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EFFECTS OF SOLUTE-SOLVENT INTER- 
ACTIONS IN LIQUID ADSORPTION CHRO- 

MATOGRAPHY WITH MIXED MOBILE PHASE 

J. K. RoZyXo, M. Jaroniec, and J .  A. Jaroniec 
Institute of Chemistry 

M .  Curie-Sklodowska University 
20031 Lublin, Poland 

ABSTRACT 

Two simple equat ions,  i nvo lv ing  formation of the nul t i !noleculor  
s o l v a t e s  in t he  mobile phase, are discussed.  These equutionn 
de f ine  the  dependence of t he  c a p a c i t y  r a t i o  upon mobile phase 
composition. The LC da t a ,  a v a i l a b l e  from t h e  l i t e r a t u r e ,  f o r  
d i f f e r e n t  a l coho l s  chromatographed i n  binary mixtures  of 
n-heptane - s i t h  a l k y l  a c e t a t e  and t e t r shgdro fu ran  on P o r t i s i l  
10 a t  298 K are used t o  examine these  equat ions.  

INTRODUCTION 

The competi t ive s o l u t e  :and so lven t  adso rp t ion  i s  one of 

the most important phenomena determining the  l l q u l d / s o l i d  

chromatography (LSC) process  and i t  wae considered by s e v e r a l  

au tho r s  (1-4). This  phenomenon l a  represented by t h e  phase 

exchange roac t ion  desc r ib ing  t h e  displacement of oolvent  

moleculeo from t h e  s t a t i o n a r y  ( s u r f a c e )  phase by s o l u t e  

molecules contained i n  tho mobile phase. The displacement 
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652 R O Z X O ,  JARONIEC, AND JARONIEC 

procesR in question may be strengthened or weakened by solute- 

solvent and solvent-solvent Interactions in the mobile and 

surface phasee. The non-specific interactions between 

moleculee of solute and solvents may be deacribed by means of 

the activity coefficients ( 5 ) .  However, the strong opecific 

interactions between solute and solvent molecules c a m e  the 

formation of multimolecular complexes in the mobile phase (6). 

The process of their formation may be represented by qunsi- 

chemical reactions occuring in the mobile phase, In the case 

of LSC on strongly polar adaorbents, e.&, Rilica gel, theRe 

complexes can be destroyed in the surface phase because of 

etrong interactlono of solute and solvent molecules with the 

active centers of the adeorbent (e.g., silanol groups of the 

silica surface), which compete with the solute-solvent 

interact ions. 

In this paper the effects due to the specific eolute- 

solvent interactions i n  the mobile phase are discuseed. 

The LC data f o r  different alcohole chromatographed in binary 

mixtures of n-heptane with alkyl acetate and tetrahydrofuran 

on Partisil 10 at 298 K (7) are applied to examine two simple 
equations involving formation of the multimolecular solvntes 

in the mobile phase. 

MEORETICAL 

Some important factors determining the LSC process 

have been mentioned in the Introduction. They are: 

competitive character of solute and eolvent adsorption, and 

specific solute-solvent and solvent-solvent interactions in 

the mobile and surface phasee. The elaboration of the 

theoretical description of the LSC procees, involving tho 
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SOLUTE-SOLVENT INTERACTIONS 653 

majority factors determining this process, is very difficult 

because of its great complexity. Therefore, the simplifying 

assumptions are usually used to formulate the LSC models. 

The models considered here are based on the following 

assumptions: (a) only unassociated solute and solvent molecules 

participate in the displacement process, (b) solute and 

solvent molecules form solvates in the mobile phase, which 

are destroyed in the surface phase beceuae of strong solute- 

adoorbent interactions, (c) solute and solvent molecules 

have spherical shapes of different molecular sizes, (d )  the 

molecular sizes of ell solvents are identical, (a) the total 

number 3f all solvent molecules in the surface phase is 

constant and independent of the presence of solute molecules 

because of their infinitely low concentration, ( f )  the adsorbent 

surfnce i A  energetically homoReneous. Taking into account 

the above assumptions nnd limiting theoretical considerationo 

to the mobile phase cantnining the double solvates only, 

we have (6) : 

where k;( is the capacity ratio of the s-th solute chromato- 

graphed in the binary eluant "1+2'*, X,, is the equilibrium 

conetnt describing the displacement process of 1-st oolvent 

molecules from the surface phase by the 8-th solute molecules 

contained i n  the mobile phase, y, and xt are mole fraction8 

of 1-st fiolvent in the surface and mobile phases, respectively, 

C, 
solvates in the mobile phase, r is the ratio of solute and 

solvent molecular sizes, and D is the proaortionality factor 

is the equilibrium constant describing formation of double 
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654 ROZYLO, JARONIEC, AND JARONIEC 

characteristic ?or a given adsoroent and independent upon the 

eluant nature in a good approximation (1). 

