1.25 x M trimesic acid at a pH of 6.0. 
The anion-exchange column was 0.016 meq/g AN59-XA. The 
sample was 24.5 ppm sulfanilic acid, 26.7 pprn 2,5-amino- 
toluenesulfonic acid, and 26.3 pprn 2,4-aminotoluenesulfonic 
acid. 

Figure 9 .  ,Separation of'sulfanilic, 2,5-aminotoluene- 
sulfonic, and 2,4-aminotoluenesulfonic ac,ids 
using trimesic acid 



The eluent was 1.25 x 10-4 M trimesic acid at a pH of 6.0. 
The anion-exchange column was 0.016 meq/g AN59-XA. The 
sample was 36.8 ppm sulfanilic acid, 29.5 ppm 2,5-amtno- 
toluenesulfonic acid, and 60.6 ppm 4,2-aminotoluene~sulfonic 
acid. 

Figure' 10. Separation of sulfanilic, 2,5-aminotoluene- 
sulfonic, and 4,2-aminotoluenesulfonic acids 
using trimesic acid 



TI .ME (MINUTES)  

The eluent was 1.25 x M trimesic acid at a p~ of 6.0. 
The anion-exchange'~column was 0.016 meq/g AN59-XA. The 
sample was 36.8 ppm sulfanilic acid, 39.5 pprn 2,5-amino- 
toluenesulfonic acid, and 80.0 ppm benzoic acid, 

Figure 11, Separation of sulfanilic. 2,5-aminotoluene- 
sulfonic, and benzoic acids using trimesic acid 



TIME ( M I N U T E S )  

The eluent was 1.25 x M trimesic acid at a pH of 6.0.. 
The anion-exchange column was 0.016 meq/g AN59-XA. The 
sample was 9.9 ppm ethanesulfonic acid, 11.3 ppm propane- 
sulfonic acid, 59.2 ppm 2,5-aminotoluenesulfonic acid, and 
80.0 ppm benzoic acid. .' 

Figure 12, Separation of ethanesulfonic, propanesulfonic, 
2,5-aminotoluenesulfonic and benzoic acids 
using trimesic a ~ i d  



CONCLUSIONS 

Choosing an Eluent 

Of all the potential eluents surveyed, only the 

carboxylic acids and the nitrophenols are recommended as 

eluents for anion chromatography. This still leaves a dozen 

potential eluents to choose from when planning a separation. 

In order to determine which eluent to use for a particular 

sample, the characteristics of a good separation must be 

considered. The requirements for an anlytical separation 

include good resolution of the sample components, a reason- 

able analysis time, usually 20 minutes or less, and a 

sensitivity that is high enough to determine the species of 

interest without extensive sample manipulation. All 

these factors are controlled by the concentration ofi the 
. . 

eluent and the particular organic acid chosen as the eluent 

in nonsuppressed, anion-exchange chromatography. 

The concentration of the eluent used in an anion- 

exchange separation should be in the range of 5 x tp 

1 x M. The upper limit is a result of using a 

conductivity detector. When the eluent has a concentration 

above this limit, it produces a large background conductance 

and this reduces the. sensitivity of the system. Eluents 

which are more' dilute than 5 x lom5 M give broad asymmetric 

peaks for a number of anions. If a good separation of the 



sample a n i o n s  cannot  be performed i n  t h i s  c o n c e n t r a t i o n  

r a n g e ,  a n o t h e r  e l u e n t  s h o u l d  be used.  

A s ' a  g e n e r a l  r u l e ,  t h e  e l u e n t  s h o u l d  have t h e  same 

charge  a s  t h a t  of  t h e  sample f o r  i n o r g a n i c  a n i o n s  and shou ld  

have a  h i g h e r  c h a r g e  t h a n  t h a t  of  t h e  sample f o r  o r g a n i c  a c i d  

samples ,  The s t r o n g e s t  e l u e n t  t h a t  g i v e s  a  r e a s o n a b l e  

s e p a r a t i o n  of  t h e  i o n 3  of  i n t e r e s t  s h o u l d  be u s e d .  It h a s  

been shown t h a t  t h e  a d d i t i o n  o f  a n  e l e c t r o n - w i t h d r a w i n g  group 

o r  t h e  geomet r i c  ar rangement  o f  t h e  c a r b o x y l i c  a c i d  g roups  

a f f e c t s '  t h e  e l u e n t  s s t r e n g t h  and t h e s e  t r e n d s  can  be u s e f u l  

i n  choos ing  t h e  b e s t  e l u e n t .  Choosing t h e  s t r o n g e r  e l u e n t  

a l l o w s  a lower  c o n c e n t r a t i o n  o f , t h e  e l u e n t  t o  be used which 

lowers  t h e  background and improves t h e  s e n s i t i v i t y .  . . A 

s t r o n g e r  e l u e n t  a l s o  p roduces  s h a r p e r  sample peaks  which 

