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A SIMPLE DEPENDENCE OF THE CAPACITY 
RATIO ON THE COMPOSITION OF THE 

MOBILE PHASE IN LIQUIDSOLID 
CHROMATOGRAPHY 

M .  BorBwko 
Department of  Theoretical Chemistry 

M. Curie-Sklodo wska University 
20-031 Lublin, Poland 

ABSTRACT 

The general  dependence of  t h e  capaci ty  r a t i o  on the  composition 
of t h e  multicomponent mobile phase is presented. The e f f e c t s  
connected with d i f fe rence  of molecular s i z e s  o f  s o l u t e s  and 
so lvents  a r e  considered. A simple l i n e a r  dependence for t h e  
binary mobile phase is  proposed and t e s t e d  on experimental  da ta .  

INTRODUCTION 

S i g n i f i c a n t  progress has been made dur ing  t h e  lsst twenty 

years i n  the  theory of l i q u i d  adsorpt ion chromatography. The 

fundamental r e s u l t s  have been summarized in s e v e r a l  reviews (1-4) .  

The most general  formulation has been proposed by J a r o n i e c  and 

his coworkers (5-9). Their approach based on the  theory o f  

adsorp t ion  from multicomponent s o l u t i o n s .  

I n  t h i s  paper the  e f f e c t s  connected with d i f f e r e n c e  of  mole- 

cu lar  s i z e s  o f  s o l u t e s  and s o l v e n t s  axe discussed. The general  

equat ion d e f i n i n g  t h e  capaci ty  r a t i o  of a given s o l u t e  chroma- 
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BOROWKO 1838 

tographed i n  a multicomponent e luant  is presented. The s p e c i a l  

case of t h i s  equat ion for a binary mixed s o l v e n t  is compared 

with the  r e l a t i o n s h i p  of Soczewidski (10). A new l i n e a r  depen- 

dence f o r  a binary mobile phase is  proposed. Based on t h i s  

r e l a t i o n s h i p  a simple numerical procedure is presented f o r  eva- 

l u a t i n g  the  r a t i o  of molecular a reas  of the  s o l u t e  and s o l v e n t s ,  

and the constant  c h a r a c t e r i z i n g  adsorp t ion  equi l ibr ium i n  t h e  

mixed e luant ,  This method is e r m i n e d  by us ing  TLC d a t a  f o r  seve- 

ral organic  compounds clxomatographed i n  benzene-cjclohexane ani 

chloroform-carbon t e t r a c h l o r i d e  eluant8 on alumina. 

THEORETICAL 

Let us consider a chromatographic process f o r  t h e  substance 

rfsft i n  n-component mobile phase a t  t h e  e n e r g e t i c a l l y  honogeneous 

sur face .  Let us assume t h a t  molecular s i z e s  of a l l  s o l v e n t s  a r e  

equal.  This assumption seems t o  be q u i t e  r e a l i s t i c  and it has 

of ten  been used i n  t h e o r e t i c a l  cons idera t ions  (2-4) .  I n  t h i s  

caee the  chromatographic process may be descr ibed by the  fol lowing 

s e r i e s  of exchange reac t ions :  

1 (r 

where symbols ( j )  and ( j )  ( j=l ,2 , . . . ,n ,s)  denote molecules o f  

j t h  component i n  the  9 t h  phase; t h e  s u p e r s c r i p t s  1 and T refer 

t o  the mobile and s t a t i o n a r y  phase, respec t ive ly .  The s t o i c h i o -  

metric c o e f f i c i e n t  r is defined a8 a r a t i o  of  the  p a r t i a l  molar 

areas  o f  t h e  s o l u t e  (w,) and s o l v e n t s  (w,=w2= ...I wn=w) (11):  
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DEPENDENCE OF THE CAPACITY RATIO 1839 

The equi l ibr ium constant  of  t h e  r e a c t i o n  1 is given by (4): 

where t h e  func t ion  FSi i e  equal to :  

knd f '  denotes t h e  a c t i v i t y  c o e f f i c i e n t  of the  jth compomnt 

i n  the  f t h  phase. 