A simple expression may be also obtained for the mobile 

phases containing multimolecular solvates, i.e., solvutes 

connistlng of one solute molecule and one, two, three and so 

forth molecules of 1-st solvent. It is (8): 

where C is the constant connected with the equilibrium 

constant C describing formation of multimolecular solvatss 

consisting of one solute molocule and q molecules of 1-st 

nolvent. The relstionohip between these constants may be 

aaeumed as follows: 

q 

cq = c q  ( 3 )  

Thus, the constant C is connected with an average interaction 

energy between one EolvenO molecule and solute molecule being 

the kernel o? the multimoleculer eolvate. Equations 1 and 2 

may be more simplified. For solvents showing a great difference 

in their elution parameters, the complete coverage of the 

surface by 1-at solvent (y, 

concentrations of this solvent (1). Moreover, for many chromato- 

graphic systems the molecular areas occupied by solute and 

Rolvent molecules on the adsorbent surface are similnr and 

they may be assumed to be identical (r = 1). Taking into 

account these additional assumptions in equationR 1 and 2 

we have : 

7 )  is already reached at lower 

1 1 
- . I -  ( 1  + c1 X,) 
k;l x1 D XsT 

( 4 )  
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and 

655 

Equation 4 corresponds t o  equat ion T ,  however, equat ion 5 

r e l a t e s  t o  equat ion 2. The l i n e a r  dependence (k: x,)-’ vs. x ,  

shows p o s i t i v e  d o p e  f o r  t h e  chromatographic Ryeterns w i t h  

s t r o n g  so lu t e - so lven t  i n t e r a c t i o n s  i n  the  mobile phase,  

however, t he  dependonce ki x, vs. x1 :?as nega t ive  s l o p e  f o r  

t he  chromatographic systems i n  question. O f  course,  equa t ion  4 

should g i v e  b e t t e r  r e p r e s e n t a t i o n  o f  chromatographic d a t a  f o r  

systems with double s o l v a t e s  i n  the  mobile uhase, whereas, 

equat ion 5 should be b e t t e r  f o r  d e s c r i b i n g  the  systems wi th  

multimolecular s o l v a t e s  i n  the mobile phase. 

RESULTS AND DISCUSSION 

The purpose of t h i s  s e c t i o n  i s  the  s tudy  of u t i l i t y  of 

equat ions 4 and 5 f o r  eva lua t ing  e f f e c t s  o f  t h e  so lu t e - so lven t  

i n t e r a c t i o n s  i n  the mobile phase. Equations 4 and 5 were 

examined by ueing HPLC d a t a  publ ished by S c o t t  and Kucera ( 7 ) .  

They measured the  co r rec t ed  r e t e n t i o n  volume of t h e  s - t h  

s o l u t e  vk for d i f f e r e n t ,  volume f r a c t i o n s  of 1-st  s o l v e n t  

i n  the mobile phase (1-s t  so lven t  i s  assumed t o  be t h e  more 

e f f i c i e n t  e l u t i n g  s o l v e n t ) .  Since equa t ions  4 and 5 re la te  t o  

r = 1 ( i d e n t i c a l  molecular s i z e s  of s o l u t e  and s o l v e n t s ) ,  the  

mole f r a c t i o n  x1 denotes  s imultaneously t h e  volume f r a c t i o n  

of  1-st  so lven t  i n  the mobile phase. The c o r r e c t e d  r e t e n t i o n  

volume Vi is p r o p o r t i n a l  t o  t h e  capac i ty  r a t i o  ki , where 

t h e  void volume of t he  mobile phaee i n  the  column 

p r o p o r t i o n a l i t y  f a c t o r .  Replacing i n  equat ions 4 and 5 

by V i / V m  we obtain:  

