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LINEARITY IN ION CHROMATOGRAPHY 

Lee N. Politel, Harold M. McNairl , and 
Roy D. Rocklin2" 

1Department o f  Chemistry 
Virginia Polytechnic Institute & State University 

Blacksburg, Virginia 24061 
2Dionex Corporation 

Sunny vale, California 94 088-3603 

ABSTRACT 

Using ion chromatography with chemical e l u a n t  
suppression,  peak he igh t s  and peak a r e a s  a r e  determined 
f o r  t h e  anions c h l o r i d e  and s u l f a t e  and t h e  c a t i o n s  
sodium and potassium i n  s t anda rd  s o l u t i o n s .  C a l i b r a t i o n  
curves a r e  prepared f o r  t h e  ions and shown t o  be l i n e a r  
over t h e  t e s t e d  range, nea r ly  f i v e  o rde r s  of magnitude. 

INTRODUCTION 

Ion chromatography ( I C )  i s  a powerful and v e r s a t i l e  
a n a l y t i c a l  t o o l .  Using ion exchange sepa ra t ion ,  a l a r g e  

number of both i no rgan ic  and o rgan ic  anions and c a t i o n s  

can be s e p a r a t e d .  In  t h e  most commonly used 

conf igu ra t ion ,  e l e c t r i c a l  conduc t iv i ty  d e t e c t i o n  i s  used 

with chemical e l u a n t  suppression.  The o r i g i n a l  I C  

con f igu ra t ion  was introduced i n  1975  by Small, Stevens,  

and Bauman (1) and used low capac i ty  p e l l i c u l a r  ion 
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830 POLITE, MC NAIR, AND ROCKLIN 

exchange s e p a r a t o r  columns followed by high capac i ty  

packed bed suppressors  of t h e  opposi te  type as t h e  
s e p a r a t o r .  Since t h a t  time, t h e r e  have been major 

improvements i n  both sepa ra to r  and suppressor 
technology. Today, high e f f i c i e n c y  f i v e  and t e n  micron 

r e s i n s  are used f o r  both i s o c r a t i c  and g rad ien t  e l u t i o n  

t o  s e p a r a t e  a l a r g e  number of i ons  i n  one 

chromatographic run. Continuously regenerated membrane 
suppressors  with low i n t e r n a l  volumes have replaced 

packed bed suppressors ,  e l imina t ing  t h e  problems of peak 
broadening and t h e  need f o r  p e r i o d i c  suppressor  

r egene ra t ion  ( 2 )  . 

Ion chromatography i s  now used t o  analyze a wide 

range of sample types,  with a n a l y t e  ion concen t r a t ions  

ranging from sub p a r t s - p e r - b i l l i o n  t o  per-cent l e v e l s .  

Q u a n t i t a t i v e  a n a l y s i s  i s  u s u a l l y  accomplished by 
p repa r ing  a mul t i - l eve l  c a l i b r a t i o n  curve from t h e  peak 
h e i g h t s  o r  peak areas of known standards and comparing 
t h e  response of t h e  a n a l y t e s  i n  t h e  sample t o  t h e  
s t anda rd  curve.  Although t h e  b e s t - f i t  l i n e  through t h e  

c a l i b r a t i o n  p o i n t s  i s  usua l ly  l i n e a r ,  a curve c a l c u l a t e d  

from a q u a d r a t i c  equat ion should be used i n  t h e  event of 
d e v i a t i o n  from l i n e a r i t y .  The c a l c u l a t i o n  of a b e s t - f i t  

curve from a q u a d r a t i c  equat ion can be t ed ious ,  and i s  
b e s t  performed by computer. However, when computing 

equipment i s  not a v a i l a b l e  and a s t r i p  c h a r t  r eco rde r  i s  

used, l i n e a r  c a l i b r a t i o n  curves a r e  used. A common 
p r a c t i c e  i n  ion  chromatography employing chemical e l u a n t  

suppression when many analyses  must be performed i n  a 
s h o r t  t i m e  i s  t h e  u s e  of a s i n g l e  c a l i b r a t i o n  po in t ,  

with t h e  l i n e  drawn through t h e  o r i g i n .  I t  i s  obvious 

t h a t  i n  t h i s  case,  accu ra t e  q u a n t i t a t i v e  a n a l y s i s  w i l l  

not r e s u l t  i f  t h e  d e t e c t o r  response i s  not l i n e a r .  
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LINEARITY IN ION CHROMATOGRAPHY 83 1 

S e v e r a l  s t u d i e s  have been performed on l i n e a r i t y  i n  
i o n  chromatography, i n c l u d i n g  s t u d i e s  by Pohl  and 

