
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 24 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Liquid Chromatography & Related Technologies
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597273

Studies on System Peaks in Ion-Pair Adsorption Chromatography: I.
Evaluation of Ion-Pair Adsorption Constants and Effects by the Injection
of Finite Analyte Amounts
A. Sokolowskia; T. Fornstedta; D. Westerlunda

a Department of Analytical Pharmaceutical Chemistry Biomedical Center, University of Uppsala,
Uppsala, Sweden

To cite this Article Sokolowski, A. , Fornstedt, T. and Westerlund, D.(1987) 'Studies on System Peaks in Ion-Pair
Adsorption Chromatography: I. Evaluation of Ion-Pair Adsorption Constants and Effects by the Injection of Finite
Analyte Amounts', Journal of Liquid Chromatography & Related Technologies, 10: 8, 1629 — 1662
To link to this Article: DOI: 10.1080/01483918708066792
URL: http://dx.doi.org/10.1080/01483918708066792

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597273
http://dx.doi.org/10.1080/01483918708066792
http://www.informaworld.com/terms-and-conditions-of-access.pdf


JOURNAL OF LIQUID CHROMATOGRAPHY, 10(8&9), 1629-1662 (1987) 

STUDIES ON SYSTEM PEAKS IN ION-PAIR 
ADSORPTION CHROMATOGRAPHY. 1. 

CONSTANTS AND EFFECTS BY THE 
INJECTION OF FINITE ANALYTE AMOUNTS 

EVALUATION OF ION-PAIR ADSORPTION 

A. Sokolowski, T. Fornstedt, and D. Westerlund 
Department of  Analytical Pharmaceutical Chemistry 

Biomedical Center 
University of Uppsalu 

P. 0. Box 574 
S-751 23 Uppsalu, Sweden 

ABSTRACT 

A d s o r p t i o n  of a secondary  amine,  p r o t r i p t y l i n e ,  as phospha te  
i o n - p a i r ,  t o  N u c l e o s i l  C , w a s  s t u d i e d .  Two d i f f e r e n t  
t e c h n i q u e s  were comparedt8the t r a d i t t o n a l  break-through and 
t h e  sys t em peak t e c h n i q u e .  8 0 t h  t e c h n i q u e s  i n d i c a t e d  t h a t  t h e  
a d s o r p t i o n  of t h e  i o n - p a i r  w a s  b e s t  f i t t e d  t o  a 2 - s i t e  a d s o r p t i o n  
model of t h e  Langmuir t y p e ,  i n d i c a t i n g  a he te rogenous  s o l i d  phase  
s ur f a c e . 
comparing t h e  r e t e n t i o n  volumes of  t h e  sys t em peaks f o r  d i E E e r e n t  
k i n d  of e q u i l i b r i u m  d i s t u r b a n c e s  i n t r o d u c e d  i n t o  the system. When 
i n j e c t i n g  f i n i t e  amounts of a n a l y t e s  t h e  sys t em peak r e t e n t i o n  was 
a f f e c t e d  by t h e  a n a l y t e  c o n c e n t r a t i o n ,  c h a r g e  and h y d r o p h o b i c i t y ,  
k e e p i n g  the e l u e n t  compos i t ion  c o n s t a n t .  The e f f e c t s  cou ld  
q u a l i t a t i v e l y  be e x p l a i n e d  i n  l i g h t  of t h e  developed model f o r  t h e  
r e t e n t i o n .  

The r e l i a b i l i t y  oE t h e  sys t em peak t e c h n i q u e  was t e s t e d  by 
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1630 SOKOLOWSKI, FORNSTEDT, AND WESTERLUND 

INTKODUCT I O N  

I n  c o n v e n t i o n a l  chromatography used f o r  a n a l y t i c a l  work, the 

t h e o r y  f o r  r e t e n t i o n  of a n a l y t e s  assumes t h a t  t h e  r e t e n t i o n  time 

is  i n d e p e n d e n t  of t h e  a n a l y t e  c o n c e n t r a t i o n .  I n  i o n - p a i r  

a d s o r p t i o n  chromatography t h e  r e t e n t i o n  can be e x p r e s s e d  by 

assuming a d s o r p t i o n  of t h e  i o n - p a i r  a c c o r d i n g  t o  t h e  Langmuir 

a d s o r p t i o n  i s o t h e r m  ( 1 , 2 ) .  The t h e o r y  o u t l i n e d  l n  t h e s e  p a p e r s  

ma in ly  t r e a t e d  t h e  case for  a n a l y t e s  i n  s u c h  l o w  c o n c e n t r a t i o n s  

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

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

n u n - l i n e a r  p a r t  was b r i e f l y  o u t l i n e d  ( 2 ) .  

E a r l y  t h e o r e t i c a l  work on chromatography i n  g e n e r a l  ( 3 - 6 )  

i n c l u d e d  n o n - l i n e a r  i s o t h e r m s  and i n t e r f e r e n c e s ,  which made t h e  

t h e o r y  a p p l i c a b l e  bo th  t o  h i g h  c o n c e n t r a t i o n s  and mult icomponent  

sys t ems .  T h i s  was a consequence of t h a t  l i q u i d  chromatography i n  

t h o s e  days  was used ma in ly  f o r  p r e p a r a t i v e  work and no t  

a n a l y t i c a l .  I n  r e c e n t  y e a r s  t h e r e  has  been a renewed i n t e r e s t  bo th  

i n  p r e p a r a t i v e  chromatography,  e.g. Horviith e t  a l .  ( 7 , 8 ) ,  and i n  

inul t icomponent  chromatography,  e .g .  H e l f f e r i c h  e t  a1. ( 9 , l O ) .  The 

t h e o r i e s  have,  however,  t r e a t e d  g e n e r a l  s i m p l e  cases and have n o t  

heen  d i r e c t l y  a p p l i c a b l e  t o  ion -pa i r  chromatography.  I n  t h i s  pape r  

t h e  t h e o r e t i c a l  p a r t  is  l i m i t e d  t o  t h e  t r e a t m e n t  of t h e  r e t e n t i o n  

e q u a t i o n s  f o r  i o n - p a i r  i n  one s p e c i a l  r e t e n t i o n  model - a more 

tho rough  t h e o r e t i c a l  pape r  t r e a t i n g  d i f f e r e n t  r e t e n t i o n  models as 

w e l l  as r e s p o n s e  p a t t e r n s  w i l l  snon be p u b l l s h e d  (11). 

It is  w e l l  known t h a t  t h e  i n j e c t i o n  of samples  i n  l i q u i d  

ch romatography  may d i s t u r b  t h e  e q u i l i b r i a  e s t a b l i s h e d  by the 

mob i l e  phase on t h e  column and b r i n g  a b o u t  t h e  e l u t i o n  of 

c o m p o s i t i o n  d i s t u r b a n c e s .  These phenomena can ,  however,  o n l y  he 

obse rved  i f  a t  least  one o f  t h e  mob i l e  phase components is  

d e t e c t a b l e .  A second  r e q u i r e m e n t  f o r  v i s u a l i z a t i o n  is t h a t  t h e  

mob i l e  phase component h a s  a s i g n i f i c a n t  r e t e n t i o n ,  o t h e r w i s e  i t  

i s  obscured  by g e n e r a l  f r o n t  d i s t u r b a n c e s .  These so c a l l e d  sys t em 
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STUDIES OF SYSTEM PEAKS 1631 

peaks have c o n s t a n t  r e t e n t i o n s  t y p i c a l  f o r  t h e  a c t u a l  c o m p o s i t i o n  

of t h e  mob i l e  phase ,  p rov ided  t h a t  t h e  i n j e c t e d  sample i n v o l v e s  

i n f i n i t e s i m a l  changes  in t h e  compos i t ion .  A s  o u t l i n e d  by e a r l y  

t h e o r e t i c i a n s ,  DeVault  ( 3 )  and Gluckauf  ( 4 )  as w e l l  as by, 

more r e c e n t l y ,  H e l f f e r i c h  (9,lO) and Kovats  ( 1 2 , 1 3 ) ,  t h e  c a p a c i t y  

r a t i o s  of sys t em and a n a l y t i c a l  peaks are d e s c r i b e d  by t h e  p a r t i a l  

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

component. 