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

of  r e s o l v i n g  more a n i o n s  i n  a f i x e d  amount o f  t i m e .  

A s  an .  a i d  i n  p i c k i n g  t h e  c o r r e c t  e l u e n t  f o r  a, p a r t i c u l a r  

s e p a r a t i o n ,  al I. of t h e  recommended e l u e n t s '  alae l i s t e d  below 

o r d e r  of  t h e i r  d e c r e a s i n g  s t r e n g t h  a s  e l u e n t s :  t r i m e s i c  > 

c i t r i c  >> i s o p h t h a l i c  > p h t h a l i c  > t e r e p h t h a l i c  - 
o - n i t r o p h e n o l  m-ni t rophenol  > p-n i t robenz .o ic  - 
p - n i t r o p h e n o l  - m-ni t robenzoic  > benzo ic  > o - n i t r o b e n g o i c .  



E l u e n t s  f o r  T y p i c a l  S e p a r a t i o n s  

S e p a r a t i o n  o f  h a l i d e  i o n s  

I f . t h e  t h r e e  most common h a l i d e  i o n s  (F-, ~ 1 - ,  B r - )  a r e  

t o  be de te rmined  i n  a  s i n g l e  sample ,  t h e  o n l y  e l u e n t  which 

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

benzo ic  a c i d .  If one o r  two o f  t h e s e  a n i o n s  must be 

s e p a r a t e d  from i o d i d e  o r  o t h e r  monovalent a n i o n s  w i t h  l o n g  

r e t e n t i o n  t i m e s ;  t h e n  t h e  meta o r  p a r a  i somer  o f  n i t r o b e n z o i c  

a c i d  s h o u l d  be used a s  t h e  e l u e n t .  T h i s  s p e e d s  up t h e  
. . 

s e p a r a t i o n  and improves t h e  shape  o f  t h e  more s t r o n g l y  

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

e i t h e r  o f  t h e s e  s e p a r a t i o n s  because  t h i s  group of  e l u e n t s  h a s  

v e r y  l i t t l e  s e l e c t i v i t y  f o r  monovalent a n i o n s .  

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

Many i n d u s t r i a l  a p p l i c a t i o n s  nf anion-exchange chroma- 

tography  r e q u i r e  t h e  d e t e r m i n a t i o n  of  o n l y  c h l o r i d e  and 

s u l f a t e  because  t h e s e  a r e  t h e  major  components u r  t h e  w a t e r  

samples .  The p h t h a l i c  a c i d s  a r e  recommended as e l u e n t s  f o r  

t h e s e  d e t e r m i n a t i o n s .  Under some e x p e r i m e n t a l  c o n d i t i o n s ,  

t h e  c h l o r i d e  peak i s ' n o t  w e l l  r e s o l v e d  from t h e  pseudo peak 

and t h i s  l a c k  of  r e s o l u t i o n  c o m p l i c a t e s  t h e  a n a l y s i s .  I n  

t h e s e  c a s e s ,  e i t h e r  t h e  o r t h o  o r  meta i somer  o f  n i t r o p h e n o l  

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



S e p a r a t i o n  of  m u l t i v a l e n t  i n o r g a n i c  a n i o n s  

The most u s e f u l  e l u e n t s  f o r  s e p a r a t i o n s  o f  s u l f a t e ,  

chromate and o t h e r  s t r o n g l y  r e t a i n e d  i n o r g a n i c  a n i o n s  a r e  

t h e  p h t h a l i c  a c i d s .  These e l u e n t s  have t h e  s e l e c t i v i t y  

needed f o r  t h e  s e p a r a t i o n  of  t h e s e  i o n s  and produce  reason-  

a b l y  s h o r t  a n a l y s i s  t i m e s  when t h e  e l u e n t  h a s  a  c o n c e n t r a t i o n  

of  2 x  M o r  g r e a t e r .    rime sic and c i t r i c  a c i d s  a r e  n o t  

~ecomrnended f o r  t h i s  t y p e  of  s e p a r a t i o n  because  t h e s e  e l u e n t s  

a r e  t o o  s t r o n g  t o  g i v e  good s e l e c t i v i t y  d i f f e r e n c e s  among 

i n o r g a n i c  a n i o n s .  

