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SIMPLE MODELS IN LIQUID CHROMATO- 
GRAPHY WITH MIXED MOBILE PHASES: 

PRESENT AND FUTURE 

M. Jaroniec 
Institute of Chemistry 

M. Curie-Sklodowsku University 
20031 Lublirr, Bokmd 

ABSTRACT 

Thie  ehor t  review p r e s e n t s  simple models o f  s o l u t e  
r e t e n t l o n ,  which invo lve  compet i t ive  adso rp t ion  o f  e o l u t e  
and s o l v e n t s ,  d i f f e r e n c e s  i n  molecular  s i z e s  of a o l u t e  and 
s o l v e n t s ,  non-spec i f ic  and s p e c i f i c  so lu t e - so lven t  and 
so lven t - so lven t  i n t e r a c t i o n s ,  and adRorbent he t e rogene i ty .  
AccordinK t o  these  models t h e  i n t e r a c t i o n s  of solute aad. 
s o l v e n t  molecules  !*+th. edaorn t ion  site8 of  the m l i d  aa 
w e l l  as s p e c i f i c  so lu t e - so lven t  and so lve l i t - so l i  eilt 
i n t e r a c t  i ms are r ep resen ted  by Rui tab le  ydnsi -  chemi ral 
r e a c t  i on8 . F i n a l  equa t ions  de Rcri b i n g  solute r e t e n  t i  on 
have r i g o r o u s  founda t ions  i n  t e r n s  of  c l a s s i c a l  t hemo-  
dynamics, which enable  d e f i n i t i o n  of udsorntion and 
p a r t i t ? o n  e f f e c t s  i n  t h e  chromatozraohic procese.  

INTRODUCTION 

A 1  though t h e  d i splace.nen t an partition mech mi  nms 
o f  chromatographic proceRneu were already considered i n  t h e  
f i r o t  chromatography symposium (1-3), which wag h e l d  i n  
N e w  York C i t y  i n  1946, t h e  first t h e o r e t i c a l  a t t empt s  of 

1949 
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1950 JARONIEC 

exp lana t ion  o f  t h e i r  r o l e  i n  t h e  l i q u i d  chromatography 
( L C )  p rocess  anpeared s e v e r a l  years  a f t e r  7946 (4 ,5) .  
An impor tan t  r o l e  o f  t h e  d i sp lncemmt  rncchanism I n  t h e  LC 
p rocess  was f i r s t l y  recognized i.? t he  19hO’a by Snyder ( 4 ) .  
The l a s t  twenty y e a r s  have been chrvractcr ized by dynamic 
p rogres s  i n  t h e  t h e o r e t i c a l  a t u d t e s  of the LC p rocess ,  
which s t a r t i n g  wi th  t h e  o r i g i n a l  displacement  model 
i nco rpora t ed  a d d i t i o n a l  f a c t o r s  a f f e c t i n g  t h i s  p rocess  
[see reviews C6-TZ)  and r e f e r e n c e s  there in1  . P a r a l l c l l y  
wi th  t h e s e  s t u d i e s ,  ano the r  d e s c r i n t i o n  o f  t he  LC p rocess ,  
Proposed in $965 by O6cik ( T ‘ ) ,  was develoopd and examined 
by u s i n g  the  TLLC d a t a  (R). ThiR d e s c r i p t i o n  invo lves  t h e  
p a r t i t i o n  mechanifim o f  s o l u t e  d i s t r i b u t i o n  betweeii t h e  
mobile and su r face - in f l i imced  s t a t 3  onary phases.  The above 
mentioned o t u d i e s  d e a l i n g  wi th  t h e  r o l e  of displacement  
and p a r t i t i o n  mechanisms i n  t h e  L2 process  gave t h e o r e t i c a l  
foundat ions  t o  formula te  a general d e s c r i p t i o n  o f  LC wi th  
n ixed  mobile phanen invo lv ing  concurren t  adso rp t ion  and 
p a r t i t i o n  e f f e c t s  (13,14).  I n  a d d i t i o n ,  t h e s e  s t u d i e s  
i n i t i a t e d  a s e r i e s  o f  t h e o r e t i c a l  papers  (15-19) dea l in& 
u i t h  t h e  s t n t i s t i c o - t h e r m o d y n a a i c a l  d e s c r i p t i o n  o f  LC wi th  
mixed mobile phases, which au tomat i ca l ly  i n c o r p o r a t e s  t h e  
compet i t ive  c h a r a c t e r  o f  s o l u t e  and s o l v e n t  adnorp t ion  and 
all c o n t r i b u t i o n s  from s o l u t i o n  non iden l i ty ,  This  s t a t i s t i c o -  
thermodynamical d e s c r i p t i o n  g i v e n  rigorous thermodynamical 
founda t ions  for s imple  models, which are u s e f u l  f o r  
i n t e r p r e t i n g  the  LC da ta .  