Johnson (3) and by Doury-Berthod e t  a1 ( 4 ) .  I n  t h e  

l a t t e r  r e p o r t ,  complex equa t ions  are d e r i v e d  

demons t r a t ing  t h a t  peak h e i g h t  response  i n  an ion  
exchange chromatography wi th  suppres sed  c o n d u c t i v i t y  

d e t e c t i o n  i s  n o t  l i n e a r .  Th i s  p r e d i c t i o n  i s  i n  c o n f l i c t  

w i t h  o u r  expe r i ence  and wi th  t h e  r e s u l t s  p r e s e n t e d  by  
Pohl  and Johnson, and i n  t h i s  pape r ,  w e  r e p o r t  r e s u l t s  

from c a l i b r a t i o n  cu rves  p repa red  f o r  s e v e r a l  a n i o n s  and 

c a t i o n s .  

EXPERIMENTAL 

A l l  exper iments  were performed on a Dionex Model 

4010i  i o n  chromatograph.  Th i s  system c o n s i s t s  of a 

h igh -p res su re  pump, a chromatography module t o  c o n t a i n  

t h e  i n j e c t i o n  v a l v e  and t h e  column and suppres so r ,  and a 

c o n d u c t i v i t y  d e t e c t o r .  Condi t ions  f o r  t h e  

chromatography are as follows: 

&on d e t e r m i n a t i o n s  
S e p a r a t o r :  HP IC-AS 4 A  
E luan t  : 0.75 mM N a H C 0 3 ,  2 .2  mM Na2C03 

Suppres so r :  Anion MicroMembrane (AMMS) 
Regenerant  : 25 mN H2S04 

on 
S e p a r a t o r :  HP I C  -CS 3 

E luan t  : 1 2  mM HC1,  0 . 5  mM diaminopropionic  
a c i d ,  monohydrochloride 

Suppres so r :  Ca t ion  MicroMembrane (CMMS) 

Regenerant  : 50 mM tetrabutylammonium hydroxide  
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832 POLITE, MC NAIR, AND ROCKLIN 

For both anion and c a t i o n  determinat ions,  t h e  flow 

r a t e s  were 1 . 0  mL/min, and t h e  sample loop volume was 50  

pL. Cal ib ra t ion  curves were generated from t h e  minimum 

d e t e c t i o n  l i m i t  up t o  1 , 0 0 0  par ts-per-mil l ion.  

RESULTS AND DISCUSSION 

Due t o  t h e  extreme range of concentrat ions used t o  

produce t h e  c a l i b r a t i o n  curves,  p l o t s  of log (peak 

he igh t  o r  a r e a )  v s .  log (concentrat ion)  were used. For 

log / log  c a l i b r a t i o n  p l o t s ,  a s lope of one w i l l  r e s u l t  

from l i n e a r  c a l i b r a t i o n  curves of a r i t h m e t i c  p l o t s ,  i . e  
d i r e c t  p l o t s  of peak height  o r  a r e a  vs.  a n a l y t e  
concen t r a t ion .  Log/log slopes of g r e a t e r  than one 
i n d i c a t e  upward curvature  on a r i t h m e t i c  p l o t s ,  and 
log/log s lopes  of less than one i n d i c a t e  downward 

cu rva tu re .  Ca l ib ra t ion  curves f o r  sodium and c h l o r i d e  
are shown i n  f i g u r e s  1 and 2 .  The s lopes  and 

c o r r e l a t i o n  c o e f f i c i e n t s  from t h e s e  p l o t s ,  as w e l l  as 
from p l o t s  f o r  potassium and s u l f a t e ,  are l i s t e d  i n  

t a b l e  1. 

C a l i b r a t i o n  s lopes  from peak a rea  are 0 . 9 9  f o r  

sodium and potassium and 1 . 0 1  f o r  ch lo r ide .  For each of 
t h e s e  ions ,  t h e  peak a r e a  c a l i b r a t i o n  s lopes  a r e  c l o s e r  
t o  one than  t h e  peak he igh t  p l o t s .  Cor re l a t ion  

c o e f f i c i e n t s  are a l s o  c l o s e r  t o  one f o r  t h e  peak a r e a  

p l o t s .  Both t h e  s lope  and c o r r e l a t i o n  c o f f e c i e n t  

resu l t s  i n d i c a t e  t h a t  peak a r e a  determinat ions produce a 

b e t t e r  l i n e a r  f i t  than peak h e i g h t .  For s u l f a t e ,  t h e  

peak he igh t  s lope  i s  1 . 0 0  and t h e  peak area s lope  i s  
1 . 0 3 .  The c o r r e l a t i o n  c o e f f i c i e n t s  a r e  roughly t h e  

same. A s  can be seen i n  f i g u r e s  1 and 2 ,  both peak a r e a  

and peak he igh t  p l o t s  are l i n e a r  up t o  s e v e r a l  hundred 
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Figure 1. Quantitation of sodium by area and height. 

