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A SIMPLE TWO-MEMBERED MODEL 
FOR RETENTION IN RP-IPC 

WITH HYDROPHOBIC COUNTERIONS 

M.E. DEL REY AND L.E. VERA-AVILA' 
Apia 1 y t ica 1 Chemistry Depart me it t 

Facultad de Qucmica 
Uiiiversidad Nacional Authoma de Mgxico 

045 I0 Me'xico, D.F. 

ABSTRACT 

The r e t en t ion  behavior of some organic anions in t h e  presence 
of t e t r a l k y l  ammonium ions in t h e  mobile phase is analized under 
conditions where these  hydrophobic counterions do adsorb on t h e  
s u r f a c e  of a reversed-phase  packing. The s t u d y  comprises t h e  
e f f ec t s  of t h e  counterion concentration in  t h e  mobile and in t h e  
s t a t i o n a r y  phase, t h e  salt concentration in t h e  eluent and t h e  salt 
type .  Experimental  r e s u l t s  a r e  discussed in  view of previously 
proposed mechanisms and a simple two-member expression r e l a t ing  
corrected capacity f a c t o r  t o  adsorbed counterion concentration is 
deduced. The r e t en t ion  model indicates t h a t  solute is present  in 
t h e  s t a t i o n a r y  phase a t  two d i f f e r e n t  levels; first in to  a d i f fuse  
ionic cloud assoc ia ted  e l ec t r i ca l ly  t o  t h e  ionic s u r f a c e  and, 
second, a t  t h e  sur face  of t h e  pacKing where it forms ion Pairs w i t h  
t h e  adsorbed counterions. 

INTRODUCTION 

Ion pa i r  chromatography (IPC) w i t h  non polar s t a t i o n a r y  phases 
has had, since t h e  beginning of its development, a g r e a t  success, 
displacing t h e  polymeric ion exchange r e s i n s  in  some of t h e i r  

typ ica l  applications,  The numerous s t u d i e s  dealing w i t h  solute 
r e t e n t i o n  in  IPC have permi t ted  t o  f ind  o u t  t h e  most in f luent  
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2886 DEL REY AND VERA-AVILA 

parameters  t o  ad.]ust r e t en t ion  t imes and se lec t iv i t ies  f o r  t h e  bes t  
separation of ionic compounds. 

Actually it is well known t h a t  r e t en t ion  in  IPC depends mainly 

on t h e  following variables: 
Counterion concentration in  t h e  mobile phase. 
Hydrocarbon su r face  of counterion and solute molecules. 
Na tu re  and concentration of s a l t s  i n  t h e  eluent.  
Concentration of organic modifier in t h e  mobile phase. 
pH (if solutes and/or counterions a r e  weaK acids o r  weaK bases). 

Carbon content of t h e  s t a t i o n a r y  phase. 
In o r d e r  t o  predict  and quan t i fy  t h e  e f f ec t  of changes in 

t h e s e  va r i ab le s  on s e p a r a t i o n ,  i n v e s t i g a t o r s  i n  t h e  f ie ld  have 
proposed several  r e t en t ion  models. The f irst  proposals were based 
on a mechanism of ion pa i r  formation in t h e  mobile phase o r  a t  t h e  
in t e r f ace  (1-6) o r  on a dynamic ion exchange process (7-10). Other  
models, r e s u l t i n g  from d i f f e r e n t  combinations of both types  of 

mechanisms, appeared some time l a t e r  and t h e  relationship between 

t h e  capacity f a c t o r  and t h e  mobile phase composition parameters  
became more complicated (12, 15-17). Never the less ,  none of t hese  
models a d j u s t  per fec t ly  t o  all t h e  r e s u l t s  obtained using a g r e a t  
v a r i e t y  of experimental conditions. 

The problem seems t o  be more complex when t h e  counterions 
dissolved in  t h e  mobile phase have an  hydrophobic cha rac t e r  and do 
adso rb  on t h e  s u r f a c e  of t h e  s t a t i o n a r y  phase. I t  has  been 
demons t r a t ed  t h a t  t h i s  adso rp t ion  depends on t h e  mobile phase 
composition and specially t h e  organic modifier concentration and 
t h e  counterion concentration and hydrophobicity (9-14, i8). A s  we 
mentionned before, these  variables a f f e c t  also solute re ten t ion .  

In t h i s  work w e  have s tudied  the  r e t en t ion  of some aromatic 

acids i n  t h e i r  anionic form using t e t r a l k y l  ammonium ions as 
counterions. In t h e  conditions employed these hydrophoblc ions do 
adsorb on t h e  s t a t i o n a r y  phase (16). We hope t h a t  t h e  conclusions 
derived from our  r e s u l t s  wi l l  con t r ibu te  t o  a b e t t e r  understanding 

of r e t en t ion  in  these  systems. 
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TWO-MEMBERED MODEL FOR RETENTION 2887 

EWEXIMENTAL 

Instrumentation and Chromatographic Procedures. 