According t o  the suggest ion of Evere t t  ( 1 1 )  the  cons tan t  K s i  

may be expressed as follows: 

j 

where cSi is the  entropy f a c t o r ,  E. denotes the  adsorp t ion  

energy of  the j t h  component and kg is t h e  Boltzman cons tan t ,  

I t  f o l l o w s  f r o m  equat ion 3 tha t :  

J 

L 

where k is the  

def ined by: 

d 1  k 5 x / x s  
S 

d i s t r i b u t i o n  c o e f f i c i e n t  of t h e  s o l u t e  'lstt 

(7) 

The summation of t h e  mole f r a c t i o n s  in t h e  s t a t i o n a r y  phase 

leads to:  

Af te r  a 

k = (  

s imple  t ransformation we o b t a i n  
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1840 BOROWKO 

When FBi- l  (i=1,2,...,n) we have: 

n 

i = 1  
k‘ P ( xi/(k;)l’r )‘r 

where k‘ and k; 

i n  the mixed s o l v e n t  and a pure s o l v e n t  r e s p e c t i v e l y ;  

k’=h k (c  is  t h e  cons t an t  c h a r a c t e r i s t i c  for t h e  chromato- 

graphic  bed) (1). 

I t  is ea8y t o  prove t h a t  f o r  Fei-l and csi=l ( i = l r 2 r . . . r n )  t h e  

fol lowing e q u a l i t i e s  a r e  s a t i s f i e d :  

denote the  capac i ty  r a t i o s  of t he  s o l u t e  nstr 

where K is t h e  constant c h a r a c t e r i z i n g  adsorption from binary 

s o l u t i o n  ( i , j )  (12). 
iJ 

Let us d i scuss  t h e  dependence o f  t h e  c a p a c i t y  r a t i o  upon 

the mobile phase composition for a binary mixed e luan t .  I n  t h i s  

case equat ion 10 becomes a simple l i n e a r  form: 

where 

When molecular areas of t he  s o l u t e  and s o l v e n t  a r e  equal  (r-1) 

equat ion 12 is i d e n t i c a l  with t h a t  proposed by Jandera and 

Churacek (13) ,  and s t r i c t l y  der ived i n  terms o f  ‘Snyder‘s 

approach by Markiewicz e t  el  (14): 

I n  o rde r  t o  compare equat ion 12 with the  well-known 

r e l a t i o n s h i p  of  S o c t e w i i s k i  (10): 
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DEPENDENCE OF THE CAPACITY RATIO 1841 

(1 5) 1 I n  k‘ = I n  k; - r I n  x1 , 

we discuss  the func t ion  I n  k‘ vs.  I n  x, ca lcu la ted  according 

t o  equat ion under considerat ion.  For high values  of  mole 

f r a c t i o n s  x i  t h i s  func t ion  may be approximated by the  

fol lowing l i n e a r  r e l a t i o n s h i p :  

1 

1 In  k’ P In  k; - n I n  x 1  . 
The c o e f f i c i e n t  n may be ca lcu la ted  by using of equat ion 12:  

n E - l i m  ( d I n  k’/ d I n  x i  ) = r ( 1  - 1 / K 1 2 )  (17) 

Let us not ice  t h a t  when t h e  1st  so lvent  is very s t r o n g l y  

adsorbed ( K 1 2 +  d )  t h e  c o e f f i c i e n t  n r r ,  and equat ions 1 2  

and 15 give the  same r e s u l t s  for high values of  mole f r a c t i o n  

1 
x1+1 

1 an comparison o f  the  funct ions I n  k ’ v s .  I n  x1 I n  Figure 1 

ca lcu la ted  from equation 12 with the  l i n e a r  r e l a t i o n s h i p  o f  

Soczewifiski is presented. This f i g u r e  shows these  curves 

p lo t ted  f o r  r - 2  and d i f f e r e n t  values  o f  the  constant  K 1 2  

c h a r a c t e r i z i n g  adnorption i n  the  b inary  s o l u t i o n  (1,2). 