Separation of s m a l l  a l k y l  a c i d s  

The a l k y l  c a r b o x y l i c  and s u l f o n i c  a c i d s  a r e  more 

s t r o n g l y  r e t a i n e d  by t h e  ion-exchange r e s i n  t h a n  a r e  

i n o r g a n i c  a n i o n s .  T h i s  f a c t  l e a d s  t o  t h e  recommendation of  

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

a n i o n s .  T r i m e s i c  and c i t r i c  a c i d s  may be c o n s i d e r e d  i f  t h e  

p r o s p e c t i v e  s e p a r a t i o n  i n c l u d e s  a c i d s  w i t h  more t h a n  one 

a c i d  group p e r  molecu le .  Although o - n i t r o p h e n o l  i s  s t r o n g  

enough t o  be used f o r  t h e s e  s e p a r a t i o n s ,  i t  d o e s  n o t  have 

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

t h e s e  samples .  

S e p a r a t i o n  o f  a r o m a t i c  a c i d s  

The b e s t  e l u e n t  f o r  a r o m a t i c  c a r b o x y l i c  and s u l f o n i c  

a c i d  samples  i s  t r i m e s i c  a c i d .  A s  shown p r e v i o u s l y ,  t h i s  



e l u e n t  has  a remarkable s e l e c t i v i t y  and good r e t e n t i o n  t imes  

f o r  t h e s e  t y p e s  of samples.  C i t r i c  a c i d  should  a l s o  be 

cons idered  a s  a p o t e n t i a l  e l .uent  f o r  t h e s e  samples because.  

i t  may have d i f f e r e n t  s e l e c t i v i t i e s  f o r  t h e  v a r i o u s  a romat ic  

a c i d s .  



6 4  

.FUTURE WORK 

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

f o r  anion-exchange chromatography have been o u t l i n e d .  

F u r t h e r  work i n  t h i s  a r e a  s h o u l d  be d i r e c t e d  a t  a p p l y i n g  

t h i . s  i n f o r m a t i o n  t o  improving s e p a r a t i o n s w h i c h  have a l r e a d y  

been done and p e r f o r m i n g '  s e p a r a t i o n s  whi'ch c o u l d  n o t  

p r e v i o u s l y  have been accompl i shed ,  The s e p a r a t i o n  of 

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

e l u e n t  seems t o  b e  an  e s p e c i a l l y  p romis ing  a r e a .  It s h o u l d  

be p o s s i b l e  t o  s e p a r a t e  a  number of  t h e s e  a c i d s ,  b o t h  

aromatic  and a l i p h a t i c ,  which have n e v e r  b e f o r e  been 

s e p a r a t e d  by ion-exchange methods.  

Another  a r e a  of  i n t e r e s t  i s  t h e  e l u e n t  p e a k ,  One of  

t h e  major  problems of  u s i n g  e l u e n t s  a t  low pH v a l u e s  i s  t h e  

appearance  o f  t h i s  e x t r a  peak .  A s t u d y  i n  which t h e  adsorp-  

t i o n . o f  t h e  a c i d s  used  as e l u e n t s  on XAD-1 as a  f u n c t i o n  o f  

pH would be u s e f u l .  T h i s  s t u d y  'would d e t e r m i n e  e x a c t l y  when 

a n  e l u e n t  peak would be e x p e c t e d  t o  a p p e a r  i n  a  chromatogram. 

It would a l s o  be h e l p f u l '  i n  i d e n t i f y i n g  compounds which a r e  

n o t  h i g h l y  adsorbed  on XAD-1  and c o u l d  l e a d  t o  i n c r e a s i n g  

t h e  r a n g e  o f  p H . v a l u e s  where t h e  e l u e n t  peak d o e s  n o t  o c c u r .  