The liquid chromatograph was a Perkin-Elmer 3B ser ies  pump 
sys tem equipped w i t h  a model 7105 Rheodyne i n j e c t o r ,  a LC-75 

va r i ab le  wavelenght Perkin-Elmer U V - V i s  d e t e c t o r ,  a LC-100 

Perkin-Elmer oven and a Perkin-Elmer 0 2 3  recorder .  In all  t h e  
exper iments  t h e  column t empera tu re  was fixed a t  40.C. All  t h e  
mobile phases employed were degassed before use by means of an 
ultrasonic ba th  (Branson Ins t ruments  model D-50). 

E m p t y  columns of Lichroma tubing (15cm x 4.6mm 1.d.) purchased 
from Alltech were homepacked w i t h  a 5 p C-18 i r r e g u l a r  shaped 
packing, Supelcosil LC-7 (13.6X carbon c o n t e n t  f r o m  e lementary  
analysis and 250 m2/g, supplier data).  These columns were employed 
in all t h e  experiments except t h e  ones f o r  t h e  s tudy  of t h e  e f f ec t  
of d i f f e r e n t  s a l t s  on solute r e t en t ion  where we used columns packed 
w i t h  5 p R s i l  C-18 HL from Alltech (16X carbon content,  supplier 
d a t a ) .  

Before each experiment t h e  column was washed w i t h  40 mL of 
pure methanol i n  o rde r  t o  remove all t h e  counterion adsorbed on the  

s t a t i o n a r y  phase remaining f r o m  previous experiments. Then, a 
mobile phase conta in ing  all components (water,  a c e t o n i t r i l e  and 
salts) ,  except t h e  t e t r a l k y l  ammonium ion, was passed th rough  t h e  
column t o  pre-equilibrate it and a NaN03 solution was injected t o  
measure t h e  void volume of t h e  chromatographic system. A t  this 

s t a g e  t h e  t e s t  so lu t e s  were  also in j ec t ed  and t h e i r  capac i ty  
f a c t o r s ,  ko, were  evaluated. Finally t h e  column was equilibrated 
w i t h  t h e  eluent containing t h e  counterion and t h e  solutes were 
injected a t  l ea s t  twice; t h e i r  capacity f a c t o r s  in t h e  presence of 
the te t ra lXyl  ammonium ion, K’, were then  calculated. 

All t h e  data concerning the adsorbed counterion concentratron 
were taken f r o m  a previous work (18). 

Standard  and Reagents. 

The bromide salts of t h e  counterions t e t r a b u t y l  ammonium (TBA) 
and t e t r a p r o p y l  ammonium (TPA) were purchased  from Eastman 
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2888 DEL REY AND VERA-AVILA 

Chemicals. The t e s t  so lu t e s  were t h e  organic  acids p.hYdrOXY- 

benzoic, sorbic,  o.toluic, and p.toluic, all from Eastman Chemicals 
O t h e r  s a l t s  added t o  t h e  mobile phase, sodium sulphate (Baker), 
mono and disodium phosphates (Merck), c i t r i c  acid (Merck), crotonic 
acid (Eastman Chemicals) and ammonium a c e t a t e  (Merclc), were  
ana ly t ica l  grade reagents.  

Analytical grade ace toni t r i le  and methanol were from Merck. 
Water was bidistilled and degassed thoroughly by vacuum. Sodium 
hydroxide ,  used t o  a d j u s t  t h e  pH, was from Reactivos Qulmicos 
Monterrey.  

Concent ra ted  aqueous so lu t ions  of t h e  t e t r a l k y l  ammonium 
bromides and of t h e  o t h e r  s a l t s  were prepared in  volumetric flasks, 
ad jus t ing  if necessary t h e  pH t o  7. The ammonium a c e t a t e  solution 
was t i t r a t e d  using t h e  formaldehyde method (19). 

Mobile phases were prepared in  volumetric flasks J u s t  before 
use, t ak ing  t h e  appropr ia te  aliquots of t h e  concentrated solutions 
mentionned before and adding t h e  required volume of ace toni t r i le  
and water .  

Solu tes  were  dissolved i n  a w a t e r - a c e t o n i t r i l e  90:lO v /v  
mixture  and pH was ad jus ted  t o  7. Thei r  concentration was lo+ M 

except f o r  p.toluate which was M. In all t h e  experiments a 5 

microliter volume of each so lu te  was injected. 

Ef fec t  of Counterion Concentration. 