(peak area) 

(peak height) 
I m = 1.01 Corr. Coeff. = 0.9993 m 

Peak Area\ A8 
0.01 0.1 1.0 10 100 1000 

Concentration (ppm) 

Figure 2. Quantitation of chloride by area and height. 
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834 POLITE, MC NAIR, AND ROCKLIN 

TABLE I .  

Comparison of  c a l i b r a t i o n  c u r v e s  from peak  area and  
h e i g h t  

m M E T H O D S L O P E  - 
Sodium A r e a  0 . 9 9  0 . 9 9 9 9  
Sodium H e i g h t  0 .94  0.9988 

P o t a s s i u m  A r e a  0 . 9 9  0.9999 
P o t a s s i u m  H e i g h t  0 . 8 5  0 .9970 

C h l o r i d e  A r e a  1 . 0 1  0.9993 
C h l o r i d e  Height  0 . 9 5  0.9960 

S u l f a t e  A r e a  1 .03  0.9992 
S u l f a t e  H e i g h t  1 . 0 0  0 .9991 

ppm. A t  h i g h e r  c o n c e n t r a t i o n s ,  t h e  r a t i o  of peak  h e i g h t  
t o  area decreases as column overload b r o a d e n s  t h e  p e a k .  
T h i s  p r o d u c e s  a downward c u r v a t u r e  i n  t h e  peak h e i g h t  
c a l i b r a t i o n  p l o t .  When c a l i b r a t i o n  p l o t s  i n d i c a t e  
column o v e r l o a d ,  samples s h o u l d  be d i l u t e d  o r  smaller 
i n j e c t i o n  volumes u s e d .  I f  column overload c a n  n o t  be 

avoided, p e a k  area s h o u l d  be u s e d  fo r  q u a n t i t a t i v e  

a n a l y s e s .  

The r e s u l t s  p r e s e n t e d  h e r e  are i n  c o n f l i c t  w i t h  t h e  
t h e o r e t i c a l  p l o t s  g e n e r a t e d  by Doury-Berthod e t  a1  ( 4 ) ,  

who p r e d i c t  n o n - l i n e a r  c a l i b r a t i o n  c u r v e s .  T h e i r  
e x p l a n a t i o n  fo r  t h i s  p r e d i c t i o n  i s  as  f o l l o w s :  There 

are  t w o  fac tors  t h a t  d e t e r m i n e  t h e  c o n d u c t i v i t y  change  

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

s e c o n d  i s  t h e  decrease i n  c o n d u c t i v i t y  c a u s e d  b y  t h e  

decrease i n  e l u a n t  i o n  c o n c e n t r a t i o n  d u r i n g  t h e  e l u t i o n  
of a n a l y t e  i o n s .  T h i s  i s  called t h e  vacancy  p e a k .  When 
t h e  e l u a n t  c o n s i s t s  of a c a r b o n a t e ,  b i c a r b o n a t e  b u f f e r ,  

t h e  c o n d u c t i v i t y  change d u r i n g  t h e  vacancy  p e a k  s h o u l d  
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LINEARITY IN ION CHROMATOGRAPHY 835 

be dependent  on a n a l y t e  c o n c e n t r a t i o n  i n  a non- l inea r  
manner. S ince  t h e  pK, o f  ca rbon ic  a c i d  i s  6 . 3 7 ,  t h e r e  

i s  some d i s s o c i a t i o n  fo l lowing  suppres s ion  of t h e  

r e s u l t i n g  c a r b o n i c  acid,  producing  a s i g n i f i c a n t  
background c o n d u c t i v i t y .  T h e  d e v i a t i o n  from l i n e a r i t y  
p r e d i c t e d  by Doury-Berthod should  be caused  by t h e  

e f f e c t  o f  t h e  i n c r e a s i n g  hydrogen ion  c o n c e n t r a t i o n  
d u r i n g  t h e  e l u t i o n  of t h e  s t r o n g  a c i d  a n a l y t e s  
s u p p r e s s i n g  t h e  i o n i z a t i o n  of  ca rbon ic  a c i d .  The e x t e n t  
of t h i s  i o n i z a t i o n  suppres s ion  i s  dependant on t h e  

a n a l y t e  i o n ' s  c o n c e n t r a t i o n .  The sum of t h e  
c o n d u c t i v i t y  changes from t h e s e  f a c t o r s  should  produce a 
non- l inea r  c a l i b r a t i o n  curve .  