T h i s  would s i m p l i f y  some o f  t h e  s e p a r a t i o n s  which mus t .  be 

performed a t  low pH v a l u e s .  
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APPENDIX 

The lowes t  pH where a l l  o f  t h e  e l u e n t  becomes i o n i z e d  

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

i 'onized d u r i n g  t h e  chromatographic  t r i a l s  an'd t o  a l l o w  

mean ingfu l  comparisons of  e l u e n t  s t r e n g t h  t o  be made; For  

e l u e n t s  w i t h  one r e p l a c e a b l e  hydrogen .  t h i s  i s  ana logous  t o  

t i t r a t i n g  t h e  e l u e n t  t o  i t s  e q u i v a l e n c e  p o i n t  w i t h  a  s t r o n g  

b a s e .  The e q u a t i o n s  used  t o  c a l c u l a t e  ' t h e  pH are.  d e r i v e d  i n  

Q u a n t i t a t i v e  A n a l y s i s  [ l o ]  and a r e  p r e s e n t e d  below: 

HA -> H+ + A- <- HA = t h e  e l u e n t  a s  a n  a c i d  

A- = t h e  e l u e n t  a s  a n  a n i o n  

Kw = t h e  d i s s o c i a t i o n  c o n s t a n t  

lo-l'-l o f ,  water .  = 

Ka = t h e  a c i d  d i s s o c i a t i o n  
p~ = - ~ o ~ [ H + I  

c o n s t  a n t  

CA- = c o n c e n t r a t i o n  o f  A- i n  

s o l u t i o n  

For  e l u e n t s  w i t h  more t h a n  one r e p l a c e a b l e  hydrogen,  t h e  

pH where 100% i o n i z a t i o n  o c c u r s  can  be c a l c u l a t e d  by 

c o n s i d e r i n g  t h e  e l u e n t  a.nj.on ( A - )  a s  a weak b a s e .  I n  t h i s  

c a s e ,  o n l y  t h e  weak a c i d  i s  i n  s o l u t i o n  and t h e  a p p r o p r i a t e  

e q u a t i o n s  a r e  a s  f o l l o w s :  

A- + H20 -> <- HA + OH- 
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Kb = t h e  b a s e  d i s s o c i a t i o n  

c o n s t a n t  

The s t r u c t u r e  and pKa o f  e a c h  e l u e n t  used  i n  t h i s  

s t u d y  a r e  p r e s e n t e d  i n  Tab le  1 A .  The e q u i v a l e n c e  p o i n t  f o r  

each  a c i d  group i n  t h e s e  m o l e c u l e s  was c a l c u l a t e d  and i s  

a l s o  shown i n  Tab le  1 A .  



T a b l e  1 A .  S t r u c t u r e ,  d i s s o c i a t i o n  cons ta .n t  and e q u i y a l e n c e .  
p o i n t  o f  t h e  e l u e n t s  

Name o f  e l u e n t  S t r u c t u r e  E q u i v a l e n c e  
p o i n t a  

Benzoic a c i d  

o -Ni t robenzo ic  
a c i d  

m-Nitrobenzoic 
a c i d  

p - N i t r o b e n z o i c  
a c i d .  

o - P h t h a l i c  a c i d  

I s o p h t h a l i c  a c i d  

L 

C 0  2H 

T e r e p h t h a l i c  
a c i d  'Qo2H 

C0,H 

~ r i m ~ s i ' c  a c i d  @CO2FI 

 he e q u i v a l e n c e  p o - n t  was c a l c u l a t e d  u s i n g  a n  e l u e n t  
c o n c e n t r a t i o n  o f  1 x M f o r  e a c h  o f  t h e  e l u e n t s .  



Table 1A. (continued) 

Name of 'eluent Structure pKa11 'I2 Equivalence 
pointa 

Citric acid COOH pKl = 3 .14  6 . 5 7  I 
HOOCCH2-C-CH2COOH 

1 pK2 = 4 .77  7 . 3 8  
OH . P K ~  = 6 . 3 9  

, . 
8.20 

Benzenesulfonic 
acid 

Sulfanilic 
acid 

Siilfobenzoic 
acid 

Phenylphosphinic 
acid 

Phenylphosphonic 
acid 