When K 1 2  a r e  s u f f i c i e n t l y  high t h e  funct ions I n  k’vs. In x i  

may be approximated by s t r i g h t  l i n e s  16 even f o r  comparatively 

l o w  concemtrations of  the  1 s t  so lvent .  The a lopes  of these  

l i n e s  vary according t o  equat ion 17,  and they tend t o  r when 

li ,2 increases .  I t  means t h a t  an i n t e r p r e t a t i o n  of t h e  c o e f f i -  

c i e n t  n determined from experimental  l i n e a r  dependence I n  k *  

vs. In  x1 r e q u i r e s  the  knowledge of adsorp t ion  proper t iea  

o f  both so lvents .  Analogow r e s u l t s  have been obtained by Bor6wko 

and Jaroniec (15) which proved t h a t  t h e  c o e f f i c i e n t  n depen- 

ded upon s e v e r a l  d i f f e r e n t  parameters c h a r a c t e r i z i n g  

adsorbent-adsorbate and adsorbate-adsorbate i n t e r a c t i o n s ,  
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1842 BOROWKO 

- 
- 2.0 -1.0 

In k' 

2.0 

I .o 

1 FIGURE 1 .  Theore t ica l  funct ions I n  k-vs .  I n  xi ca lcu la ted  
f r o m  equation 1 2  (-) and l i n e a r  dependences 16 (...) f o r  
6 = 1 ,  r = 2 and d i f f e r e n t  values of t h e  constant  X12. 
The wcakely dashed l i n e  corresponds t o  SnyderSoceewifiski 
re la t ionohip .  

Thus, t h e  FhySiCnl meaning of t h e  experimental  slope n should 

be very c a r e f u l l y  analysed. 

The r e l a t i o n o h i p  of Soceewiriski may be appl ied t o  descr ibe  

of  the  chromatographic ayatem i n  which the  2nd so lvent  is pra- 

c t i c a l l y  absent  in t h e  s t a t i o n a r y  phase. Aowever, t h e  Snyder 

treatment leading t o  equat ion 14 ,  involver t h e  adsorpt ion o f  

the  2nd so lvent  bu t  it neglec tes  the  d i f f e r e n c e  i n  molecular 

sizes o f  t h e  s o l u t e  and so lvents .  

Concluding, it should be pointed out  t h a t  nodel culminating 

i n  equat ion 1 2  involvea both adsorp t ion  of  t h e  2nd so lvent  as 

t he  d i f fe rence  i n  molecular a reas  o f  the  s o l u t e  and so lvents .  
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DEPENDENCE OF THE CAPACITY RATIO 1843 

ANALYSIS OF EXPERIMENTAL DATA 

Equat ion  12 was app l i ed  t o  d e s c r i b e  the expe r imen ta l  d a t a  mea- 

s w e d  by Oscik znd Chojnacka (16). C a l c u l a t i o n s  have been 

performed f o r  two  mobile phases: benzene-cyclohexane and 

chloroform-carbon t e t r a c h l o r i d e ,  F o r  these mixed e l u a n t s  the 

n o l e c u l a r  areas o f  h c t h  s o l v e n t s  a r e  equa l  (1). The f o l l o w i n g  

s o l u t e s  were cons idered:  6-niethylquinoline ( A ) ,  i s o q u i n i l i n e  

( R )  , a c x i d i n e  (C) and 5: ,G , -benxoquinoline (D) . 

TABLE 1 
x 

Parameters r* , K12, K,2, r and n determined a c c o r d i n g  t o  
t h e  procedure d i scussed  i n  t h e  paper. 

S o l u t e  r ”  K1 2 r n 

Mobile phase: benzene (1 ) - cyclohexane ( 2 )  

A 2.38 3.10 8.59 1.25 1.11 

B 0.83 17.3 8.59 1.11 0.98 

C 1.52 8.12 8.59 1.47 1.30 

D 0.99 5.83 F.59 0.81 0.72 

Mobile phose: ch loroform ( 1 )  - carbon t e t r a c h l o r i d e  ( 2 )  

~~ 

A 4.17 1 *56 1.94 2.78 1.35 

B 5 .OO 1.36 1.94 2.33 1.13 

C 1.49 3.03 1.94 2.50 1.21 

D 3.33 1.80 1.94 2.94 1 a43 
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1844 BOROWKO 

When the  r a t i o  r is known from t h e  o the r  measurements 

equatior. 12 may be immediately used t o  descr ibe of experimen- 

t a l  data. The molecular areas o f  mos t  popular chromatographic 

so lven t s  a r e  summarized by Snyder (1).  Unfortunately,  t h e  

area  Occupied by at l u t e  molecules is u s u a l l y  not available i n  

l i t e r a t u r e .  Therefore ,  t h e  parameters r were d-termined from 

chromatotp.a.phic data. 

I n  t h i s  paper t h e  r a t i o s  r have been found numerically.  

The procedure had two s t e p s .  