TABLES 1 and 2 summarize the  capacity f a c t o r s  of t h e  4 t e s t  
solutes deduced from t h e  experimental r e t en t ion  t imes a t  d i f f e r e n t  
concentrations of the  counterions TPA o r  TBA in  t h e  mobile phase. 
The concentration of adsorbed counterion i n  t h e  s t a t i o n a r y  phase is 

also marked. 
The re la t ion  between r e t en t ion  and counterion concentration in  

t h e  mobile o r  i n  t h e  s t a t i o n a r y  phase is b e t t e r  appreciated in  
F igu res  1 and 2. For all t h e  s tud ied  solutes t h e r e  is a l inear  
increment  i n  r e t e n t i o n  w i t h  t h e  adsorbed t e t r a l k y l  ammonium 
concentration. This re la t ion  can be represented  by equation (1). 
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TWO-MEMBERED MODEL FOR RETENTION 2889 

TABLE 1 

Effect of TPA Concentration on Solute Retention. 
Conditions: column (15cm x 4.6m l a d , )  packed with 5 IJ Supelcosil 

LC-7; mobile phase acetonitrile-water (pH-7) 10: 90 v/v 
containing TPA and 0.31 M amonium acetate. Temp. 4OoC. 

0.00 0.00 0.05# 0.6# 0.5& 1.35# 
0.01 0.35 0.03 0.69 0.58 1.35 
0.10 i . 1 1  0.07 0.79 0.69 1.65 

1.00 5.10 0.14 1.11 1.02 2.58 
4.00 9.70 0.26 1 * 43 1.42 3.31 

0.40 2 . 8 9  0.09 0.88 0.79 1.8a 

M 1 = p.hydroxybenzoate 2 = sorbate 

# experimental KO values 
3 = o.toluate 4 = p.toluate 

TABLE 2 
Effect of TBA Concentration on Solute Retention. 

Conditions: column (15cm x 4.6m 1.d.) packed with 5 c, Supelcosil 
LC-7; mobile phase acetonitrile-water (pH=7) 10: 90 v/v 
containing TEA and 0.25 M arunonium acetate. Temp. 40°C. 

[TBAlmXl02 [TBAI ,txl02 solutes (k') 

( r n O l / m L )  ( m o l / g )  l* 2" 3" 4* 

0.00 0.00 0.05# 0.6# 0.58# 1.3s 
0.01 2.07 0.14 0.84 0.73 1.65 
0.04 3.70 0.19 0.99 0.90 2.13 
0.06 %. 15 0.23 1.06 0.97 2.25 
0.10 6.47 0.28 1.46 1.39 3.30 
0.20 8.11 0.34 1.73 i.74 4.04 
0.40 9.63 0.44 1.92 1.97 4.75 

II solutes as in TABLE 1. # experimental KO values. 
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2890 DEL REY AND VERA-AVILA 

k '  

F i g u r e  1. E f f e c t  of Counter ion  Concent ra t ion  i n  t h e  Mobile Phase 
on Solu te  Reten t ion .  

Condi t ions as i n  TABLES 1 a n d  2 

Solutes: (1) p. hydroxybenzoate  (2) s o r b a t e  
Counter ions:  [A] TPA [B] TBA 

(3) 0. t o l u a t e  (4) p. t o l u a t e  
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TWO-MEMBERED MODEL FOR RETENTION 2891 

k' 

k '  

4 - 1  

a- - 

[A1 

5.0 10.0 
+ cc I,, x lo2 (nm1/9) 

F i g u r e  2. E f f e c t  of Counter lon  Concent ra t ion  in t he  S t a t i o n a r y  
Phase on Solu te  Reten t lon  

Condit ions as i n  TABLES 1 and 2 Counter ions:  [A] TPA [B] TBA 
Solutes: (1) p. hydroxybenzoate  (2) s o r b a t e  

(3) 0. t o l u a t e  (4) pa t o l u a t e  
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2892 DEL REY A N D  VERA-AVILA 

TABLE 3 
Regression Parameters. 
Derived from app l i ca t ion  of the  r e l a t ion :  k’=A+B[C+] , t  t o  t h e  
r e t en t ion  da ta  of TABLES 1 and 2. 

SOLUTE“ INTERCEPT SLOPE C o r r .  Coef. 
TPA TBA TPA TRA TPA TBA 

0.03 0.06 2.30 3.71 +0.995 +O. 986 
0.68 0.47 7 . 8 4  15.1 +0.996 +O. 996 
0.56 0.30 8.84 17.2 +0.998 +O. 995 
1.36 0.63 20.8 42.1 +0.991 +O I 997 

(1 )  
( 2 )  
(3 ) 
( 4  1 

* Solu tes  as  i n  TABLE 1. 

k’ I A + B [C+Ist  

where,  [C+],t is t h e  t e t r a l k y l  ammonium concen t r a t ion  in  t h e  
s t a t i o n a r y  phase and A and B a r e  constants.  

TABLE 3 r e p o r t s  t h e  regression parameters  resu l t ing  from t h e  
application of equation (1) t o  t h e  experimental values of TABLES 1 

and 2. 

Effec t  of Sa l t  Concentration in t h e  Mobile Phase. 

