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ABSTRACT 

P r e v i o u s l y  [J.  L i q u i d  Chromatogr. 8 (1985) 13631 i t  was shown 
t h a t  an equa t ion  hav ing  a fo rm s i m i l a r  t o  OSc ik 's  c l a s s i c a l  equa t ion  
was d e r i v a b l e  f rom a model i n v o l v i n g  s o l u t e  p a r t i t i o n i n g  ( w i t h  no 
s o l u t e  and s o l v e n t  d isp lacement )  between a b u l k - l i q u i d  mob i l e  phase 
and a s u r f a c e - i n f l u e n c e d  s t a t i o n a r y  l i q u i d  l a y e r .  Based on a r e c e n t  
genera l  theory ,  we now propose a s o l u t e  r e t e n t i o n  model which r e v e a l s  
an a l t e r n a t i v e  mo lecu la r  b a s i s  o f  OSc ik ' s  equat ion ,  which has been 
s u c c e s s f u l l y  a p p l i e d  t o  a range o f  l i q u i d  a d s o r p t i o n  chromatographic 
systems. Accord ing  t o  t h i s  model, s o l u t e  i s  d i s t r i b u t e d  between t h e  

* Permanent address:  I n s t i t u t e  o f  Chemistry,  rV r .  Curie-Sklodowska 
U n i v e r s i t y ,  20031 L u b l i n ,  Poland; work done i n  p a r t  a t :  Department 
of Chemistry,  Georgetown U n i v e r s i t y ,  Washington D.C . ,  20057. 
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mobile and s ta t ionary  phases a s  a consequence of a mixed mechanism, 
where the surface phase composition i s  determined by solvent  
competitive adsorption (displacement mechanism). 

INTRODUCTION 

I n  the  previous paper of t h i s  s e r i e s  (1) the d i s t r i b u t i o n  
coef f ic ien t  of the s-th so lu te  between two n-component phases, mobile 
and surface-influenced s ta t ionary  phases, was defined a s  follows: 

in the mobile 

denotes the d i s t r i b u t i o n  c o e f f i c i e n t  under considerat ion,  
a r e  the a c t i v i t y  c o e f f i c i e n t s  of the s- th  so lu te  Y!(n) 

(L-and surface ( 0 )  phases consis t ing of the solvents  1, 
2 ,  . . . ,  n and containing the  s- th  so lu te  a t  i n f i n i t e l y  low concentrat ion.  
The mobile and surface-influenced s ta t ionary  phases were assumed t o  be 
regular .  Both phases contained the same solvents  b u t  the  propert ies  
of the  s ta t ionary  phase d i f fe red  from the bulk one because the  s o l i d  
surface was assumed t o  influence the various molecular in te rac t ions  
in the s ta t ionary  phase and, hence, t o  set the composition var iab les  
in t h a t  phase. Retention was taken to. be governed exclusively by 
par t i t ion ing  between a mobile phase and a s ta t ionary  phase having 
d i f f e r e n t  composition var iab les .  The competitive adsorption (displace-  
ment) was ignored. Such a mechanism of so lu te  d i s t r i b u t i o n  between the 
mobile and s ta t ionary  phases i s  q u i t e  analogous t o  t h a t  occurring in 
gas / l iqu id  and l iqu id / l iqu id  systems ( 2 ) .  

was proposed in  the following form (1) :  
The f i n a l  expression describing the  above retent ion mechanism 

where 
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OSCIK'S EQUATION. I1 2551  

i;cj = (zD/kT)[,7j - O.5(wTi + U P . ) ]  f o r  p= R ,  0. 
J J  

a and ya denote t h e  a c t i v i t y  c o e f f i c i e n t s  o f  I n  t h e  above, y 

t he  s - t h  s o l u t e  i n  t h e  i - t h  s o l v e n t  forming mob i l e  (a) o r  s t a t i o n a r y  

(0) phases, r e s p e c t i v e l y ;  ks(i,i) i s  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  o f  

t h e  s - t h  s o l u t e  between mob i l e  and s u r f a c e - i n f l u e n c e d  s t a t i o n a r y  phases 

c o n s i s t i n g  o f  t h e  i - t h  pu re  s o l v e n t ;  

f r a c t i o n s  o f  t h e  i - t h  component i n  t h e  m o b i l e  and s t a t i o n a r y  phases, 

r e s p e c t i v e l y ;  UP i s  a segmental energy f o r  t he  i n t e r a c t i o n  between 

t h e  i - t h  and j - t h  components i n  t h e  0 - t h  phase; zp i s  t h e  l a t t i c e  

c o o r d i n a t i o n  number f o r  t h e  
segments i n  a mo lecu le  of  t he  i - t h  component. 

i n t e r a c t i o n  parameter.  