The a i m  of t h i s  pape r  was p r i m a r i l y  t o  s t u d y  t h e  u s e f u l n e s s  of 

sys t em peaks f o r  t h e  e s t i m a t i o n  of  r e t e n t i o n  and accompanying 

e q u i l i b r i u m  c o n s t a n t s  w i t h  t h e  e s t a b l i s h e d  break-through t e c h n i q u e  

as a r e f e r e n c e  method. The second g o a l  w a s  t o  e x p l o t t  the 

r e l i a b i l i t y  of t h e  t e c h n i q u e ,  which was performed by i n d u c i n g  

sys t em peaks i n  s e v e r a l  p r i n c i p a l l y  d i f f e r e n t  ways and t h e n  

c a r e f u l l y  r e g i s t e r  t h e  ch romatograph ic  performance of t h e  peaks.  

A UV-absorbing t e r t i a r y  amine,  p r o t r i p t y l i n e ,  w a s  a component 

o f  t h e  mob i l e  phase and s e r v e d  b o t h  as an i o n  p a i r i n g  a g e n t  and as 

a probe.  By use of a photo d i o d e  a r r a y  d e t e c t o r  o p e r a t e d  wi th  a 

s p e c t r a l  s u p p r e s s i o n  t e c h n i q u e ,  s i g n a l s  from b o t h  t h e  probe and t h e  

a n a l y t e s  were o b t a i n e d  s i m u l t a n e o u s l y .  S u b s t i t u t e d  benzamides and 

o r g a n i c  s u l p h a t e s  and s u l p h o n a t e s  were used as cat- and a n i o n i c  

ana ly t e  s , r e s p e  c t i v e  1 y . 

THEORY 

I n  t h e  p r e s e n t  s t u d y  t h e  r e t e n t i o n  can  be e x p r e s s e d  by 

a s suming  t h a t  t h e  s o l i d  phase  i s  h e t e r o g e n o u s ,  t h a t  I s  c o n t a i n s  

t w o  k i n d s  of a d s o r p t i o n  s i tes  ( A  and A*) w i t h  d i f f e r e n t  

a d s o r p t i o n  c a p a c i t i e s  ('L 

p a i r s  (K and K* c o r r e s p o n d i n g  t o  t h e  d i s t r i b u t i o n  

c o n s t a n t s )  ( 2 , 1 4 , 1 5 ) .  The t o t a l  amount of Q adso rbed  as 

and K z )  and a f f i n i t i e s  towards i o n  

+ QX QX' 

i o n - p a i r  t o  t h e  

c = IQx.4s1 + 
Q , S  

h e t e r o g e n o u s  s u r f a c e  may be e x p r e s s e d  a c c o r d i n g  t o  
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1632 SOKOLOWSKI, FORNSTEDT, AND WESTERLUND 

A s  mentioned i n  t h e  i n t r o d u c t i o n  t h e  r e t e n t i o n  of b o t h  a 

mob i l e  phase  component ( k )  and an a n a l y t e  (j) is d e s c r i b e d  by the 

r e s p e c t i v e l y .  p a r t i a l  d e r i v a t i v e s ,  3Ck,s/2C k,m and 3C j , s' 

However, t h e  d e r i v a t i v e s  w i l l  g i v e  d i f f e r e n t  s o l u t i o n s  s i n c e  t h e  
j , m 3  

s t a r t i n g  c o n d i t i o n s  d e v i a t e :  C = 0, b u t  C # 0 a t  t h e  s t a r t  

of t h e  e l u t i o n .  
j ,m k , m  

The n e t  r e t e n t i o n  volume ( V  = V - V ) f o r  t h e  c a t i o n  
N,Q R,Q m + 

Q p u l s e ,  which is a mob i l e  phase component,  c a n  t h e n  be e x p r e s s e d  

by t h e  p a r t i a l  d e r i v a t i v e  of eqn.  1 and by t a k i n g  i n t o  accoun t  a l s o  

t h e  amount of s o l i d  phase i n  t h e  column ( W  ): 

However, w i t h  d e c r e a s i n g  c o n c e n t r a t i o n s  t h e  denominator  ( N )  

c a n  be s u c c e s s i v e l y  s i m p l i f i e d  and w i l l  co r r e spond  t o  

( 3 )  
+ + 

1) 

when 

N l  = 1 + 2KqX[Q Im[X-lm ; XT = 1 + 2K*qX[Q Im[X-lm 

2 + 2  - 2  
XQx[Q ],[X 1, < N1 (and c o r r e s p o n d i n g  term € o r  t h e  

second s i t e )  . 
2 )  N = N* = 1 

2 2  
when 

( 4 )  

+ -  
21$+? Im[X I , <  1 (and c o r r e s p o n d i n g  term f o r  t h e  

second s i t e ) .  

System peaks  have been o b t a i n e d  i n  d i f f e r e n t  ways; by 

i n j e c t i n g  a h i g h e r  o r  lower c o n c e n t r a t i o n  of Q and by i n j e c t i n g  

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

s y s t e m  p e a k s  w i l l  he p o s i t i v e  or n e g a t i v e  depend ing  on the 

d i r e c t i o n  of t h e  d i s t u r b a n c e  of t h e  a d s o r p t i o n  e q u i l i b r i a  

(16,17). The e q u a t i o n s  g i v e n  above a r e ,  as p o i n t e d  o u t  b e € o r e ,  

o n l y  v a l i d  f o r  t h e  i n j e c t i o n  of amounts which c a u s e s  i n f i n i t e s i m a l  

changes  i n  mob i l e  phase components.  I n  t h i s  s t u d y ,  however,  i n  

some e x p e r i m e n t s  even f i n i t e  c o n c e n t r a t i o n  p u l s e s  have been 

i n t r o d u c e d  i n  d i f f e r e n t  ways. Fo r  these cases no exact t h e o r y  is  y e t  

a v a i l a b l e  and t h e  r e s u l t s  have been i n t e r p r e t e d  o n l y  i n  a 

q u a l i t a t i v e  way from t h e  above e q u a t i o n s .  

+ 
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STUDIES OF SYSTEM PEAKS 1633 

+ 
For  t h e  a n a l y t e  HA , w i t h  Qf a s  t h e  mobile phase component 

and assuming symmetr ical  peaks, t h e  d e r i v a t i o n  w i l l  g ive  

However, when the  a n a l y t e  c o n c e n t r a t i o n s  a r e  high and i n f l u e n c e  

t h e  r e t e n t i o n  and peak shape no e x a c t  theory  i s  yet  a v a i l a b l e .  

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

d i s t r i b u t i o n  may be a p p l i c a b l e  ( c f .  21, but then only f o r  q u a l i t a -  

t i v e  d i s c u s s i o n s  about  r e t e n t i o n s .  

C a t i o n i c  a n a l y t e ,  HA+ 

- 
Anionic a n a l y t e ,  2 

A n  equat ion  der ived  i n  an analogous way for t h e  probe,  Q+, w a s  

used f o r  the  e v a l u a t i o n  of break-through s t u d i e s  (14,18). It w a s  

assumed t h a t  t h e  a d s o r p t i o n  of b u f f e r  components t o  the s o l i d  

phase was n e g l i g i b l e ,  similar to  t h e  above d e r i v a t i o n s .  
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1634 SOKOLOWSKI, FORNSTEDT, AND WESTERLUND 

In this study the convention is taken that the retention is 

assumed to be on the linear part of the adsorption isotherm when 

the terms including the distribution constants in the denominator 

are < 0.1. This means that a maximum of 10% of the adsorption 

sites are covered with the ion of interest. Since the retention 

model i s  expressed by assuming the existence of two different 

sites it means that the linear parts of the two adsorption 

isotherms will have different limiting concentrations of the two 

ions participating in the equilibria. 