models of a o l u t e  r e t e n t i o n  i n  LC with  mixed mobile phases 
and i n d i c a t e s  p e r s p e c t i v e e  of t h e i r  development. 

The p re sen t  review giveR a b r i e f  d e s c r i n t i o n  o f  simple 

FUNDAMENTAL MODELS OF SOLUTE AKD SOLVENT D I S T K I B U T I O ~ ~  

Let  us cons ide r  t he  r t h  s o l u t e  chromntogrnphed i n  a 
n-component mobile phase. I n  t h e  case of LC t h e  mobile 
and s t a t i o n a r y  phaseu u s u a l l y  con ta in  t h e  same componento 
bu t  of d i f f e r e n t  coneent ra t ionn .  hn except ion  i s  reversed-  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
1
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



SIMPLE MODELS WITH MIXED MOBILE PHASES 1951 

phase l i q u i d  chromatography wi th  chemical ly  bonded phases  
and l i q u i d - l i q u i d  chromatography, i n  which t h e  chemica l ly  
bonded phase and t h e  s t a t i o n a r y  l i q u i d  form t h e  v i r t u a l l y  
immiscible  s u r f a c e  phase,  

r e p r e s e n t e d  by s e r i e s  o f  r e v e m i b l e  quasi-chemical  r e a c t -  
i o n s ,  which d e s c r i b e  the  phase exchange between o o l u t e  and 
s o l v e n t  molecules  ( 2 0 ) .  A l l  p o s s i b l e  phase-exchange 
r e a c t i o n s  between s o l u t e  and s o l v e n t  molecules  may be 
desc r ibed  by t h e  fo l lowing  r e a c t i o n s :  

From thermodynamic viewpoint, t h e  LC p rocess  may he 

w l ( r ) m  + wr(l>’ + w l ( r ) ’  + wr(1)”’ ( 2 )  

where ( j ) ’  denotes  a molecule of t h e  j - t h  comnonent jn 
t h e  13-th phase,  D = m (mobile nhaRe) nnd R ( s t a t i o n m y  
phase) and w .  denotes  the  number of segments i n  a molecule  
o f  t he  j - t h  component. The e q u i l i b r i u m  c o n s t a n t s  r e l a t i n g  
t o  t h e  r e a c t i o n s  1 and 2 may be w r i t t e n  as  follows: 

J 

where a’ ( j = 1 , 2  ,..., n , r  and B=rn,s)  i s  t h e  a c t i v i t y  of t h e  
j - t h  component i n  t h e  13-th phase. I n  t h e  c a s e  o f  d i f f e r e n t  
molecular  s i z e s  (wr#w,# .  .#wn) t h e  a c t i v i t y  a; 5 s  def ined  
by means of  t h e  volume f r a c t i o n  yB * 

a j  = y! f: 

w h e r e  fD 
i n  t he  R-th phase. 

t e l y  low, equa t ion  4 may be r e w r i t t e n  i n  term6 Qf 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  kr, which i s  d e f i n e d  by: 

ii 

j -  

( 5 )  R f o r  j=1,2 ,..., xi,r and a=m,a 

is t h e  a c t i v i t y  c o e f f i c i e n t  o f  t h e  j - t h  comnonent 
j 

Since  t h e  c o n c e n t r a t i o n  of  t h e  r - th  s o l u t e  i s  i n f i n i -  
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1952 JARONIEC 

Then, equations 4 ,  5 and 6 give: 