c o e f f i c i e n t s  y 
s o l u t i o n  l a t t i c e  t h e o r y  ( 1 ) .  The f i r s t  two terms o f  equa t ion  2 a r e  

f o r m a l l y  i d e n t i c a l  w i t h  O i c i k ' s  c l a s s i c a l  equa t ion  ( 3 ) .  However, i t  i s  

d i f f i c u l t  t o  reduce equa t ion  2 t o  t h e  exp ress ion  c o n t a i n i n g  o n l y  t h e  
f i r s t  two terms. The l a s t  term o f  equa t ion  2 may be neg lec ted  when 

t h e  s o l v e n t  i n t e r a c t i o n  parameters x.. and xYj a r e  equal  t o  zero; 
t h i s  means t h a t  t h e  s o l v e n t  s o l u t i o n s  fo rm ing  t h e  b u l k  and s u r f a c e  
phases a r e  e n e r g e t i c a l l y  i d e a l .  For such i d e a l  s o l v e n t  m i x t u r e s  and 

a pure  p a r t i t i o n  mechanism of r e t e n t i o n ,  t h e  volume f r a c t i o n s  $: and 

$7 ( i  = 1,2 ,..., n) a r e  i d e n t i c a l ,  i . e . ,  t h e  second te rm o f  equa t ion  2 

becomes a u t o m a t i c a l l y  equal  t o  zero .  Therefore,  i n  t h e  p rev ious  paper 

(1 )  we suggested t h a t  t h e  extended form of  OSc ik 's  express ion ,  equa t ion  

2, i s  a p p l i c a b l e  t o  desc r ibe  p a r t i t i o n  e f f e c t s  i n  reversed-phase l i q u i d  
chromatography i n c l u d i n g ,  under c e r t a i n  c o n d i t i o n s ,  chemica l l y  bonded 
phases. In o t h e r  words, equa t ion  2 i n c l u d i n g  an impor tan t  c o n t r i b u t i o n  

t o  r e t e n t i o n  a r i s i n g  from s o l v e n t  n o n i d e a l i t y  and i g n o r i n g  c o m p e t i t i v e  

adso rp t i on ,  i s  b e t t e r  s u i t e d  f o r  d e s c r i b i n g  reversed-phase l i q u i d  
chromatography than l i q u i d / s o l i d  chromatography i n  a normal mode. 

ces t h e r e i n ]  showed t h a t  equa t ion  2 w i t h o u t  t h e  l a s t  te rm g i v e s  a good 

s ( i )  s ( i )  

$: and $7 a r e  t h e  volume 

1 j  

p - t h  phase; and ri denotes t h e  number o f  

x f j  i s  t h e  usua l  

Equat ion  2 may be ob ta ined  f rom equa t ion  1 when t h e  a c t i v i t y  

and yo a r e  expressed i n  terms o f  r e g u l a r  
s (n) s (n) 

R 
1J  

1 

On t h e  o t h e r  hand, O f c i k  and co-workers [see rev iew  ( 4 )  and r e f e r e n -  
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2558 JARONIEC, MARTIRE, AND OSClK 

r e p r e s e n t a t i o n  f o r  many l i q u i d / s o l i d  chromatographic systems, i n  which 

a d s o r p t i o n  e f f e c t s  seem t o  be s i g n i f i c a n t .  T h e o r e t i c a l  d e r i v a t i o n  o f  
equa t ion  2 on the  b a s i s  of  equa t ion  1, wh ich  desc r ibes  a p a r t i t i o n - l i k e  

mechanism of r e t e n t i o n ,  does n o t  g i v e  a c l e a r  foundat ion  t o  i n c l u d e  t h e  

a d s o r p t i o n  e f f e c t s  i n  equa t ion  2 .  Thus, t h i s  problem cannot be s imp ly  

reso lved  i n  terms o f  t he  t h e o r e t i c a l  f o rmu la t i ons  o f  l i q u i d  chromato- 

graphy presented  i n  e a r l i e r  papers (1,3,4). 
However, a r e c e n t  genera l  f o r m u l a t i o n  o f  l i q u i d / s o l i d  chromato- 

graphy ( 2 )  l eads  t o  a genera l  exp ress ion  f o r  t h e  s o l u t e  d i s t r i b u t i o n  

c o e f f i c i e n t  and d e f i n e s  the  s o - c a l l e d  "pure"  p a r t i t i o n  and "pure"  

a d s o r p t i o n  mechanisms o f  r e t e n t i o n .  I n  t h i s  r e c e n t  t rea tmen t  ( 2 )  i t  i s  

a l s o  no ted  t h a t  d i f f e r e n t  "mixed" r e t e n t i o n  mechanisms may be cons idered 

as s p e c i a l  cases of t h e  genera l  express ion .  Here we w i l l  show t h a t ,  

th rough t h i s  new approach, i t  i s  p o s s i b l e  t o  i n c l u d e  adso rp t i on  e f f e c t s  
i n  equa t ion  2 and t h a t  t he  r e s u l t i n g  equa t ion  may be a l s o  used t o  

desc r ibe  l i q u i d  a d s o r p t i o n  chromatography. 