Vm is  t h e  

kk 
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X i  
0.3 06 

FIGURE 1. Linear plots (V;xl)-' vs. x1 for phenyl methyl 
carbinol chromatographed in binary eluant8 consisting of 
n-heptane with dioxane (6 ) * tetrahydrofuran ( + ) * and 
benzyl alcohol chromatographed in n-heptane/tetrahydrofuran 
(x), 3-phengl-1-propanol chromatographed in n-heptans/ 
tetrahydrofuran ( 0  ) and deaoxycorticosteron chromatographed 
in n-heptane/isopropnnol (0) on Partisil 10 at 298 K. 

and 

Equation 6 has been examined in the reference (9). For the 

purpose of illuetration Figure 1 preeante the linear 

dependence (Vkx?)-' VB. x1 for phenyl methyl carbinol chromato- 
graphed In different binary eluants on Partial1 10 at 298 K. 

The values of the equilibrium constant C1 for HPLC sgateme 

studied are summarized in Table 1. The same HPLC data have 

been described by mean8 of equation 7 (aee Figurea 2 - 4 ) .  

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



SOLUTE-SOLVENT INTERACTIONS 6.57 

TABLE 1 

The constanlrs C1 and C for  d i f f e r e n t  s o l u t e s  chromatographed 

In n-heptane (2 ) / so lven t  (1) on P a r t i s i l  SO a t  298 K. 

CT Solute  Solven t  t 
~~ - 

d-phene t hy 1 a1 c ohol e t h y l  a c e t a t e  3.4 2.6 
b e n z j l  alco!~ol e thy1 a c e t a t e  7.8 2.6 
n-octanol et!iyl a c e t a t e  3.1 2 . 4  
n-pentiinol e t h y l  a c e t a t e  2.8 2.3 
n-butanol e t h y l  a c e t a t e  1.7 1.7 
Ssnzyl a l coho l  t e t r ahydro fu ran  6.3 1.4 
3-phenyl- l’-propar..sl t e t r ahydro fu ran  7.2 1.6 
desoxycort icosteron alcohol  fsopropenol 1.4  0.5 
phenyl methyl ca rb fno l  t e t r ahydro fu ran  5.4 3.0 
phenyl methyl c a r b i n o l  m t h j r l  a c e t a t e  7.4 2.9 
phenyl me thyl carbii!ol e t hy l  a c e t a t e  7.0 2 .7  
phenyl methyl ca rb ino l  propyl a c e t a t e  7.1 2 . 4  
phenyl methyl cnrblnol b a t y l  a c e t a t e  4.4 2.2 

It fo l lows  from Figures 2 - 4 t h a t  t h e  l i n e a r  equat ion 7 

g ives  s a t i s f a c t o r y  r e p r e s e n t a t i o n  of t he  IIPLC data publiohed 

by S c o t t  and Kuccra (7). The small  d e v i a t i o n s  of some p o i n t s  

from l i n e a r i t y  (‘e.g., Figure 4 )  may he caueed by a s a m p t i o n  

of  e q u a l i t y  of  molecular sizeR of oo lu t e  and oo lven t s  (r = l ) ,  

i d e a l i t y  of  the su r face  phase tind neg lec t  o f  molecules of 2-nd 

so lven t  i n  t h e  su r face  phase (y, = 1) .  The cons t an t  

been c a l c u l a t e d  from t he  l i n e a r  dependences shown i n  Figures 

2-4 and i t s  values  are given i n  Tab19 1. 

C hcls 
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0.04 0.08 0.1 2 
X1 

FIGURE 2. Linear plots  Vixl VB. x1 ford-phenethyl alcohol ( x ) ,  
benzyl alcohol ( + 
n-butanol ( A )  chromatogrophed i n  n-heptane/ethyl acatate on 
P a r t i s i l  10 at  298 K. 

n-octanol ( 0  1, n-pentanol (0 1 and 

2.5 - 

0.0 4 0.07 0.1 0 0.1 3 
X1 

FIGURE 3 .  Linear plots  Vix, v8. x, for phenyl methyl carblnol 
chromatographed in binary eluante consist ing of n-heptane with 
tetrahydrofuran ( 0 ) *  methyl acetate ( x ) ,  ethyl acetate ( + ) ,  
propyl acetate ( 0 )  and butyl acetate ( a )  on P a r t i s i l  10 a t  
298 K. 
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SOLUTE-SOLVENT INTERACTIONS 659 
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PICURE 4. Linear  p l o t s  V;xl VS. xT f o r  benzyl a l coho l  ( x ) and 
3-phenyl-T-propanol ( +  ) i n  n-heptane/tetrahydrofuran, Rnd 
desoxycorticosterori  a lcohol  i n  n-heptane/fsopropanol ( 0  1. 