For  t h e  de t e rmina t ion  of  c a t i o n s ,  there  shou ld  be 

ve ry  l i t t l e  d e v i a t i o n  from l i n e a r i t y  as t h e  e l u a n t  

l a r g e l y  c o n s i s t s  of  t h e  s t r o n g  a c i d  HC1.  The c a t i o n  
e l u a n t  i s  suppres sed  almost t o  z e r o  background, so 
vacancy peaks fo l lowing  suppres s ion  a r e  ex t remely  s m a l l  
i n  comparison t o  t h e  c o n t r i b u t i o n  of  t h e  a n a l y t e s .  

The main reason  f o r  o u r  d i f f e r e n t  r e s u l t s  f o r  an ion  
c a l i b r a t i o n  cu rves  i s  probably  caused  by t h e  u s e  of 

d i f f e r e n t  s u p p r e s s o r s  and by d i f f e r e n t  e l u a n t  
c o n c e n t r a t i o n s .  The t o t a l  ca rbona te  c o n c e n t r a t i o n  used  

by Doury-Berthod w a s  5 mM. The t o t a l  ca rbona te  
c o n c e n t r a t i o n  i n  t h e  e l u a n t  w e  used  f o r  t h e  HPIC-AS4A 

an ion  s e p a r a t o r  i s  2 . 9 5  mM. The lower e l u a n t  
c o n c e n t r a t i o n  should  minimize the  e f f e c t  of t h e  vacancy 
peak,  r e s u l t i n g  i n  a more l i n e a r  c a l i b r a t i o n  c u r v e .  
A l s o ,  Doury-Berthod used  a packed suppres so r ,  w e  used  a 
c o n t i n u o u s l y  r e g e n e r a t e d  membrane suppres so r .  W e  have 
observed  t h a t  t h e  Anion MicroMembrane Suppressor  (AMMS) 
produces  background c o n d u c t i v i t i e s  approximate ly  1 0 %  
l o w e r  t h a n  t h o s e  o b t a i n e d  w i t h  packed bed s u p p r e s s o r s .  
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836 POLITE, MC NAIR, AND ROCKLIN 

This decreased background conduc t iv i ty  i s  caused by 
s e v e r a l  f a c t o r s .  F i r s t ,  it i s  poss ib l e  t h a t  some 
carbonic  a c i d  can convert  t o  carbon dioxide and water,  
and d i f f u s e  through t h e  membrane t o  t h e  regenerant 
s o l u t i o n ,  t hus  lowering t h e  background conduct ' ivity.  

This could not occur i n  a packed bed suppressor .  

Second, t h e  membrane suppressor might not be a s  

e f f i c i e n t  i n  removing sodium a s  t h e  packed bed 

suppressor .  Since t h e  equivalent  conductance of sodium 

i s  considerably lower than t h a t  of hydrogen, a small  

amount of sodium reaching t h e  d e t e c t o r  would r e s u l t  i n  

lower background conduc t iv i ty .  (A 10% decrease i n  
background conduc t iv i ty  f o r  t h e  anion e l u a n t  would 
r e s u l t  from a suppression e f f i c i e n c y  of 9 9 . 8 % . )  This 

e f f e c t  i s  observed f o r  packed bed suppressors  

immediately p r i o r  t o  suppressor exaust ion,  as t h e  

b a s e l i n e  f i r s t  d i p s  s l i g h t l y  j u s t  before  inc reas ing  o f f  

s c a l e .  Third,  during operat ion of t h e  AMMS, a very 
small  amount of s u l f u r i c  a c i d  regenerant l eaks  through 

t h e  membrane and reaches t h e  d e t e c t o r  c e l l .  ( S u l f a t e  i n  
t h e  suppressor  e f f l u a n t  has been d e t e c t e d  by re- 
i n j e c t i n g  t h e  e f f l u a n t . )  This i s  of course not a 

problem f o r  q u a n t i t a t i v e  a n a l y s i s ,  a s  t h e  leakage occurs  

a f t e r  s epa ra t ion ,  and can not  add o r  s u b t r a c t  from 

peaks.  The leakage of s u l f u r i c  a c i d  should suppress t h e  

i o n i z a t i o n  of carbonic  acid,  t hus  l i m i t i n g  t h e  e f f e c t  of 
t h e  e l u t i o n  of t h e  s t r o n g  a c i d  anions.  While s u l f u r i c  
a c i d  leakage should cause a n  i nc rease  i n  background 

conduc t iv i ty ,  it i s  p o s s i b l e  t h a t  a l l  t h r e e  of t h e  
f a c t o r s  l i s t e d  he re  may be occuring, with t h e  n e t  
conduc t iv i ty  change being nega t ive .  