Similarly, equations 3 and 5- give: 
Wi'Wn 

Yi" fi" . Y, fn" 
Y? f: Kin = - [yi f; ) f o r  i = 1 , 2 , .  . . ,n-1 (8) 

In terms of classical thermodynamics equations 7 and 8 
reprefient the most general description of the LC process. 
Special cases of these equations may be obtained by 
assuming different models of the mobile and stationary 
phases (phyaicochemlcal properties of these phases are 
detlcrlbed by the activity coefficients fm and f?) and 
different models of solute and solvent aistxibution between 
both phases (displacement or partition mechanismR of the 
solute and solvent distribution). 

form,  which comprises different types of m o l e c u l a r  
internctianH (13.21) : 

j J 

The activity coefficient f" may be defined i, a general J 

f o r  j = ! , 2  ,..., n , r  

where fya, and Piu) denote the activity coefficients of 
the j-th component in the rnobile phase reflecting 
nonideality of the solution due t o  dispersive (d )  and 
specific ( 8 )  interactions. The surface activfty coefficient 
f: f o r  a homogeneous solid is defined analogously as the 
&efficient fm. However, for an energetically heterogeneous 
solid its definition may be extended to derxrlbe R ~ A O  the 
nonideality of the surface soliltion due to t h  surface 
heterogeneity. Then 

5 

where f?h) reflects nonideality of the solution associated 
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SIMPLE MODELS WITH MIXED MOBILE PHASES 1953 

with energetic heterogeneity of the nolid; for a homogeneou~ 
solid this coefficient i s  assumed to be equal  t o  unity. 
P~ysicochernical interpretation of the activity coefficient 
fTh) is given elsewhere (22,23). 

For ideal surface phase (f: = f? = 1;) and yy = 1 thin 
equation redmes to the  exnression derived by Slaats et 
al. (24), however, for ideal both phases and y: = 1 
eqQation 7 g i v e s  Snyder-Soczebvihski relationship (7,25). 
An important special cnse of equation 7 is the expression 
describing LC with ideal both phases, i.e., 

Equation 7 ha8 been derived by Jaroriiec et al. ( 2 0 ) .  

Equation 11 waa examined by using the TLC (20,26,27) and 
HPLC data (28,29).It follows from these studies that 
the surface phase composition affects strongly the solute 
retention, especially in the LC systems with solvents of  
similar propertien, Moreover, these studies indicate that 
the excess adoorption isotherm mea~ured for the eluent- 
adaorbent syfltem is useful for interpreting the LC data. 

MODELS OF SOLUTE RETZNTION I iTVOLVII~  C NON-SPECIFIC 
INTERACTIONS 

A significant progress in interpretation of equation 7 
has been done by Saroniec and Martire (13,14), They 
aHsumed the regular solution model to repreRent nonideality 
of the bulk and surface phases and coneidereti equation 7 

13 ( s ) j  = 1 (j=r,l and R=m,s) and fs for f 
of this equation with the activity coefficients for regular 
bulk and surface solutions gives a general equation for 
the diatrihutAon coefficient k, , which may be reduced 
to equation 11, (displacement model) and equation desctlhing 
partition model (13,14,30,31): 

1 .  Combination ( h ) j  = 
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1954 JARONIEC 

m 
(d)  rjf ?d) r kr = (12) 

Thus, t h i s  gene ra l  equat ion  invo lv ing  concurrent  adso rp t ion  
and p a r t i t i o n  e f f e c t s  g i v e s  t h e o r e t i c a l  foundat ions  f o r  
t he  LC models, which a r e  based on equat ions  1 1  and 12. 