In t h i s  s t u d y  we measured t h e  r e t en t ion  of t h e  solutes a t  
d i f f e r e n t  concentrations of ammonium a c e t a t e  in t h e  eluent,  first 

wi thout  counterion and then  w i t h  a cons tan t  TBA concentration in 
t h e  mobile phase. 

In a previous work (18) it was demonstrated t h a t  t h e  va r i a t ion  
of s a l t  concentration provokes s l igh t  changes in t h e  adsorption of 

counterion. Therefore, i n  TABLE 4 and Figure 3 we r e p o r t  t h e  value 
of t h e  func t ion  : [(B’ - k o ) / [ ~ + I s t t  f o r  each concen t r a t ion  of 

ammonium a c e t a t e  in t h e  mobile phase. 

The behavior of all t h e  solutes i n  these  experiments can be 
expressed by t h e  relationship: 
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TWO-MEMBERED MODEL FOR RETENTION 2893 

I I 

2 10 
I -  

20 

F i g u r e  3.  E f f e c t  of S a l t  C o n c e n t r a t i o n  i n  t h e  Mobile P h a s e  
on Solu te  Reten t ion  

Conditions as i n  TABLE 4 
C o u n t e r i o n :  TBA 
Solutes:  (1) p. hydroxybenzoate  (3 )  0. t o l u a t e  

(4) D. t o l u a t e  
I ~I . 

Co-Ion: A c e t a t e  
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2894 DEL REY AND VERA-AVILA 

TABLE 4 

E f f e c t  of S a l t  Concent ra t ion  on S o l u t e  R e t e n t i o n .  
Condi t ions:  column (15cm x 4 . 6 m  i . d . 1  packed w i t h  5 p S u p e l c o s i l  

LC-7; mobile  phase a c e t o n i t r i l e - w a t e r  (pH-7) 10: 90 v/v 
c o n t a i n i n g  TBA 0.002 M and amnonium a c e t a t e .  Temp 40°C.  

0.05 
0.10 
0.30 
0.40 

15.6 50.0 61.6 139 

3.13 12.1 13.7 31.9 
3.69 10.4 12.1 2 7 . 5  

8.61 32.1 33.5 77.0 

0.50 2.19  6.72 7.99 21.0 

* S o l u t e s  a s  i n  TABLE 1 

TABLE 5 

Regress ion Parameters  

From a p p l i c a t i o n  of the r e l a t i o n :  ~ ( k ~ - k o ) / [ C + J s t 1  = C + D [P-Jm-l 
t o  t h e  d a t a  of TABLE 4. 

SOLUTE" INTSTERCEPT SLOPE Corr. Coef , 

i 1.15 0.726 to. 996 
2 2.53 2.84 to. 999 
3 3.77 2.91 to. 999 
4 10.2 6.48 to. 9995 

N S o l u t e s  as i n  TABLE 1 

where ,  C a n d  D a r e  c o n s t a n t s  a n d  [P-1, r e p r e s e n t s  t h e  molar 
c o n c e n t r a t i o n  of a c e t a t e  i n  t h e  mobile phase. W e  consider  h e r e  t h a t  

s o l u t e  r e t e n t i o n  is a f f e c t e d  because  i o n s  of t h e  same c h a r g e  

(co-ions), dissolved i n  the  mobile phase, compete w i t h  s o l u t e s  for 
assoc ia t ing  w i t h  the  counter ion .  

Application of e q u a t i o n  (2) t o  t h e  da ta  of TABLE 4 gives  t h e  

regress ion  p a r a m e t e r s  r e p o r t e d  i n  TABLE 5. 
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TWO-MEMBERED MODEL FOR RETENTION 2895 

Effect of Co-Ion Type. 

Solute r e t en t ion  was measured f o r  d i f f e ren t  anions dissolved 
in t h e  mobile phase. Results a r e  shown in  Figure 4. 

In all t h e  experiments we worked w i t h  a 0.04 M concentration 
of t h e  studied anion, a 0.002 M TBA concentration and a 0.01 M 

concentration of ammonium ace ta t e ,  used t o  f i x  t h e  pH of t h e  mobile 
phase .  

Figure 4 shows t h a t ,  f o r  all  t h e  solutes, r e t en t ion  increases 
in t h e  following order:  

fc i t ra te3- /c i t ra te2- l  < cro tona te-  :: sulphate2- < [phosphate2-/ 
phosphate-) < acetate-.  

t h i s  means t h a t  t h e  competition e f f ec t  increases w i t h  t h e  charge 
and t h e  hydrophobicity of t h e  co-ion. 

DISCUSSION 

In o r d e r  t o  deduce t h e  mechanisms t h a t  t ake  place in t h e  
r e t en t ion  of ionic solutes in IPC w i t h  hydrophobic counterions we 
w i l l  examine br ie f ly  t h e  expressions derived from t h e  two principal 
proposals and we w i l l  face them w i t h  ou r  resu l t s .  