When a l l  of t h e  f a c t o r s  l i s t e d  above a r e  

considered, it i s  apparent t h a t  many s impl i fy ing  

assumptions mus t  be made i n  order  t o  d e r i v e  an equat ion 
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LINEARITY IN ION CHROMATOGRAPHY 837 

f o r  c o n d u c t i v i t y .  Whether o r  no t  an e q u a t i o n  can  be 

developed t h a t  a c c u r a t e l y  p r e d i c t s  t h e  observed  r e s u l t s ,  
t h e  impor tan t  conc lus ion  from t h e  d a t a  p r e s e n t e d  h e r e  i s  

t h a t  when i o n  chromatography i s  performed wi th  membrane 
s u p p r e s s o r s  and c a l i b r a t i o n  cu rves  are p repa red  from 

peak a r e a s ,  t h e  cu rves  a r e  l i n e a r  ove r  a ve ry  w i d e  range  
of  a n a l y t e  c o n c e n t r a t i o n s .  I n  t h e  c a s e  of t h e  i o n s  

t e s t e d ,  t h e  l i n e a r  range i s  from t h e  minimum d e t e c t i o n  
l i m i t ,  measured i n  p a r t s - p e r - b i l l i o n ,  t o  above 0 . 1 % .  

T h i s  i s  a range  of  n e a r l y  f i v e  o r d e r s  of  magni tude.  

A d i rec t  s o l u t i o n  t o  t h e  q u e s t i o n  of l i n e a r i t y  i s  

t o  u s e  sodium hydroxide  a s  t h e  e l u a n t  s i n c e  it i s  
conve r t ed  t o  w a t e r  f o l lowing  suppres s ion ,  so t h e r e  can  

be  no e f f e c t  from t h e  vacancy peak .  Membrane 
s u p p r e s s o r s  can suppres s  t h e  h igh  c o n c e n t r a t i o n s  of  

sodium hydroxide  r e q u i r e d  t o  e l u t e  p o l y v a l e n t  i o n s .  

The a n a l y t i c a l  range  o f  i o n  chromatography can 

e a s i l y  be extended  beyond t h e  range  r e p o r t e d  h e r e .  More 
c o n c e n t r a t e d  samples  can be d i l u t e d  so t h a t  t h e  a n a l y t e  
c o n c e n t r a t i o n s  w i l l  be w i t h i n  t h e  l i n e a r  r ange .  For  

example, Rockl in  used ion  chromatography t o  de t e rmine  

pe r -cen t  l e v e l  c o n c e n t r a t i o n s  of i o n s  i n  mixed acid 
e t c h i n g  s o l u t i o n s  ( 5 ) .  For  t r a c e  a n a l y s e s ,  a n a l y t e  i o n s  

can be c o n c e n t r a t e d  on s h o r t  i o n  exchange columns by 

pumping t h e  sample ove r  t h e  c o n c e n t r a t o r  column. T h i s  

method w a s  i n t r o d u c e d  i n  a pape r  by  Wetzel a t  a1 i n  1979 

( 6 ) .  I n  a r e c e n t  r e p o r t  by Houskova and Chu ( 7 ) ,  

c o n c e n t r a t i o n  t echn iques  w e r e  used t o  de t e rmine  an ions  
i n  d e i o n i z e d  wa te r .  Minimum d e t e c t i o n  l i m i t s  w e r e  

r e p o r t e d  as l o w  as 50 p a r t s - p e r - t r i l l i o n .  

Depending on a n a l y t e  c o n c e n t r a t i o n s ,  samples can  be 

ana lyzed  u s i n g  e i t h e r  p r e c o n c e n t r a t i o n ,  d i r e c t  
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i n j e c t i o n ,  or d i l u t i o n  f o l l o w e d  by d i r ec t  i n j e c t i o n .  

With t h e  u s e  o f  t h e s e  t e c h n i q u e s ,  t h e  a n a l y t i c a l  r a n g e  

of i o n  chromatography can  e x t e n d  from 50 p a r t s - p e r -  

t r i l l i o n  t o  50%, a r a n g e  of  t e n  orders of magni tude .  
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