MODEL OF SOLUTE RETENTION 

L e t  us cons ide r  a system w i t h  an e n e r g e t i c a l l y  homogeneous s o l i d  

The chromatographic p rocess  may be g e n e r a l l y  desc r ibed  

sur face ,  i n  wh ich  t h e  s - t h  s o l u t e  i s  chromatographed i n  an n-component 

mob i l e  phase. 

by t h e  e q u i l i b r i u m  cons tan ts  K . .  f o r  i,j = 1,2 ,..., n,s and i # j .  

Each e q u i l i b r i u m  cons tan t  i s  d e f i n e d  as f o l l o w s  ( 2 ) :  
1J 

R 
i (n) f o r  i,j = 1,2, ..., n,s and i # j .  I n  t h e  above, y y ( n )  and y 

denote t h e  a c t i v i t y  c o e f f i c i e n t s  f o r  t h e  n-component s o l v e n t  m i x t u r e  

c o n t a i n i n g  t h e  s - t h  s o l u t e  a t  an i n f i n i t e l y  l ow  concen t ra t i on .  L e t  us 

s e l e c t  t he  1 - s t  s o l v e n t  as a re fe rence  s o l v e n t  and assume t h a t  i t s  

a d s o r p t i o n  p r o p e r t i e s  a r e  v e r y  s i m i l a r  t o  those o f  t h e  s - t h  s o l u t e .  

Then, t h e  e q u i l i b r i u m  cons tan t  KS1 may be assumed t o  be equal  t o  

u n i t y ,  i . e . ,  

Ksl = 1 (7) 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
4
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



OSCIK’S EQUATION. I1 2559 

Equat ion  7 i n d i c a t e s  t h a t  i n  t h e  case o f  l i q u i d  chromatography w i t h  

t h e  mob i l e  phase c o n t a i n i n g  the  1 - s t  s o l v e n t  on l y ,  t h e  s - t h  s o l u t e  

i s  d i s t r i b u t e d  between two phases acco rd ing  t o  a p a r t i t i o n  mechanism 

d e f i n e d  i n  t h e  p rev ious  paper ( 2 ) .  Tak ing  i n t o  account  t h e  t h e o r e t i c a l  

c o n s i d e r a t i o n s  i n  t h e  Ref.  ( Z ) ,  equat ions  6 w i t h  i = s and j = 1 and 

7 g i v e :  

The assumption expressed by equa t ion  7 r e q u i r e s  t h a t  t h e  e q u i l i b r i u m  

cons tan ts  Ksi and Kli f o r  i = 2 , 3 ,  ..., n be i d e n t i c a l  because 

Kli = Ksi/Ksl , i . e . ,  

K . = Kli f o r  i = 2,3 ,..., n. ( 9 )  S1 

I f  t h e  cons tan ts  Kli f o r  i = 2,3, ..., n a r e  equal  t o  u n i t y ,  then 

t h e  Ksi f o r  i = 2,3,  ..., n a r e  a l s o  equal  t o  uni ty,  and we o b t a i n  

equa t ion  2 d e s c r i b i n g  t h e  pu re  p a r t i t i o n  model cons idered i n  t h e  p r e -  
v ious  paper ( 1 ) .  However, i f  we assume t h a t  

(10)  Ksi = K . # 1 f o r  i = 2,3 ,..., n 
11 

( s o l u t e  d isp lacement  w i t h  r e s p e c t  t o  s o l v e n t s  

d isp lacement ) ,  then t h e  su r face  phase compos i t ion  i s  de termined by t h e  

f o l l o w i n g  equat ion :  

2 , 3 , .  . . ,n and s o l v e n t  

f o r  i , j  = 1,2, ..., n and i # j .  Equat ion  11, even f o r  an i d e a l  s o l v e n t  

m i x t u r e  (yo f o r  i = 1,2, ..., n a r e  assumed t o  be equal  t o  

u n i t y ) ,  p r e d i c t s  d i f f e r e n t  su r face  phase and m o b i l e  phase compos i t ions ,  
O R  i . e . ,  $i # t~~ 

f rom equa t ion  8 so t h a t  t h e  c o n d i t i o n s  7 and 10 a r e  f u l f i l l e d ;  b u t  

then we have: 

and y!’ i (!I) 1 (n) 

f o r  i = 1,2, ..., n. 