A.- Ion Pa i r  formation in t h e  mobile phase, o r  a t  t h e  in te r face ,  
p r io r  t o  adsorption of t h i s  species on t h e  s t a t i o n a r y  phase. 

Let C+ be a cationic counterion and S- an anoinic solute. The 
mobile phase contains also o t h e r  cations and anions from buf fe r s  o r  
o t h e r  dissolved s a l t s .  The following equ i l ib r i a  a r e  supposed t o  
occur (1,2) : 

Adsorption of the  solute independent of t h e  counterion. 

> s-st m ------ s- <------ KO 

Adsorption of t h e  solute w i t h  t h e  counterion. 
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F i g u r e  4. E f f e c t  of Co-ion Type on Solu te  Reten t ion  

Condi t ions :  column (15cm x 4.6mm id.) pacPed w i t h  5 p Supelcosil 
LC-7; mobile phase a c e t o n i t r i l e - w a t e r  (pH=7) 10:90 v/v conta in ing  
TBA 0.002 M, ammonium a c e t a t e  0.01 M and s t u d i e d  co-ion 0.04 M. 

Solu tes :  (1) p. h y d r o x y b e n z o a t e  (3) 0. t o l u a t e  (4) p. t o l u a t e  

Co-Ions: [ A ]  CHJCOO- ; [Bl HP042- /H2P04-  ; [C] SOq2- 

[D] CH3CH:CHCOO- ; [El C~H~OH(COO-)~/C~H~OHCOOH(COO-)~ 
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TWO-MEMBERED MODEL FOR RETENTION 

o r  

The capac i ty  f a c t o r  of t h e  s o l u t e  i n  t h e  first case is given by: 

k' = ko t $K [C'], ( 3 )  

If ion pa i r  format ion  i n  t h e  mobile phase occurs  then:  

where ,  KO r e p r e s e n t s  s o l u t e  r e t e n t i o n  w i t h o u t  counter ion  i n  t h e  

mobile phase and  $ is t h e  phase re la t ion .  
Resul t s  i n  F i g u r e  I d e m o n s t r a t e  t h a t  s o l u t e  r e t e n t i o n  i n  t h e  

presence of TPA o r  TBA does n o t  follow e q u a t i o n  (3). 
On t h e  o t h e r  hand,  F i g u r e  3 shows a remarkable  dependance of 

r e t e n t i o n  on t h e  c o n c e n t r a t i o n  of sa l ts  i n  t h e  mobile phase  
e v e n t h o u g h ,  i n  t h i s  case ,  t h e  c o u n t e r i o n  c o n c e n t r a t i o n  i n  t h e  

e l u e n t  was c o n s t a n t .  The e f f e c t  of salts on r e t e n t i o n  cannot  be 
a t t r i b u t e d  t o  changes i n  t h e  KO value,  which a r e  minor. So we 

conclude t h a t  e q u a t i o n  (4) does n o t  r e p r e s e n t  t h e  r e t e n t i o n  
mechanism i n  o u r  condi t ions.  

B.- Dynamic Ion Exchange. 

This  model proposes t h a t  a counter ion  p r e s e n t  i n  t h e  mobile 
phase ,  i f  s u f f i c i e n t l y  hydrophobic ,  w i l l  be a d s o r b e d  on t h e  

s t a t i o n a r y  phase assoc ia ted  t o  a n  ion of opposi te  c h a r g e  (co-ion). 
The s t a t i o n a r y  phase is t h u s  t r a n s f o r m e d  i n t o  an ion exchanger  
w h e r e  s o l u t e  and co-ions compete  f o r  a place (7-10, 12). T h i s  
process is r e p r e s e n t e d  by t h e  equilibrium: 

K3 [P-+qst  t s-, <======> [S-+CIst t P-, 

Considering also the  adsorp t ion  of the  s o l u t e  independent  of t h e  
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2898 DEL REY AND VERA-AVILA 

counter ion ,  t h e  capac i ty  f a c t o r  is given by: 

From e q u a t i o n  (5) it is e v i d e n t  t h a t ,  a t  c o n s t a n t  s a l t  
concent ra t ion ,  a p lo t  of k’ v e r s u s  t h e  counter ion  c o n c e n t r a t i o n  i n  
t h e  s t a t i o n a r y  phase  (as i n  F i g u r e  2) ,  m u s t  be l i n e a r .  The 
i n t e r c e p t  w i l l  be equal  t o  I<, and BKJ w i l l  be given by t he  p r o d u c t  
[slope x [P-Jml. 

I f  counter ion  c o n c e n t r a t i o n  i n  t h e  s t a t i o n a r y  phase and sa l t  

c o n c e n t r a t i o n  i n  t h e  mobile phase  change ,  t h e n  a p l o t  of  

[(k’ - l<o)/[C+]stl v e r s u s  tCP-]m-iI (as i n  F i g u r e  3) w i l l  be linear 
w i t h  a zero i n t e r c e p t  and a slope equal  t o  BK3. 