MATERIALS AND METHODS 

Apparatus 

The pumps were an LDC 711-47 Milton-Roy Minipump and an Altex 

model 100. The detector was a HP 1040 A photo diode array 

UV-detector. The sample injector was a Rheodyne 7125, with a 20, 

100 or 200 1-11 loop. A Valco CV-6-HPax injector was used when 

changing eluent from one pump to the other i n  the break-through 

experiments. The column was of stainless steel with a polished 

inner surface, equipped with Swagelok connectors and Altex 250-21 

filters. The columns were 100 mm in length with 4.6 mm inner 

diameter and packed with Nucleosil C18, 5 um, Batch No. 4081 

or 5012 (Machery-Nagel, DLiren, FRG). A water bath, HETO type 
02 PT 923 (Birkerdd, Denmark), was used to thermostate the 

chromatograph. The pt€ was measured with a Beckman 71 pH meter 

equipped with a Beckman combined electrode type 39831, or with a 

Metrohm 632 pH meter equipped with a combined Metrohm glass 

electrode type AG 9100 Herisan. The spectrophotometric 

measurements were made with a Zeiss PM Q I1 Spektralphotometer. 

Acetonitrile Lichrosolv and dichloromethane p.a. were from 

Merck (Darmstadt, G.F.R.). Protriptyline (PT) (Fig. 1) as chloride 
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STUDIES OF SYSTEM PEAKS 1635 

salt, was from Merck Sharp and Dohme (Haarlem, Netherlands). The 

sodium salts of hexane-(HS), octane-(0s) sulfonic acid and 

pentyl-(PSA), octyl-(OSA) sulfate were obtained from Eastman-Kodak 

(Rochester, N.Y., U.S.A.). The sodium salts of butane sulfonic 

acid (BS) , hexyl-(HSA) and nonyl-(NSA) sulfate were obtained from 

Merck. The sodium salts of heptane-(HepS) and decane-(DS) sulfonic 

acid were obtained from Fluka AG (Buchs, Switzerland). Phosphoric 

acid 99% and 98% crystalline p.a. quality and Titrisol 1 M NaOH 
were from Merck. 

The substituted benzamides (Fig. 1) were synthetized at the 

Department of CNS-medicinal chemistry, Astra Alab AB (SEdertXlje, 

Sweden) and kindly supplied by L.B. Nilsson, Dept. of Bioana- 

lytical Chemistry at this company. 

Preparation of the eluent 

The eluent was prepared by mixing 3 parts of phosphate buffer 

solution pH 2 . 0  with one part of acetonitrile, (3+1), if not 

otherwise stated. The buffer solution was of ionic strength 

0.05 and had a total phosphate concentration of 1.3 x 1 O - I  M. 

The phosphate buffer was prepared by mixing phosphoric acid 1 M 
and sodium hydroxide 1 M a  The actual concentrations of ionic 

species in the eluents were corrected for the volume decrease of  

1.9%, which occurs when acetonitrile I s  mixed with phosphate 

buffer. The total concentration in the eluents of phosphate 

then was 9.9 x 10 
PT in the eluent). An equivalent amount of the NaOH was exchanged 

for protriptyline (PT) when preparing the phosphate buffers 

containing PT, in order to keep the ionic strength constant. 

-2  M and of sodium ion 3.4 x LO-* M (without 

Protriptyline (PT) in the eluent was prepared by 

dissolving PT HC1 5.0 x 10 M i n  dichloromethane saturated 

with water. By shaking equal volumes of the dichloromethane 

solution and a NaOH solution pH 12.5 the PT was extracted as a 

base to the organic phase and C1- was distributed to the 

aqueous phase. PT was then reextracted to an aqueous phase by 

-3 
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1636 SOKOLOWSKI, FORNSTEDT, AND WESTERLUND 

Protriptyline 

Substituted benzamides 

R2 R1 

@ CONH-CH2 AT 
I 

R3 R 4  CH2-CH3 

R1 R2 R3 R4 

F L A 8 7 0  OH CI CI OCH3 

FLA 965  OH C2H5 H OCH3 

FLA 659  OCH3 Br Br OH 

FLA 131 OCH3 CI C2H5 OH 

FLA 9 8 6  OH C3H7 H OCH3 

FLA 9 6 6  OCH3 Br C2H5 OH 

FIGURE 1 

S t r u c t u r e s  of p r o t r i p t y l i n e  and t h e  benzamides used i n  t h e  s t u d y .  

s h a k i n g  e q u a l  volumes of t h e  d i c h l o r o m e t h a n e  s o l u t i o n  and 

phospha te  b u f f e r  pH 2.0. The phospha te  b u € € e r  s o l u t i o n  w a s ,  a f t e r  

s e p a r a t i o n ,  bubb led  w i t h  N 2 ,  i n  o r d e r  to  remove r ema in ing  

d i ch lo romethane .  

The c o n c e n t r a t i o n  of p r o t r i p t y l i n e  (PT) i n  t h e  e l u e n t  was 
4 measured s p e c t r o p h o t o m e t r i c a l l y  ( A  = 291 nm, E = 1 . 3 4  x 10 ) 

using 1 o r  5 c m  c u v e t t e s .  The lowest PT c o n c e n t r a t i o n s  were t o o  

low t o  measure a c c u r a t e l y  and were c a l c u l a t e d .  
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STUDIES OF SYSTEM PEAKS 1637 

The concentration of €I PO; in the eluent 2- 

The dielectric constant o€ acetonitrile is  close to that 

of methanol (19). In a methanol-buffer mixture (l+l)y there was no 

change in the dissociation degree of 14 PO (14) .  I n  analogy it 

is assumed that the dissociation degree of H3P04 is unchanged 

when mixing the phosphate buffer s o l u t i o n  with acetonitrile (3+1). 

The 11 PO- concentration was thus calculated from the concentration 

in the phosphate buffer with respect on ly  to the dilution with 

acetonitrile. The calculated concentration of 11 PO- in the eluent 

was 3.4 x 10 M .  

3 4  

2 4  

2 4  -2 

Chromatographic technique 

The chromatograph was thermostated by circulating water taken 

from a water-bath kept at 25.00 * 0.01 ‘C. The eluent reservoir 

was kept in the thermostated water-bathy which also thermostated 

the analytical column by pumping water through a glass- jacket 

mounted on the column. 

The flow rate of the mobile phase usually was 0.80 ml/min. No 

recirculation of the eluent was used. 

Break-through technique and detection technique 

The studies were performed according to Sokolowski (14) .  

The corresponding absorbance spectra of protriptyline (PT) and a 

substituted benzamide can be seen in Fig. 2. The signal for this 

benzamide was registered at 343 nm, using 550 nm as reference. The 

PT signal was registered at 281 nm and t o  compensate for the 

benzamide absorbance, 355 nm was used as reference, since the 

absorbance of the benzamide at 355 nm equals the absorbance at 281 

nm. The compensation was only made when a benzamide was present. 

In all other chromatographic runs the PT signal was registered at 

291 nm. 
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90 96 
CmAUl 

0 -  
-10.0 --I . I . 1 I I . I I I I I . r I I * * I r 1 I t . t I 1 I I I D I I 8 

Wavelength [nm] 

F I G U R E  2 

Absorbance spectra of protriptyline (-......) and the substituted 
benzalnide FLA 950 (-). 

Determination of the hold-up and retention volumes 

The hold-up volume of the column, Vm, was determined from 

the peak obtained when sodium nitrate (0.5 g/l) was injected 

into the system when equilibrated with methanol-water ( 6 1 - 4 ) .  

Equilibrating the system with phosphate buffer pII 2.0 and 

acetonitrile (3+1) containing protriptyline (PT) or injecting 

samples into the equilibrated system, gave rise to early eluting 

peaks. The Eirst one of these peaks had a retention volume 

corresponding to sodium nitrate in the system mentioned above. 