I t  has  been shown i n  the  papers  (13,141 t h a t  equat ion  
1 2  combined wi th  the  a c t i v i t y  c o e f f i c i e n t f i  f o r  t h e  r e g u l a r  
bulk and s u r f a c e  no lu t ions  g ives  Ohcik-type equat ion  (5,8). 
Phys ica l  i n t e r p r e t a t i o n  of t h i s  equat ion  i e  prenented 
elRewhere (30,3l'). This  i n t e r n r e t a t i o n  showed t h a t  a l though 
Okcik's equat ion  i s  b e t t e r  s u i t e d  f o r  deac r ib ing  p a r t i t i o n  
e f fec ts  i n  LC, a f t e r  smal l  mod i f i ca t ion  i t  may be used 
t o  desc r ibe  systems, i n  wbich p a r t i t i o n  and adsorp t ion  
phenomena occur  s imul taneous ly  (mixad model of  s o l u t e  
r e t e n t i o n ) .  I n  l i g h t  of t h i s  mixed model t he  s o l u t e  i a  
d i s t r i b u t e d  accord ing  t o  p a r t i t i o n  model, whereas, t he  
so lven t  composition i n  the  s u r f a c e  phase i s  e s t a b l i s h e d  
accord ing  t o  the  adso rp t ion  equi l ibr ium.  

MODELS OF SOLUTE I N V O L V I N  C SPGCIPIC I?JTERACTIONS 

If the  a c t i v i t y  c o e f f i c i e n t s  fySlJ  and fS [ s e e  
equa t ions  9 and 10 1 a r e  known, then equat ions  7 and F3 

may be d i r e c t l y  used t o  desc r ibe  the  LC systems wi th  
s p e c i f i c  so lu t e -ao lven t  i n t e r a c t i o n s .  Although t h i s  
d e s c r i p t i o n  seeme t o  be promising f o r  s tudy ing  a s s o c i a t i o n  
e f f e c t s  i n  t h e  LC process ,  as y e t  i t  hau no t  been u t i l i z e d .  
An a l t e r n a t i v e  t rea tment  h a s  been proposed t o  de r ive  
equa t ions  invo lv ing  s p e c i f i c  i n t e r a c t i o n s  i n  t h e  LC 
process  (11,32-37) .  According t o  t h i e  t rea tment  t hese  
i n t e r a c t i o n s  a r e  r ep resen ted  by Rui tab le  quasi-chemical 
r e a c t i o n a ,  which l e a d  t o  formation oP so lu t e - so lven t  
and so lvent -so lvent  complexes ( a s s o c i n t e s )  i n  the  mobile 
and s u r f a c e  phases. E s p e c i a l l y  s imple equa t ions  have been 
de r ived  f o r  a s s o c i a t i o n  models ascsuming formation of  
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SIMPLE MODELS WITH MIXED MOBILE PHASES 1955 

double  pure and mixed complexee ( 7 , 3 2 , 3 3 ) .  For  example, 
format ion  of  double so lu te -oolvent  a s a o c i a t e s  i n  t h e  mobile 
phase mag be r ep resen ted  as  follows (32):  

where t h e  equ i l ib r ium cons tan t  Cm i s  def ined  by: 

Combination of equat ion  14 with  equat ion  7 l e a d s  t o  an 
expres s ion  f o r  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 ,  which invo lvee  
so lu t e - so lven t  a s s o c i a t i o n  I n  t h e  mobile phase. This  
approach has  been r e c e n t l y  extended by J a r o n i e c  and Llar t i re  
(37). They der ived  equat ion3  f o r  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 ,  which invo lves  non- spec i f i c  and s p e c i f i c  
eo lu te -so lvent  i n t e r a c t i o n s  in both phases.  The above  
t rea tment  iwy be e a s i l y  ex tended  f o r  d i f  fe?ent D I O ~ ~ ~ S  

of  anoociu t ion  ( m o d e l s  assuming foriflatior? of rniiltimnleciilnr 
a s n o c i s t e s )  > u t  € 5  no1  expres s ions  arc  conlp?icated aiid 
f r e q u z t i t l y  inconvenient  f o r  p r a c t i c a l  anp l i cn  tims. 