The above c o n s i d e r a t i o n s  i n d i c a t e  t h a t  equa t ion  2 may be ob ta ined  
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2560 JARONIEC, MARTIRE, AND OSCIK 

and 

= In k s ( i / i )  - I n  Kli f o r  i = 2,3 ,..., n. (13) 

Equat ions d i f f e r  f rom equa t ion  3 because they  r e f e r  t o  a 

mixed model f o r  s o l u t e  t r a n s f e r  f rom t h e  mob i l e  phase t o  t h e  s u r f a c e  

phase, whereas, equa t ion  3 r e f e r s  t o  a pure  s o l u t e  p a r t i t i o n  model. 

Moreover, we have assumed here  t h e  su r face  phase i s  formed as a con- 

sequence o f  c o m p e t i t i v e  a d s o r p t i o n  o f  t h e  so l ven ts ,  wh ich  i s  desc r ibed  

by equa t ion  11. It i s  no tewor thy  t h a t ,  i n  terms o f  t h i s  model, we can 

assume i n  equa t ion  2 t h a t  x!. = x?. = 0 f o r  i,j = 1,2 ,..., n and 
1 J  1 J  

i # j ( i d e a l  s o l v e n t  m i x t u r e  i n  b o t h  phases);  then, t h e  t h i r d  te rm i n  

equa t ion  2 becomes zero  b u t  t he  second te rm o f  t h i s  equa t ion  i s  
d i f f e r e n t  f rom zero  because then the  su r face  phase compos i t ion  i s  

de termined by t h e  s o l v e n t  e q u i l i b r i u m  cons tan ts  K . .  # 1 f o r  i = 1, 
2 ,..., n and i # j, i .e. ,  

K i  = ($q /$ i  1-  ( + j / $ j )  

Equat ion 14 f o r  K . .  # 1 g i v e s  $7 # Q! f o r  i , j  = 1,2 ,..., n and 

and i # j ,  and then equa t ion  2 becomes an exp ress ion  analogous t o  

O f c i k ’ s  c l a s s i c a l  equa t ion :  

12 and 13 

1 J  

f o r  i = 1,2 ,..., n and i # j .  (14) R R u ri/r j 

I J  

However, i n  t h e  case of t h e  pure  p a r t i t i o n  model (Kij = 1 f o r  i ,j = 1, 
2 ,..., n and i # j )  and an i d e a l  s o l v e n t  m i x t u r e  (x?. = 0 f o r  i , j  = 1, 
2, ..., n and i # j )  t h e  l a s t  te rm i n  equa t ion  15 d isappears .  

s o l v e n t  m i x t u r e ) .  Then, equa t ion  15 becomes 

1 J  

L e t  us cons ide r  a s p e c i a l  case of equa t ion  15 when n = 2 ( b i n a r y  
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OSCIK'S EQUATION. I1 2561 

The l a s t  term in equation 15 i s  a consequence of equation 13. For 
systems showing strong solute-solvent  in te rac t ions ,  ideal solvent  
behaviour and 16 may be 

negl ig ib le  and then t h i s  equation reduces t o  0 5 c i k ' s  expression ( 3 ) :  

K12 c lose t o  uni ty  the l a s t  term in equation 

If addi t iona l ly  we assume ident ica l  molecular s i z e s  of solvent  molecules 
( r l  = r2 = r ) ,  then $7 may be calculated according t o  an Everett-type 
equation ( 4 ) :  

a o  where $ i  = x i  and 
f rac t ion  of the i - t h  solvent  i n  the p - t h  phase ( p  = k ,  n ) .  

and i t s  l i n e a r  form was applied successful ly  t o  descr ibe several chromato- 
graphic systems a l s o  showing adsorption e f f e c t s  ( 5 , 6 ) .  Thus, the above 
chromatographic model combining solvent  competitive adsorption 
(equation 18) and a mixed mechanism of the so lu te  t r a n s f e r  (equation 16) 
gives a reasonable answer the question of when Ofc ik ' s  equation 17 may be 
used t o  descr ibe chromatographic systems showing adsorption e f f e c t s .  
Equation 17  seems t o  be useful f o r  prac t ica l  appl ica t ions  because i t  
involves competitive solvent  adsorption which i s  f requent ly  important 
in the case of a mixed mechanism o f  so lu te  t r a n s f e r .  Although the pure 
displacement model seems t o  be adequate t o  represent  the so lu te  t r a n s f e r  
i n  l i q u i d  adsorption chromatography in  the normal mode (4 ,6 )  and the 
pure p a r t i t i o n  model i s  useful t o  describe reversed-phase l iqu id  
chromatography (7-9) ,  there  a r e  chromatographic systems showing both 
adsorption and p a r t i t i o n  e f f e c t s  and then equation 16 or o ther  equations 
involving mixed models of so lu te  and solvent  t r a n s f e r  should be 
employed ( 2 ) .  

= x: f o r  i = 1 , 2  and xf denotes the mole 

Equation 17 combined with E v e r e t t ' s  equation 18 was l inear ized  
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