The determination of the retention volume, VR, was made 
at the peak maximum for positive peaks and at the peak ainimum 

for negative peaks. 

The asymmetry factor, asf, was measured by drawing a 

perpendicular from the vertex, formed by the two peak tangent 
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STUDIES OF SYSTEM PEAKS 1639 

l i n e s ,  t o  t h e  b a s e l i n e .  The back p a r t  of t h e  peak b a s e l i n e  w a s  

d i v i d e d  by t h e  f r o n t  p a r t .  

D e t e r m i n a t i o n  of t h e  peak h e i g h t  

The peak h e i g h t  was measured a t  t h e  peak maximum o r  minimum, 

€or p o s i t i v e  and n e g a t i v e  peaks ,  r e s p e c t i v e l y .  The peak h e i g h t  i s  

g i v e n  i n  abso rbance  u n i t s  ( A . D . )  or  i n  c o n c e n t r a t i o n  u n i t s  ( M ) .  

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

p o s i t i v e  o r  a n e g a t i v e  peak,  r e s p e c t i v e l y .  

D e t e r m i n a t i o n  of  t h e  PT c o n c e n t r a t i o n  change i n  t h e  s y s t e m  peak 

The PT-concen t r a t ions  i n  t h e  sys t em peaks  were measured from 

t h e  chromatoerams ( s e e  F i g .  3 ) .  In a p o s i t i v e  sys t em peak t h e  

PT-concen t r a t ion  i s ;  C 

c o n c e n t r a t i o n  i n  t h e  b u l k  and AC r e p r e s e n t s  t h e  i n c r e a s e  i n  

c o n c e n t r a t i o n  r e l a t i v e  t h e  b u l k  and i n  ana logy  f o r  a n e g a t i v e  

s y s t e m  peak;  C 

+ 
= C b  + AC , where C b  e q u a l s  t h e  

+ SP 

= C b  - AC-. 
SP 

A r e l a t i v e  roeasure on  t h e  magnitude of t h e  d e v i a t i o n  i n  

PT-concen t r a t ion  i s  o b t a i n e d  by t a k i n g  t h e  r a t i o  C 

i n f i n i t e s i m a l  change of t h e  sys t em peak c o n c e n t r a t i o n  is assumed 

when 0.99 < C 

/ C b .  An 
SP 

/ C b  < 1.01. 
SP 

Non-l inear  c u r v e  f i t t i n g .  

The n o n - l i n e a r  r e g r e s s i o n  a n a l y s i s  w a s  performed by use of 

the Minu i t  program, v e r s i o n  D506 from CERN, which c o n t a i n s  t h e  

min imiz ing  p r o c e d u r e s  S implex  and Migrad.  

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

used as t h e  independen t  v a r i a b l e s .  I n  the a d s o r p t i o n  s t u d y ,  t h e  

amount of o r g a n i c  i o n s  adso rbed  t o  t h e  s o l i d  p h a s e ,  de t e rmined  by 
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1640 SOKOLOWSKI, FORNSTEDT, AND WESTERLUND 

CSP 

'b 

FIGURE 3 

Determination of the PT-concentration in the system peak. 
AC- is the PT-concentration corresponding to the maximum depth i n  
the negative system peak and AC' the PT-concentration correspon- 
ding to the maximum height in the positive system peak. 
Cs is the total PT-concentration in the system peak and is 
obtained either as Cb - AC- or Cb + AC', depending on i f  the 
system peak is negative or positive. 
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STUDIES OF SYSTEM PEAKS 1641 

t h e  break-through r e t e n t i o n  volumes, w a s  used as t h e  dependen t  

v a r i a b l e .  I n  t h e  s y s t e m  peak method, t h e  n e t  r e t e n t i o n  volume of 

t h e  sys t em peak was used as t h e  dependen t  v a r i a b l e .  The we igh t  

f a c t o r  was set t o  1, assuming c o n s t a n t  a b s o l u t e  e r r o r .  The 

min imiz ing  c r i t e r i o n  was t h e  sum of  t h e  s q u a r e s  of t h e  d e v i a t i o n  

between t h e  obse rved  and c a l c u l a t e d  v a l u e s  of t h e  dependen t  

v a r i a b l e  d i v i d e d  by t h e  d e g r e e s  of f reedom, t h e  r e s i d u a l  mean 

s q u a r e  ( s ’ )  (20). 

RESULT AND D I S C U S S I O N  

A n a l y t e  r e t e n t i o n  

I n  i o n - p a i r  chromatography,  t h e  a n a l y t e  is r e t a i n e d  as 

i o n - p a i r  w i t h  an  i o n  of t h e  o p p o s l t e  c h a r g e ,  t h e  c o u n t e r  i o n ,  d u e  

t o  a d s o r p t i o n  of t h e  i o n - p a i r  o n t o  t h e  a lky lbonded  s i l i c a  of t h e  

s o l i d  s t a t i o n a r y  phase .  The r e t e n t i o n  of t h e  a n a l y t e  can  be  

r e g u l a t e d  by chang ing  t h e  n a t u r e  a n d / o r  t h e  c o n c e n t r a t i o n  of t h e  

c o u n t e r  i o n  ( eqn .  5) (1). Because of t h e  l i m i t e d  a d s o r p t i o n  

c a p a c i t y  of t h e  s o l i d  phase ,  an o r g a n i c  i o n  of t h e  same c h a r g e  as 

t h e  a n a l y t e ,  a co-ion,  w i l l  compete w i t h  t h e  a n a l y t e  f o r  t h e  

a d s o r p t i o n  s i t e s  when t h e  two i o n s  have a f f i n i t y  f o r  t h e  same 

sites. Thus t h e  r e t e n t i o n  of t h e  a n a l y t e  also can  be r e g u l a t e d  by  

t h e  n a t u r e  a n d / o r  c o n c e n t r a t i o n  of t h e  co-ion ( eqn .  5 )  ( 2 , 1 4 , 2 1 ) .  

Organ ic  a n i o i  - ---- 
The c a t i o n i c  mob i l e  phase component p r o t r i p t y l i n e  (PT) w i l l  

act  as a c o u n t e r  ion  f o r  a n i o n i c  a n a l y t e s .  An i n c r e a s i n g  c o u n t e r  

i o n  c o n c e n t r a t i o n  w i l l  enhance t h e  r e t e n t i o n  of an  a n i o n i c  a n a l y t e  

( T a b l e  1). However, a t  v e r y  h i g h  c o n c e n t r a t i o n  and e q u i l i b r i u m  

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

b e c a u s e  of t h e  l i m i t e d  a d s o r p t i o n  c a p a c i t y  of t h e  s o l i d  phase.  The 

r e t e n t i o n  of t h e  a n a l y t e  w i l l  a l s o  change w i t h  i t s  own 
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1642 SOKOLOWSKI, FORNSTEDT, AND WESTERLUND 

TABLE 1 

Retention of octylsulfate. 
Analyte: 2 0  p1 eluent containing octylsulfate ( 0 s )  
Counter ion: protriptyline (PT). 

[OS] /M Counter ion conc./M Analyte ret./ml 

2.7 4.9 x 16.4 

2.5 1.7 17  .O 

1.4 22.7 - ** - 

concentration ( 2 ) ,  provided the nonlinear part of the adsorption 

Csotherm is applicable (see Fig. 4 )  (cf. eqn. 7). The analyte peak 

asymmetry increased with increasing analyte and counter ion 

concentration. Peak asymmetry may indicate overloading of the 

adsorption sites of lowest capacity, which makes the retention 

equation unvalid. The addition of a co-ion, which competes with 

the analyte f o r  the sites, will decrease the peak asymmetry 

described above ( 2 ) .  

Organic cation - ----- 
For cationic analytes, the protriptyline (PT) in the mobile 

phase, will act as a co-ion, and an increasing co-ion 

concentration will decrease the analyte retention (Table 2 )  

(cf .  eqns. 5 and 6). The cationic analyte retention decreased with 

increased analyte concentration in analogy with the anion (Fig. 