One o f  t he  maln tldir:mta,c;e o f  t h i s  t rea tment  i s  i t s  
simp1 i c i t l y .  lir: a ~ a l o g o u s  d e s c r i p t l o -  may be also used 
t o  s t u d y  d i s s o c i a t i o n  e f f e c t s  i n  L C ( 3 8 ) ,  

MODELS Or' SCLUTE RETENTION INVOLVI i JG A3SORBZNT 
HZTERO GENEITY 

Squnt ione 7 and 8 may be also uusd t o  desc r ibe  LZ 
on heterogeneous s o l i d  ou r faces  'out tkerr oxpresoions 
d e f i n i n g  t h e  surface a c t i v i t y  c o e f f i c i e n t s  should con ta in  
t h e  c o e f f i c i e n t  f7h) 
Rol l i t ion  due t o  t h e  adsorbent  he t e rogene i ty  ( 2 1 ) .  
Another p o s s i b i l i t y  of  d e s c r i p t i o n  o f  adsorbent  he te ro-  
g e n e i t y  e f f e c t s  i n  the  LC p rocess  was i n i t i a t e d  by Snyder ( 4 )  

r e f l e c t i n g  r lon idea l i t y  of t he  su r face  
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1956 JARONIEC 

and developed by J a r o n i e c  e t  a l .  (39-42).  ThiR d e a c r i p t i o n  
i s  based on t h e  theory  of phyciical adso rp t ion  on he tero-  
geneous s o l i d  s u r f a c e s  (43-45). According t o  t h i u  t r ea tmen t  
t h e  pha,se-exchang;e r e a c t i o n s  1 and 2 occur  on d i f f e r e n t  
t ypes  of  adso rp t ion  s i t e s ;  t h e  equ i l ib r ium c o n s t a n t s  
depend on t h e  adeorp t ion  e n e r g i e s  c h a r a c t e r i z i n g  t h e s e  
adso rp t ion  s i t e s .  The fundamental  r e l a t i o n s h i p ,  which is 
u t i l i z e d  t o  d e r i v e  expres s ions  f o r  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 ,  m s u x e s  t h a t  t h e  t o t a l  d i n t r i b u t i o n  c o e f f i c i e n t  
k,,t i s  given by t h e  fo l lowing  sum: 

L 

where k denotes  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  f o r  t h e  
1 - t h  type  o f  adso rp t ion  s i t e s ,  g1 i s  t h e  f r a c t i o n  of  
adso rp t ion  s i t e s  of t h e  1 - th  t y p e ,  and L i s  t h e  t o t a l  
number of a l l  typen of adso rp t ion  s i t e s .  Squat ion  15 
combined wi th  s p e c i a l  case8 o f  eqdat ion  7 l e a d s  t o  t h e  
expres s iona ,  which were discusoed elsewhere (39-42).  

r , l  

COlTCLUDIN C REMARKS 

A b r i e f  review of simple models used i n  LC with  mixed 
mobile phases  shows f u r t h e r  p o s s i b i l i t i e s  o f  t h e i r  ex tens ion  
and a p p l i c a t i o n  f o r  i n t e r p r e t i n g  the  LC dato.  It has  been 
shown i n  t h e  papers  (13,14,37) t h a t  t hese  models l e a d s  
t o  a g e n e r a l  def ic r ip t ion  of  t h e  LC process ,  which has  
r i g o r o u s  founda t ions  i n  terms o f  c l a s s i c a l  and s t a t i s t i c a l  
t h e  r m  o d yn amF c s . 

Represen ta t ion  of d i f f e r e n t  tgpeo of  i n t e r a c t i o n s  
i n  t h e  LC process  [ see  r e a c t i o n s  1 , 2  and 13 I c r e a t e s  
a new p o s f i i b i l i t y  f o r  s tudy ing  l i q u i d  chromatography. 
I n  this case  t h e  method o f  numer ica l  s tochaRt i c  s imula t ion  
( 4 6 )  oeeme t o  be a very a t t r a c t i v e  and e f f i c i e n t  way 
f o r  s tudy ing  t h e  chromatographic syeteme, i n  which 
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t h e  k i n e t i c  e f f e c t n  p l ay  a s i g n i f i c a n t  r o l e .  This  method 
was s u c c e s s f u l l y  u t i l i z e d  t o  s t u d y  t h e  a d s o r p t i o n  k i n e t i c s  
(46)  and t h e r e f o r e  i t  seems t o  be promising f o r  modeling 
t h e  

1. 

2. 

3. 
4.  

5 .  
6.  
7 .  

a. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

LC p rocess  on t h e  molecular  l e v e l .  
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