F i r s t ,  optimal parameters r* have been obtained by minimi- 

z a t i o n  of t he  s tandard dev ia t ion :  

where p denotes t h e  number o f  experimental  po in t s  whereas 

klxp(xl ,q) and k'(xl  ,Q) a r e  experimental  and t h e o r e t i c a l  

values  of  t h e  capac i ty  r a t i o  f o r  a given x: 

parameter r* waa t h a t  f o r  which t h e  dependence S D  vs. r reached 

a minimum. The opt imal  values r* and adso rp t ion  cons t an t s  K12  

ca l cu la t ed  from equat ions 11 a r e  summarized i n  Table 1. As fol lows 

from the  a n a l y s i s  of  t h e  r e s u l t s  cons t an t s  K12  a r e  not characte-  

r i s t i c  f o r  a given mixed s o l v e n t  and they depend8 upon t h e  

s o l u t e s .  I n  t h i s  s i t u a t i o n  the  second s t e p  of an op t imiza t ion  

was applied.  The cons t an t  K12 f o r  a given e l u a n t  has been 

ca l cu la t ed  as t h e  a r i t h m e t i c  mean of s u i t a b l e  values  Next, 

the values  r corresponding t o  t h i s  value of adso rp t ion  cons t an t  

were determined from formula 11 ( r = I n  (k; / k , )  

values  a r e  a l s o  presented in Table 1. The adso rp t ion  cons t an t  

X , 2  for mobile phase benzene-cyclohexane is bigger t han  for 

mixed s o l v e n t  chlorof  orm-carbon t e t r a c h l o r i d e .  However, va lues  

r determined f o r  benzene-cyclohexane a r c  smaller t han  those  

c r l c u l a t e d  f o r  t h e  second so lven t .  

1 1 

The opt imal  
$9. 

* 

U 

In K 1 2 ) .  These 
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FIGURE 2. Compzrison of t h e  experimental  po in ts  ( c i r c l e s )  with 
l i n e a r  dependence 1 2  ( s o l i d  l i n e s )  f o r  6-methylquinoline (A), 
isoquinol ine (B), ocr id ine  (C) and 5,6-benzoquinoline (D)  chro- 
matographed in:  (a) benzene-cyclohexane, (b)  chloroform-carbon 
t e t r a c h l o r i d e  on alumina. 

Table 1 presents  c o e f f i c i e n t s  n ca lcu la ted  by means of equat ion 

17 f o r  the  optimal values r and K , 2 .  These c o e f f i c i e n t s  a r e  

always smaller  than r , 
Figures  2a and 2b show l i n e a r  dependence 1 2  p l o t t e d  for 

parameters r and X,2 summarized i n  Table 1. The agreement of 

experimental  po in ts  with t h e o r e t i c a l  l i n e s  is s a t i s f a c t o r y .  

F o r  one syatem only ( i soquinol ine  i n  C ~ H ~ ’ C ~ H ~ Z )  a cjystematic 

d e v i a t i o n  f r o m  the  linear r e l a t i o n s h i p  12 is observed. I n  t h i s  

caac t h e  parameter r* is considerably more u s e f u l  t o  approximab 

of experimental  data.  
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In k'  

2 .o 

1.0 

I I 

-2.0 - 1.0 
In x{ 

1 FIGURE 3. Theore t ica l  curves I n  k ' v s .  I n  x1 ca lcu la ted  f r o m  
equation 1 2  (-), s t r i g h t  l i n e s  16 (---) and experimental  
points  for the  s o l u t e 8  B and C chromatogaphed i n  benaene- 
cyclohexane on alumina; parameters K12 and r a r e  presented 
i n  Table 1. 

The experimental  d a t a  were also descr ibed by using of t h e  

l i n e a r  dependence 16. Two Bystems only ( isoquinol ine(B) and 

a c r i d i n e  ( C )  i n  C ~ H ~ - C ~ H , ~ )  may be described by means of equat ion 

16 i n  the  wide Concentration reg ion  (Figure 3 ) .  The c o e f f i c i e n t s  

n were determined graphica l ly  from experimental  curves: nB = 0.92 

and % - 1.24. Theee values arc  i n  a good agreement with theo- 

r e t i c a l  s lopes from Table 1. 

The presented a n a l y s i s  of  t h e  experimental  data t e s t i f i e s  t o  

a p r a c t i c a l  usefulnee of  the  proposed equat ion 12. 
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