5). The analyte peak asymmetry increased with increasing analyte 

concentration. 

Adsorption of protriptyline-phosphate 

Break-through techniquz - - - -__-- - -  
The amount of protriptyline (PT) adsorbed as phosphate 

ion-pair, was determined by using the break-through technique, as 
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, 

35 - 

34 - 

33 - 
32 - 

31 - 

1643 

0 

0 0 
0 

0 
0 

FIGURE 4 

Retention volumes o€ nonylsulphate ( N S A ) ;  dependence on injected 
concentration. Injected sample: 200 ~1 eluent containing NSA. 
Eluent: protriptyline 1.5 x N. 

TABLE 2 

Retention of a substituted benzamide 
Analyte: 20 U 1  eluent containing FLA 870 5.0 x M 
Co-ion: Protriptyline (PT) 

[ PT] /I* Analyte retention/ml 

1.6 12.0 

8.8 x 10.4 
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1644 SOKOLOWSKI, FORNSTEDT, AND WESTERLUND 

19.5 

19 

18.5 

18 

VR /ml 

,-. 
U 

0 

0 

I I * 
5 10 

[FLA 6591, x105/M 

FIGURE 5 

R e t e n t i o n  volumes of a s u b s t i t u t e d  benzamide, FLA h 5 9 ;  dependence 
of i n j e c t e d  c o n c e n t r a t i o n .  I n j e c t e d  sample: 2 0 0  1-11 e l u e n t  
c o n t a i n i n g  FLA 659. E l u e n t :  p r o t r i p t y l i n e  1 . 5  x lo-' 11. 

d e s c r i b e d  e l s e w h e r e  ( 1 4 , 2 2 ) .  I n i t i a l l y  t h e  column was e q u i l i b r a t e d  

w i t h  a n  e l u e n t  l a c k i n g  t h e  PT, fo l lowed  by a second e l u e n t  

c o n t a i n i n g  PT, i n  t h i s  s t u d y  17  d i f f e r e n t  PT c o n c e n t r a t i o n s  
-7 -4 i n  t h e  r ange  4.7 x 10 - 2.0 x 10 M were used. The amounts 

a d s o r b e d  were f i t t e d  t o  d i f f e r e n t  a d s o r p t i o n  models and t h e  b e s t  

f i t t i n g  w a s  o b t a i n e d  f o r  t h e  2 - s i t e  model (eqn.  1 ) .  The resi- 

d u a l  mean s q u a r e ,  S 2 ,  t h e  d i s t r i b u t i o n  c o n s t a n t  and t h e  mono- 

l a y e r  c a p a c i t y ,  KO, are shown i n  T a b l e  3 .  The equ i l ib r ium.  

c o n s t a n t  f o r  t h e  s t r o n g  adsorption s i t e  was 13 t i m e s  s t r o n g e r  
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TABLE 3 

1645 

Determined c o n s t a n t s  f o r  p r o t r i p t y l i n e  adso rbed  as p h o s p h a t e  
i o n - p a i r .  Langmuir 2 - s i t e  a d s o r p t i o n  model (eqn.  1). 
Ws = 0.9186 g ; n = 1 7  

90% c o n f i d e n c e  l i m i t  

-10 7.4 x 10 
2 

S 

1: (mol /g )  4.0 x & 7.0 

I<(: (mol/g> 3 .0  1 . 3  

3 
(L2 / M 2 )  1.1 x 10 * 1.0 x 10 PTP 

K 

“FTP (L2  /M2 ) 8.7 x 10 32 

C o n c e n t r a t i o n  r ange  of p r o t r i p t y l i n e :  4.7 x 
C o n c e n t r a t i o n  of phospha te  i o n :  3 . 4  x M 

- 2.0 x lo-’ :I 

t h a n  € o r  t h e  weak s i t e ,  w h i l e  i t s  c a p a c i t y  i s  abou t  7 times lower 

which is  i n  agreement  w i t h  o t h e r  o b s e r v a t i o n s  ( 1 4 , l S ) .  The v a l u e s  

of t h e  amount adso rbed  f o r  each  s i t e  were computed (eqn. l), and 

g i v e n  i n  F i g u r e  6 ,  t o g e t h e r  w i th  t h e  i s o t h e r m s  f o r  t h e  t o t a l  

c a l c u l a t e d  and de te rmined  amount of PT-phosphate adso rbed .  
-4 

A t  t h e  PT-concen t r a t ion  2.0 x 10 Pi t h e  s t r o n g  s i t e  was 

cove red  t o  - 44% and the weak t o  -6%. The n o n - l i n e a r i t y  of t h e  

a d s o r p t i o n  i s o t h e r m  i n c r e a s e s  a t  h i g h e r  c o n c e n t r a t i o n s  of PT. By 

our  c o n v e n t i o n  t h e  non- l inea r  p a r t  of t h e  a d s o r p t i o n  i s o t h e r m  i s  

c l e a r l y  obse rved  when t h e  c o n c e n t r a t i o n  i n  t h e  mob i l e  phase g i v e s  

a 10% coverage  of t h e  s i tes  ( 2 , 1 4 , 2 3 ) .  A t  t h i s  c o n c e n t r a t i o n  t h e r e  

w i l l  be a 10% d e c r e a s e  of t h e  v a l u e  of k’, compared t o  t h e  v a l u e  

of k’ a t  i n f i n i t e l y  low c o n c e n t r a t i o n ,  accompanied by a n o t i c a b l e  

peak asymmetry. 

The net r e t e n t i o n  volumes of PT f o r  e a c h  s i t e  and t h e  t o t a l  

n e t  r e t e n t i o n  volumes were computed (eqn.  8). These were p l o t t e d  

t o g e t h e r  w i t h  t h e  de t e rmined  v a l u e s  v e r s u s  t h e  PT-concen t r a t ion  i n  

t h e  mob i l e  p h a s e  ( F i g .  7 ) .  A s t e e p  i n c r e a s e  i n  t h e  n e t  r e t e n t i o n  
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[ P I s  x 106/mollg 

I I 1 I -  

5 10 15 20 
CPTl, x 105/M 

FIGURE 6 

Adsorpt ion of p r o t r i p t y l i n e  as ion-pair  with phosphate. Data f i t t e d  
t o  t h e  2-s i te  model (eqn. 1). 

-= c a l c u l a t e d  amount adsorbed,  [PTPA*], = amount adsorbed 
t o  t h e  weak s i t e ,  [PTPA], = amount adsorbed t o  the  s t r o n g  s i t e .  

0 = t o t a l  exper imenta l ly  determined amount adsorbed. 

volume, o r i g i n a t i n g  from t h e  s t r o n g  s i t e ,  was obtained when t h e  PT 

c o n c e n t r a t i o n  was decreased.  The net  r e t e n t i o n  volume o r i g i n a t i n g  

from t h e  weak s i t e  w a s  n e a r l y  cons tan t  a t  t h e  PT c o n c e n t r a t i o n s  

used. This  i n d i c a t e s  t h a t  the  r e t e n t i o n  volume changes of t h e  

break-through curve ,  when d e c r e a s i n g  t h e  PT c o n c e n t r a t i o n ,  mainly 

w a s  due t o  t h e  over loading  of t h e  s t r o n g  s i t e .  

The s y s t e m  peak method ----------- 
The r e t e n t i o n  volume of t h e  system peaks could a l s o  be used 

f o r  e v a l u a t i n g  t h e  a d s o r p t i o n  c a p a c i t y  and e q u i l i b r i u m  c o n s t a n t s  
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5 10 15 20 
CPTI, x lO*lM 

FIGURE 7 

Break-through net retention volumes of protriptyline as phosphate 
ion-pair. Data fitted to the 2-site model. 