F i g u r e s  2 a n d  3 show t h a t  o u r  r e s u l t s  follow t h e  l i n e a r  
behaviors  mentionned above f o r  all t h e  s o l u t e s  s tud ied .  Besides, w e  
found t h a t  t h e  a f f i n i t y  o r d e r  of t h e  s t a t i o n a r y  phase f o r  d i f f e r e n t  
anions is similar t o  t h a t  e x i s t i n g  i n  s t r o n g  anion exchange res ins .  
We m u s t  conclude f rom t h i s  t h a t  i n  IPC with  hydrophobic  counter ions  
a n  ion exchange mechanism p a r t i c i p a t e s  i n  s o l u t e  r e t e n t i o n .  

N e v e r t h e l e s s ,  as we show i n  t h e  fol lowing paragraphs ,  t h e  

ana lys i s  of i n t e r c e p t s  and slopes s u g g e s t s  t h a t  ion exchange is n o t  
t h e  only mechanism involved i n  s o l u t e  r e t e n t i o n .  Another  phenomenon 
whose importance increases  as s o l u t e  and counter ion  hydrophobic i ty  
augments ,  is a f f e c t i n g  r e t e n t i o n .  

In  F i g u r e  2 w e  worked w i t h  c o n s t a n t  sa l t  c o n c e n t r a t i o n  i n  t h e  

e l u e n t  a n d  v a r i a b l e  c o u n t e r i o n  c o n c e n t r a t i o n  i n  the  mobile and, 

t h u s ,  i n  t h e  s t a t i o n a r y  phase. When we compare t h e  i n t e r c e p t s  

( r e p o r t e d  i n  TABLE 3) w i t h  t h e  ko va lues  of t h e  f o u r  s o l u t e s  ( in  
TABLE 1 o r  2) we f i n d  t h a t  w i t h  TPA as c o u n t e r i o n  b o t h  sets of 

va lues  a r e  similar b u t  w i t h  TBA t h e  i n t e r c e p t s  a r e  markedly smaller  
t h a n  t h e  ko v a l u e s  and  t h i s  d i f f e r e n c e  is l a r g e r  for t h e  more 
r e t a i n e d  s o l u t e s  (more hydrophobic). 

TABLE 6 r e p o r t s  t h e  va lue  of t h e  p r o d u c t  lslope x [P-],] f o r  
e v e r y  s o l u t e  w i t h  b o t h  counter ions ,  d e r i v e d  f rom F i g u r e  2. Ideally 
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TWO-MEMBERED MODEL FOR RETENTION 2899 

t h i s  p r o d u c t  r e p r e s e n t s  t h e  ion exchange c o n s t a n t  (pK3) which 

should  b e  i n d e p e n d e n t  of t h e  hydrocarbon a r e a  of a previously 

adsorbed counter ion .  B u t  th is  is n o t  t h e  case and we observe  t h a t  

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

d i f f e r e n c e  be tween b o t h  s e t s  of v a l u e s  i n c r e a s e s  w i t h  s o l u t e  

h y d r o p h o b i c i t y .  

The r e s u l t s  i n  F igure  3 w i t h  TBA a s  counter ion  correspond t o  

condi t ions where t h e  salt c o n c e n t r a t i o n  i n  t h e  e l u e n t  is v a r i a b l e  

and t h e  counter ion  c o n c e n t r a t i o n  is c o n s t a n t  i n  t h e  mobile phase 

b u t  s l i g h t l y  v a r i a b l e  i n  t h e  s t a t i o n a r y  phase. From equat ion  (5) we 

would expect  a zero  value of t h e  i n t e r c e p t  f o r  a l l  t h e  s o l u t e s  b u t  

t h i s  is n o t  the  case and t h e  e x t r a p o l a t e d  i n t e r c e p t s  (TABLE 5) a r e  

s i g n i f i c a n t l y  d i f f e r e n t  f r o m  zero.  T h i s  f a c t  i n d i c a t e s  t h e  

e x i s t a n c e  of a n  e x t r a  r e t e n t i o n  mechanism, independent  of salt  

concent ra t ion ,  which superimposes t h e  ion exchange process. 

More e v i d e n t  is t h e  f a c t  t h a t  t h e  slopes i n  Fig. 3 d i f f e r  f r o m  

t h e  va lues  of t h e  product  (slope x [P-],l f rom F i g u r e  2B (TABLE 6). 

Both sets of va lues  r e f e r  t o  t h e  same s o l u t e s  and counter ion  (TBA) 

a n d  t h e y  should  r e p r e s e n t  t h e  ion  exchange  c o n s t a n t s  i f  t h e  

TABLE 6 

Analys is  of S lopes  From Figures  2 and 3 .  

I tA t I  - Product  ( s l o p e  x [P-] 1 f o r  TPA and TBA. Mobile phase: [ s a l t ]  
cons tan t ,  [ counter iony  v a r i a b l e .  S t a t i o n a r y  phase: [counter-  
ion]  v a r i a b l e .  