'I'he valueR of  t he  cons t an t s  C1 and C for f l O 1 U t e R  of 

omaller  molecular sizes r e f e r i n g  t o  n-heptane/ethyl a c e t a t e  

a r e  analogous; i t  ~ u g g e s t s  t h a t  t h e  model of  double s o l v a t e s  

i n  t he  mobile phase may be used t o  r ep resen t  t he  chromatographic 

procees. However, i n  t h e  case of  s o l u t e o  o f  g r e a t e r  molecular  

s i z e s ,  e.g., phenyl methyl c a r b i n o l  in n-heptone/alkyl a c e t a t e ,  

t h e  valuea o f  C, a r e  g r e a t e r  than the  analogous values  of C , 

On the o t h e r  hand, the values  of C obtained f o r  phenyl methyl 

ca rb lno l  chromatographed in a l k y l  acetate/n-heptane e l u a n t e  

a r e  s i m i l a r  t o  t he  va lues  of  C evaluated for normal 

a lcohol8 chromatographed i n  e t h y l  a c e t a t e h - h e p t a n e  e luan t .  

I n  the both groups of HPLC systems t h e  chemical na tu re  of t h e  

i n t e r a c t i n g  molecules I s  t h i s  same, 1.e.. the a l coho l  molecules 

i n t e r a c t  with a l k y l  a c e t a t e  molecules;  i t  sugges t s  t h a t  f o r  
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0.55 0.60 0.65 
p s o l  

FIGUW 5 .  Graph of the constant C against  solvent po la r i zab i l i t y  
per un i t  volume peol = ( E - l ) / (  8+2)  for phenyl methyl carbinol  
chromatographed i n  binary e luants  cons is t ing  of  n-heptane with 
tetrahydrofuran (psol = 0.6871, methyl acetmte (peal = 0.6541, 
e thyl  ace t a t e  (psol - 0.6261, propyl ace t a t e  (pB01 = 0.625) and 
butyl ace t a t e  (paol = 0.572) on P a r t i s i l  1.0 a t  298 K. 

phenyl methyl carbinol  chromatographed i n  a lky l  acetate/  

n-heptane eluantn the values of C ore  more r e a l i o t i c  than the 

valuee of C,. Moreover, these  values of C ehon a l j n e a r  

dependence upon the po la r i zab i l i t y  per  un i t  volume of the 

1-Rt solvent defined by ( &  - l ) / (  E +  2 ) ,  where & j~ the 

d i e l e c t r i c  constant of the  1-st solvent (c.f., Figure 5) .  

The values of the solvent po la r l zab i l i t y  were token from the  

reference (7) .  According to Scott  and Kucera (7) the 

contr ibut ion t o  the re ten t ion  volume from the eolute-solvent 

in te rac t ion8  is proportional t o  the exponent of the polar izabi-  

l i t y .  Similar ly ,  the constant C i e  an exponential  function of 

the  eolute-eolvent in te rac t ion  energy. Therefore, the  values of 

C and pmol f u l f i l e  a l i n e a r  dependence preeented i n  Figure 5. 

The above f a c t s  leads t o  the conclusion tha t  i n  the ceme of 

phenyl methyl carbinol  chromatographed i n  a lkyl  ace ta te /  
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SOLUTE-SOLVENT INTERACTIONS 66 1 

n-heptane eluanta the model o? multlmolecular solvates la more 

realistic. Perhapa, the molecules of phenyl methyl carbinol, 

having greater molecular sizes than the molecules of nomnl 

alCOh018 studied, may annex more than one Rolvent molecule. 

It should be pointed out that the values of the conotwte 

C, and C may be used for a qualitative deecription of the 

solute-solvent interactions effects in lTPLC process. The exact 

explenation of r o l e  of the solute-solvent intertictiom in 

RPLC process requires a further experimental an3 theoretical 

8 tudi es. 
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