1. Total calculated values, 2. Values originating from the strong 
site, 3. Values originating from the weak site 

0 = determined values, - = calculated values 
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1648 SOKOLOWSKI, FORNSTEDT, AND WESTERLUND 

in the adsorption model, by using eqn. 2. This may have the 

advantage that a lot of experimental data easily can be obtained 

since every injection will give rise to such peaks. 

The system peaks were created by disturbing the equilibrated 

PT-system (cf. refs. 16,17,24) in different ways. For each 

PT-concentration used in the adsorption studies, injection of 

different solutions, deviating in the eluent composition o r  

containing anionic or cationic analytes were made. The equilibrium 

disturbance, creating the excess or deficiency of PT in the system 

peak, must be negligible for the equations to be valid and the 

intention was to make as small disturbances as possible. However, 

at low PT concentrations larger disturbances were necessary to 

introduce, in order to obtain detectable peaks. Despite the larger 

disturbances introduced, t h e  PT concentration corresponding t o  the 

maximum or minimum peak height, ( A C ,  see Fig. 3 ) ,  decreased at 

low PT concentrations in the bulk eluent (cf. Table 4 ) .  With 

decreasing bulk PT-concentrations the C / C  -ratio increased 

for positive and decreased for negative system peaks, indicating 

an increasing deviation from the infinitesimal changes, which is a 

prerequisite for the theory. However, only peak asymmetries in the 

range 0.65 - 1.50 were accepted. 

SP b 

The net retention volumes of the system peaks at each PT- 

concentration were fitted to different retention models and also 

in this study the best fitting was obtained for the 2-site model 

(eqn. Z)(Fig. 8). I n  the figure, calculated values of the system 

peak based on the constants from the break-through adsorption 

studies, are compared with the obtained ones. At low PT- 

concentrations there was a large scatter in the experimentally 

determined values, but the mean values come close to the calcu- 

lated ones. The fitting was not as good as for the break- through 

runs. 

The deviations between the retention volumes from the 

break-through runs and system peaks might be due to uncertain 

retention volumes of the system peaks. At low PT-concentration, 

where baseline noise is noticable, it might be difficult to 
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STUDIES OF SYSTEM PEAKS 1649 

TABLE 4 

I n j e c t i o n  of d i f f e r e n t  amounts of w a t e r  added t o  t h e  e l u e n t .  The 
system i s  e q u i l i b r a t e d  w i t h  d i f f e r e n t  p r o t r i p t y l i n e  c o n c e n t r a t i o n s .  
The system peaks a r e  p o s i t i v e .  
I n j e c t i o n  volume: 20 pl. Cuve t t e  l eng th :  0.6 c m .  

H 2 0  added 

( % I  A C+/ M c /c, 
%p SP 

3.0 

2.5 

2.5 

3.2 

5.0 

5.0 

5.0 

5.0 

10.0 

10.0 

10.0 

30.0 

40.0 

50.0 

100.0 

100.0 

100.0 

50.0 

25.0 

1.7 x 

8.2  

5.2 

3.8 

2.8 

2.9 

1.9 

1.9 

2.2 

2.3 

1.3 

1.9 

1.4 

9.6 x lo-' 

5.5 x 

3.5 x 

2.1 x 

1.9 x 

9.6 

2 .1  

1.4 

6.0 

3.9 

3.8 

2.5 

2.6 

1.6 

1.7 

1.1 x lo+  

8.8 x 

8.0 x 

5.1 x 

3.1 x 

2.4 x 

2.0 x 

2.1 x 

7.2 

4.8 

1.008 

1.006 

1.006 

1.006 

1.007 

1.008 

1.008 

1.008 

1.014 

1.013 

1.012 

1.025 

1.029 

1.032 

1.023 

1.018 

1 * 020 

1.027 

1.021 
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5 

I 

10 

- I  - 
l4 [PT], x105/M 

FIGURE 8 

Net r e t e n t i o n  volumes of sys t em peaks  f o r  d i f f e r e n t  c o n c e n t r a t i o n s  
of p r o t r i p t y l i n e  i n  t h e  e l u e n t .  
-A+m!+ = c a l c u l a t e d  v a l u e s  of t h e  r e t e n t i o n  volumes,  based  on t h e  
c o n s t a n t s  from t h e  b reak - th rough  a d s o r p t i o n  s t u d y  ( 2 - s i t e  model) .  
Determined v a l u e s  when i n j e c t i n g  d i f f e r e n t  s o l u t i o n s  d e v i a t i n g  from 
t h e  e l u e n t .  O =  water,  a= FLA 870 

measure t h e  c o r r e c t  peak maximum/minimum. F u r t h e r  t h e  sys t em peaks  

are less d i s t i n c t  a t  l o w  PT-concen t r a t ion ,  which c o n t r i b u t e s  t o  

t h e  low p r e c i s i o n .  A h i g h e r  d e t e c t o r  s e n s i t i v i t y  might  d e c r e a s e  

such problems.  

Changes of s y s t e m  peak r e t e n t i o n  

When the d i s t u r b a n c e  of t h e  PT e q u i l i b r a t e d  sys t em,  made to  

i n d u c e  t h e  s y s t e m  peak,  is not i n f i n i t e s i m a l ,  t h e  r e t e n t i o n  of t h e  
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1651 STUDIES OF SYSTEM PEAKS 

system peak may change, provided that the probe concentration is 

so high that a non-linear adsorption isotherm is applicable. The 

change in the system peak retention will depend on the magnitude 

of the disturbance. Therefore the retentions of the system peaks 

induced, when injecting organic analytes with different 

concentrations and hydrophobicities of organic analytes, were 

s tud ied . 
The retention volume of the system peak, i n  a given 

chromatographic system, is determined by the PT-concentration in 

the system peak, C which is decisive for the position on 

the adsorption isotherm. The PT-concentration in the system peak, 

C is the PT-concentration in the bulk eluent, Cb, plus or 

minus the PT-concentration corresponding to the maximum or 

minimum peak height, AC, depending on a positive or a negative 

system peak as described earlier (see Methods and Fig. 3 ) .  When 

the disturbance induced on the equilibrated PT system is 

infinitesimal, the system peak will be very small and the PT- 

concentration in the system peak, C will not deviate 

significantly from the PT-concentration in the bulk eluent. 

Then eqn. 2 is valid for determining the retention volume of the 

system peak, at different PT-concentrations in the bulk eluent. 

In this case the slope of the tangential point on the adsorption 

isotherm, corresponding to the PT-concentration in the bulk 

eluent, will determine the retention of the system peak (Fig. 9). 

If the system peak is induced by a large disturbance, the PT 

SP’ 

SP’ 

SP’ 

concentration i n  the system peak, C will deviate from the 

PT-concentration in the bulk eluent. For a positive system peak 

it is the sum of the PT-concentration in the bulk eluent, 

and the PT-concentration corresponding to the maximum peak height, 

SP’ 

‘b ’ 

f AC (see Fig. 3 ) .  This gives a position on the adsorption 

isotherm above the one for the PT-concentration in the bulk eluent 

(Fig. 9). The slope of the tangential line drawn from this 

position is lower and now determines the retention volume of the 

system peak. Of importance is that these measurements give the 
concentrations in the system peaks when eluted from the column. 
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1652 SOKOLOWSKI, FORNSTEDT, AND WESTERLUND 

1 2 3  Cm 

FTGURE 9 

A schematic Langmuir adsorption isotherm, as a background to the 
interpretation of the system peak retention. 
1. The PT-concentration in the finite negative system peak and the 
corresponding tangent., 2 .  The PT-concentration in the bulk eluent 
and the corresponding tangent for the infinitesimal system peak., 
3 .  The PT-concentration in the finite positive system peak and the 
corresponding tangent. 
The slope of the tangent determines the retention. 