It BtI - Slope f o r  TBA as counter ion .  Mobile phase: [ s a l t ]  v a r i a b l e ,  
[TBA] c o n s t a n t .  S t a t i o n a r y  phase: [TBA] s l i g h t l y  v a r i a b l e .  

SOLUTE* 
'*A'' (F igure  2 1 

TPA TRA 
IIB" (F igure  3 ) 

1 0.713 0.93 0.726 
2 2.43 3.78 2.84 
3 2.74 4.30 2.91 
4 6.45 10.5 6.48 

# S o l u t e s  as i n  TABLE 1. 
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2900 DEL REY AND VERA-AVILA 

r e t e n t i o n  mechanism were "pure"  ion exchange. S u r p r i s i n g l y  t h e  s e t  
of values  f rom F i g u r e  3 i s  similar t o  t h e  p r o d u c t s  lslope x [P-lml 
f o r  TPA. 

Proposi t ion of a Model. 

The preceeding discussion leads us t o  t h e  following proposals: 
In t h e  presence  of hydrophobic  c o u n t e r i o n s  i n  t h e  e luent ,  t h e  
s t a t i o n a r y  phase  is t r a n s f o r m e d  i n t o  a n  e l e c t r i c a l  double l a y e r  
formed b y  a n  i o n i c  s u r f a c e  (hydrophobic  c h a i n s  + a d s o r b e d  
counter ions)  and a d i f f u s e  ionic cloud composed mainly by co-ions. 
The s o l u t e  e n t e r s  i n t o  t h i s  phase b y  t w o  d i f f e r e n t  pathways:  

- F i r s t .  a t t r a c t e d  by t h e  ionic  s u r f a c e  t h e  s o l u t e  can g e t  i n t o  t h e  
d i f f u s e  ion ic  cloud displacing a co-ion. 

For  a sys tem w i t h  ca t ion ic  monovalent counter ions ,  C+, monovalent 
so lu tes ,  S-, and co-ions, P-, t h i s  mechanism is r e p r e s e n t e d  by t h e  

e q u i l i b r i u m :  

where, the  s u b s c r i p t  "ic" r e p r e s e n t s  t h e  ionic cloud and  Kie  is t h e  

ion exchange c o n s t a n t .  
For  a n  a n a l y t i c a l  i n ~ e c t i o n  of t h e  s o l u t e  we can s t a t e :  

According t o  our r e s u l t s ,  when t h e  c o u n t e r i o n  is n o t  s t r o n g l y  
hydrophobic ,  ion exchange is t h e  only p a t h  for s o l u t e  r e t e n t i o n  
involving t h e  p a r t i c i p a t i o n  of the  counter ion .  The c a p a c i t y  f a c t o r  

f o r  t h e  s o l u t e  is then g iven  by: 
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TWO-MEMBERED MODEL FOR RETENTION 290 1 

where, ko is t h e  capacity f a c t o r  of t h e  solute in t h e  absence of 
counterion in t h e  system. 

- Second, t h e  hydrophobic e f f ec t s  experienced by t h e  solute in t h e  

mobile phase and by t h e  adsorbed counterions, specially i f  t hey  
have a large hydrocarbon area ,  can promote t h e  formation of an 
ion pa i r  on t h e  sur face  of t h e  pacKing . 

This process can be represented  by t h e  equilibrium: 

s-, t ctst <======> [s- +Clst 

where  t h e  s u b s c r i p t  ” ip” s t a n d s  f o r  ion p a i r  format ion .  The 
s t ab i l i t y  of t h e  resu l t ing  ion pa i r  depends on t h e  s t r u c t u r e  of t h e  
solute and on t h e  hydrophobicity of both en t i t i es .  

Our exper imenta l  r e s u l t s  ind ica te  t h a t  t h e  cont r ibu t ion  of 

th i s  mechanism t o  r e t en t ion  is expressed by a re la t ion  of t h e  type: 

where, Z is a cons tan t  t e rm whose value depends on t h e  n a t u r e  of 

solute and counterion. We cannot give a physical i n t e r p r e t a t i o n  of 
th i s  parameter b u t  we have observed t h a t ,  i n  IPC w i t h  s t rongly  
hydrophobic counterions, a negative cons tan t  t e rm is systematically 
p re sen t .  In a prev ious  work (14) w i t h  alkyl-sulphonates as 
coun te r ions  we also found a l inear  re la t ion  between K’ and t h e  
counterion concentration in  t h e  s t a t i o n a r y  phase; t h e  in t e rcep t s  of 
t h e  p l o t s  f o r  t h e  s o l u t e s  s t u d i e d  i n  t h e  p resence  of 
octylsulphonate corresponded t o  t h e  KO values, b u t  ,with dodecyl- 
su lphonate ,  t h e  i n t e r c e p t s  f o r  t h e  same so lu t e s  were  plainly 
n e g a t i v e .  
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2902 DEL REY AND VERA-AVILA 