When created, the concentration differences between the system 

peak and the bulk eluent are larger, but due to the band 

broadening in the column the differences are decreasing, the 

extent depending on the column efficiency. For the negative system 

peak, induced by a large disturbance, the value of the PT- 

concentration in the system peak, C is determined by the 

PT-concentration in the bulk eluent, Cb, minus the PT- 

concentration corresponding to the depth of the system peak, AC- 

SPY 
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STUDIES OF SYSTEM PEAKS 1653 

(Fig. 3 ) .  In this case the retention volume for the system peak 

will be higher compared to the system peak for an infinitesimal 
disturbance (cf. Fig. 9). Consequently for a given PT-concentra- 

tion in the eluent, positive system peaks will have smaller 

retention volumes compared to the negative ones, provided that the 

induced difference in probe concentration is finite. However, when 

the linear part of the isotherm is applicable, the difference is 

negligible. 

The peaks observed when injecting organic analytes into the 

equilibrated PT-system is a result of a competing processes due to 

binding and displacement of the UV-absorbing ion, PT. Depending on 

the charge and hydrofobicity of the injected analyte, the system 

peak will be positive or negative (17). Injection of a cationic 

analyte with analyte retention volume smaller than the system 

peak, gave rise to a negative system peak. When the analyte 

retention volume was higher, the system peak was positive. For the 

anionic analytes the reversed was obtained. 

For all studies but the study of changing the injection 

volume, 100 p1 was injected. The PT concentration used was 
1.2 x M; relating to the adsorption isotherm of PT as 

phosphate ion-pair, the strong adsorption site is thus covered to 

28% and the weak to 3% (cf. Fig. 6). This corresponds to a point 

on the non-linear part of the adsorption isotherm of the strong 

site. 

Different analyte concentration _ - - _ _ - - - _ - _ - _ - - -  
When there is a change in the finite amount of the solute 

injected, according to the discussion above, this will result in 

a change of the PT-concentration in the system peak, C 

which governs the retention of the peak. The effects of a 

variation in the injected amounts of analyte thus was studied. 

SPY 

Decreasing the concentration of a cationic analyte, eluting 

before the system peak, resulted in decreasing negative system 

peak absorbance, corresponding for an increase of C . If this 
PT-concentration is on the non-linear part of the adsorption 

SP 
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1654 SOKOLOWSKI, FORNSTEDT, AND WESTERLUND 

TABLE 5 

Effects of varying cationic analyte concentrations on the system 
peak retention. The analyte elutes before the system peak. 
Injected sample: 100 ~1 FLA 870 in p osphate buffer pH 2.0. 
Eluent: Protriptyline (PT) 1.2 x 10- k M 

[FLA 87O]/M System peak System peak System peak 
absorbancelb-U. pos./neg. retentionlml 

1.0 x 0.315 negative 17.35 

5.2 0.264 16.61 

1.0 0.139 16.45 

1.0 0.020 positive 15.71 

1.0 x 0.051 15.29 

1.0 x 0.054 15.34 

isotherm, the system peak retention volume will also decrease, as 

demonstrated in Table 5 for the three highest concentrations. The 

change in direction of the system peak, for the lower concentra- 

tions, is interpreted as to be effects of the phosphate buffer as 

discussed later. 

The retention volumes of the positive system peaks, obtained 

when injecting different concentrations of anionic analytes, were 

also studied (Table 6). Decreasing the anionic analyte 

concentration gave decreased system peak absorbance. If the PT 

concentration in the system peak, C is on the non-linear 

part of the adsorption isotherm, a lower anionic analyte 

concentration gives a higher system peak retention. Two other 

anions, butanesulfonate and heptanesulfonate showed the same 

tendency. 

SPY 

As demonstrated in Table 6, the injection of only phosphate 

buffer gave a positive system peak. An explanation to this may be 

the following. When the phosphate buffer is introduced into the 
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TABLE 6 

1655 

Effects of varying anionic analyte concentrations on the system 
peak retention The analyte elutes before the system peak. 
The system peak is positive. 
Injected sample: 100 1J-1 octanesulphonate ( 0 s )  in phosphate 
buffer pH 2.0. 
Eluent: protriptyline (PT) 1.2 x 

[ O S ]  /M System peak System peak 
abs0rbancelA.U. retentionlml 

1.0 x 

5.0 

2.0 

1.0 

1.0 

1.0 

-6 1.0 x 10 

phosph. buf f . 

~ ~~ 

0.364 

0.267 

0.197 

0.160 

0.086 

0.056 

0.056 

0.054 

13 .90  

14.24 

14.47 

15.73 

16.38 

16 -50  

16.68 

15.70 

system, the PT will diffuse from the bulk mobile phase into the 

phosphate buffer zone. Because of the high difference in polarity 
between the phosphate buffer and the eluent, there w i l l  be an 

increased adsorption of PT in the phosphate buffer zone. The 

increased adsorption of PT will result in a positive system peak. 

The phosphate buffer zone has a negligible retention in this 

system and will appear as a negative zone in the front. 

The retention volumes of the cation, FLA 870, and the anion, 

OS, are similar for about equal analyte concentrations. Therefore 

a rough comparison of the system peak retention volumes in the two 

series was made. At high analyte concentrations the negative 

system peak obtained by injecting the cation, had clearly higher 

retention volume than the positive system peak obtained by 
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1656 SOKOLOWSKI, FORNSTEDT, AND WESTERLUND 

injecting the anion (cf. Table 5 and 6). This is due to the 

differences in the position on the non-linear part of the 

adsorption isotherm, and is an evidence for the correctness of the 

interpretation presented above. 

The analytes were dissolved in pure phosphate buffer. At a 
certain low concentration of the analyte the increased adsorption 

of the PT, caused by the phosphate buffer, will dominate in 

comparison to the binding or displacing effect obtained by the 

analyte. When injecting the cation (Table 5), the system peaks 

were negative only for the three highest analyte concentrations 

injected. With a further decrease in the concentrations they 

became increasingly positive. Comparing the system peaks induced 

by injecting only phosphate buffer (Table 6), with the system 

peaks induced by injecting low cation concentration, both the 

absorbance and the retention volume of the positive system peaks 

were similar to each other. This indicates that, when injecting a 

low cationic analyte concentration the system peak obtained is 

mainly induced by the phosphate buffer. However, when injecting a 

low concentration of the anion, the positive system peak obtained 

had a distinctly higher retention, despite of similar absorbance 

(Table 6 ) .  This indicates that the anion has some additional 

effect in retarding the system peak. This might be due to an 

initial attraction giving an increased ion-pair adsorption between 

the PT and the anion zone, before they separate from each other. 

When using a PT concentration 10 times lower in the mobile 

phase no retention changes could be noticed for the system peaks, 

when changing the analyte concentration. At the lower PT 

concentration the strong site is covered to only 3 .5% and thus the 

system peak concentrations are on the linear part of the 

adsorption isotherm. 

Different analyte hydrofobicities _------  - - - - - -__ 
A second way to change the magnitude of the disturbance, is 

to change the hydrophobicity of the injected analyte. The chosen 

analytes have different abilities to interact with PT by 

displacement o r  adsorption. 
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STUDIES OF SYSTEM PEAKS 1651 

Among cations with less retention than the negative system 

peak, the one with the largest retention gives a negative system 

peak with higher absorbance and higher retention volume (Table 7). 

A prerequisite is, as pointed out earlier, that C is on the 

non-linear part of the adsorption isotherm. 
SP 

Anionic analytes of different hydrophobicities with less 

retention than the system peak were also injected. In four series 
the hydrophobicity was increased, resulting in increased 

absorbance of the positive system peak obtained. The PT-concentra- 

tion in the positive system peak, C is on the non-linear 

part of the adsorption isotherm and it is expected that the 

retention volume of the positive system peak would decrease when 

the hydrophobicity of the anion increased. However, only in one 

series the retention of the system peak decreased (Table 8), which 

might indicate, as mentioned above, that the anionic analyte has 

some additional effect on the retention of the system peak. 

Possibly it is ion-pair adsorption in the injection zone, during 

the co-elution of the probe and anion zones along the column. 

SP , 

Hydrophobic cations with retention volumes higher than for 

the system peak, gave positive system peaks (Table 9 ) .  A straight 

forward interpretation of the theory would predict that the higher 

TABLE 7 

Effects of changing the hydrophobicity of cations on the system 
peak retention. The analyte elutes before the system peak. 
The system peak is negative. 
Injected sample: 100 pl benzamide 1.0 x lov3 M in p osphate 
buffer pH 2.0. Eluent: protriptyline (PT) 1.2 x lo-' M. 

Analyte Syst.peak Syst.peak 
Analyte re t . /ml re t . /ml absorb. / A .  U. 

~ 

FLA 870 8.65 16.45 0.139 

FLA 965 11.85 17.71 0.203 
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TABLE 8 

Effects of anion hydrophobicities on the system peak retention. 
The analyte elutes before the system peak. The system peak is 
positive. Injected sample: 100 p l  organic anions in phosphate 
buffer pH 2.0.  Eluent: Protriptyline (PT) 1.2 x M (3+1) .  

Serie Analyte 
conc. /M 

Analyte Syst.peak Syst.peak 
ret./ml ret./ml absorb./A.U. 

1 PSA 1.1 x 2.77 15.32 0.069 

HSA 1.2 x 4.44 16.37 0.103 

2 HS 1.0 2.24 15.39 0.082 

0s 1.0 7.96 15 73 0.160 

3 BS 5.0 - 16.23 0.077 

HepS 5.0 x 3.19 14 - 67 0.151 

0s 5.0 5.85 14.24 0.267 

4* as 1.0 - 32.51 0.029 

H s 1.0 4.47 32.87 0.078 

0s 1.0 x 23.92 35.74 0.295 

*Eluent: phosphate buffer + tcetonitrile (4+1) containing 
protriptyline (PT) 1 .3  x 10- M. 

TABLE 9 

Effects of cation hydrophobicities on the system peak retention. 
The analyte elutes after the system peak. The system peak is 
positive. Injected sample: 100 LI1 benzamide in phos hate 
buffer pH 2.0. Eluent: protriptyline (PT) 1.2 x M 

Analyte Analyte Syst.peak Syst-peak 
conc. /M ret./ml ret./ml absorb./A.U. 

F U  131 1.0 X 25.24 14.43 0.168 

FLA 986 1.2 x 27.00 15.17 0.227 

FLA 966 1.0 x 30.25 14.76 0.123 
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STUDIES OF SYSTEM PEAKS 1659 

absorbance in the system peak, the lower should the retention 

volume be. The results deviates from this assumption indicating 

that other effects, like selective displacement at one of the two 

sites, as well may be of importance. 

When the anionic analyte retention volume is larger than for 

the system peak, the latter is negative and has a significantly 

higher retention volume than the positive one, obtained by 

injecting an anionic analyte with a smaller retention volume than 

for the system peak (Table 10) (cf. Table 8 series 1,2). The extra 

effect on the retention of the system peak caused by the injected 

anion, will increase with the hydrofobicity of the anion (cf. 

Table 81, and add to the effects obtained from the difference in 

PT-concentration between the positive and negative system peaks. 

The effects observed when injecting analytes of different 

hydrofobicity were not observed using 10 times lower PT-concentra- 

tion since then the linear part of the adsorption isotherm is  

applicable. 

Different injection LoAuEez ------- 
In another series of experiments the amount of the analyte 

injected was varied by changing the injection volume, maintaining 

the same analyte concentration. This will also result in a change 

of the magnitude of the disturbance. The analyte injected was 

TABLE 10 

Effects of anion hydrophobicities on the system peak retention. 
The analyte elutes after the system peak. The system peak is 
negattve. Injected sample: 100 1.11 sulfonate/sulfate in 
phosphate buffer pH 2.0. Eluent: protriptyline (PT) 1.2 x M. 

Analyte Analyte Syst.peak Syst.peak 
conc. / M  ret./ml ret./ml absorb.1A.U. 

DS 1.0 x > 45 17.81 0.368 

NSA 1.0 x 45.57 17.23 0.323 
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TABLE 11 

E f f e c t  of i n j e c t i o n  volume on t h e  system peak r e t e n t i o n .  
The a n a l y t e  e l u t e s  b e f o r e  t h e  system peak. The system peac i s  
n e g a t i v e .  I n j e c t e d  sample: 20 o r  200 ~1 FLA 870 4.8 x 10- 
phosphate b u f f e r  pH 2.0. E luent :  p r o t r i p t y l i n e  (PT) 1 .5  x l!-inM. 

5, 

I n j e c t i o n  System peak System peak 
volume/ 1 r e t e n t i o n f m l  absorbance/A.U. 

20 14.58 0.029 

2 00 15.06 0.044 

c a t i o n i c  and e l u t e d  b e f o r e  t h e  nega t ive  system peak and t h e  

i n j e c t i o n  volumes used were 20 and 200 !iL, r e s p e c t i v e l y .  The 

system peak obta ined  when t h e  i n j e c t i o n  volume was 200 iJ1 had, as  

expec ted ,  h igher  absorbance and r e t e n t i o n  volume (Table  11). 

Thus, changing t h e  i n j e c t i o n  volume of t h e  i n j e c t e d  c a t i o n  

gave an e f f e c t ,  s imilar  t o  t h a t  ob ta ined  when changing t h e  c a t i o n  

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

p o s i t i o n  on t h e  a d s o r p t i o n  isotherm.  However, t h e r e  a r e  some 

compl ica t ions .  The phosphate b u f f e r  zone i n  t h e  f r o n t  i s  much 

l a r g e r  with t h e  high i n j e c t i o n  volume. Even i f  t h e  d i f f u s i o n  of PT 

from t h e  bulk mobile phase t o  t h e  phosphate b u f f e r  zone does not 

i n c r e a s e ,  t h i s  w i l l  have consequenses on t h e  appearance of t h e  

system peak. 

CONCLUSIONS 

The a d s o r p t i o n  of p r o t r i p t y l i n e  a s  phosphate ion-pa i r ,  

measured w i t h  t h e  break-through technique,  fo l lows  t h e  Langmuir 

a d s o r p t i o n  isotherm.  The s o l i d  phase ( N u c l e o s i l  Cia) behaved 

a s  having a heterogcnous s u r f a c e  c o n s i s t i n g  of two s i t e s ,  i n  

accordance wi th  ear l ier  s t u d i e s .  
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STUDIES OF SYSTEM PEAKS 1661 

A compar i son  of t h e  sys t em peak t e c h n i q u e  w i t h  t h e  

b reak - th rough ,  i n d i c a t e d  t h a t  e q u a l  r e s u l t s ,  r e g a r d i n g  e q u i l i b r i u m  

c o n s t a n t s ,  were o b t a i n e d .  To o b t a i n  r e l i a b l e  r e s u l t s  w i t h  t h e  

s y s t e m  peak t e c h n i q u e ,  t h e  d i s t u r b a n c e  c r e a t i n g  t h e  sys t em peak  

must be i n f i n i t e s i m a l ,  when b e i n g  on t h e  n o n - l i n e a r  p a r t  of t h e  

a d s o r p t i o n  i so the rm.  

When c r e a t i n g  sys t em peaks  by i n j e c t i n g  f i n i t e  amounts of a n  

a n a l y t e ,  t h e  sys t em peak r e t e n t i o n  v a r i e d  wi th  t h e  a n a l y t e  

c o n c e n t r a t i o n ,  c h a r g e  and h y d r o p h o b i c i t y .  A c a r e E u l  e x p e r i m e n t a l  

d e s i g n  must t h e r e f o r e  be  m a i n t a i n e d  when u s i n g  t h e  sys t em peak 

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

Being on t h e  so c a l l e d  l i n e a r  p a r t  of t h e  i s o t h e r m  no changes  

of t h e  sys t em peak  r e t e n t i o n s  were o b t a i n e d .  
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