When ion pa i r  formation on t h e  sur face  of t h e  packing occurs, 

t h e  two mechanisms con t r ibu te  simultaneously t o  r e t en t ion ,  then: 

where, F = k, - 2 

Test of t h e  Model 

From F igure  2B ( f o r  TBA) we ob ta ined  t h e  va lue  of  "F" 
( in te rcepts )  f o r  each solute. Th i s  one was used in conjunction w i t h  

t h e  d a t a  of t h e  experiments a t  d i f f e r e n t  s a l t  concentrations t o  
c a l c u l a t e  t h e  f u n c t i o n  I ( B J  - F ) / [ C t I s t j .  Then by l i n e a r  
regress ion ,  applying equa t ion  (llJ), we obta ined  t h e  equi l ibr ium 
cons tan ts  of t h e  proposed model (TABLE 7).  Note t h a t  these  values 

a r e  deduced from experimental conditions where [C+), 1s cons tan t  
and [P-Im is variable. 

The l a s t  column i n  TABLE 7 r e p r e s e n t s  t h e  slope in  t h e  
r e l a  t i o n :  

k' z A + B [ C + ] s t  [ equa t ion  (1)1 

TABLE 7 

Equilibrium Constants of t he  Proposed Model. 

1 1.34 0.65 
2 4.88 2.70 
3 7.03 2.81 
4 19.1 6.39 

3.94 
15.7 
18.3 
4 4 . 7  

II Solutes as i n  TABLE 1 
# Calculated with [P-I, = 0.25 M 
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TWO-MEMBERED MODEL FOR RETENTION 2903 

it was calculated f o r  t h e  4 Solutes  a t  [F-Im 0.25 M using t h e  
e q u i l i b r i u m  c o n s t a n t s  of t h e  model a n d  apply ing  e q u a t i o n  (11). 

These  v a l u e s  c a n  be compared w i t h  t h o s e  r e p o r t e d  i n  TABLE 3 

(slopes) f o r  TBA. There,  the  exper imenta l  condi t ions were  [C+], 

v a r i a b l e  and [P-lm c o n s t a n t  (0.25 MI. The s imi la r i ty  between b o t h  
sets of va lues  d e m o n s t r a t e s  t h e  coherence of t h e  model. 

Moreover, i f  we compare t h e  B K i e  va lues  i n  TABLE 7 deduced 
when using TBA as counter ion ,  w i t h  t h e  Products  [slope x [F-],] f o r  
TPA, i n  TABLE 6, a s t r o n g  s i m i l a r i t y  becomes ev ident .  We mentionned 
before  t h a t  f o r  a ''pure" ion exchanger  t h i s  product  is equal  t o  t h e  
ion exchange c o n s t a n t  mutipl ied by t he  Phase r e l a t i o n .  Thus, we 
i n f e r  t h a t  w i t h  TFA as counter ion  t h e  r e t e n t i o n  of t h e  s t u d i e d  
s o l u t e s  is due only t o  a n  ion exchange mechanism. This  means t h a t  

TPA has a v e r y  weak tendency  t o  f o r m  ion pairs w i t h  t h o s e  s o l u t e s  
a t  the  s u r f a c e  of t h e  s t a t i o n a r y  phase. 

We c a n  t h u s  r e i t e r a t e  t h a t  t h e  value of t h e  ion exchange 
c o n s t a n t ,  K,,, depends only on t h e  s t r u c t u r e  and c h a r g e  of the  

s o l u t e  and is independent  of t h e  hydrocarbon a r e a  of t h e  adsorbed 
c o u n t e r i o n .  

CONCLUSIONS 

In IPC, w i t h  hydrophobic  counter ions ,  ionic compounds can  be 

r e t a i n e d  by t w o  d i f f e r e n t  mechanisms involving the  counter ion .  
One is ion exchange, where  t h e  s o l u t e  displaces co-ions f r o m  a 

d i f f u s e  ionic  cloud assoc ia ted  e lec t r ica l ly  t o  t h e  s u r f a c e  of t h e  
packing. T h i s  s u r f a c e  is composed by h y d r o c a r b o n  c h a i n s  a n d  
a d s o r b e d  counter ions.  

The o t h e r  is based on a n  ion pa i r  format ion ,  between t h e  
s o l u t e  and  the  adsorbed counter ion ,  a t  t h e  s u r f a c e  of t h e  p a c h n g .  

The f irst  mechanism holds w i t h  all counter ions  i f  t h e y  a r e  
s u f f i c i e n t l y  hydrophobic  and do adsorb  on t h e  s t a t i o n a r y  phase. 

The second mechanism, which  superimposes the  ion exchange 
process, occurs  only i f  the  s o l u t e  a n d / o r  t h e  adsorbed counter ion  
a r e  s t r o n g l y  hydrophobic. 
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Tecn 

(4) 
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