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THERMODYNAMIC DESCRIPTION OF LIQUID- 
SOLID CHROMATOGRAPHY PROCESS IN THE 
OPTIMIZATION OF SEPARATION CONDITIONS 

OF ORGANIC COMPOUND MIXTURE 

JAN K. R 6 i y u )  AND MAW;ORZATA JANICKA 
Department of Physical Chemise 

Faculty of Chemistry 
Maria curie-swodowska Univm'ty 

20-031 Lublin, Poland 

ABSTRACT 
Continuous interest in chromatographic methods as 

analitical techniques of different compounds separation 
gives rise to studies on theoretical description of 
chromatographic systems and, at the same way, to the 
selection of the best way of the prediction of chromato- 
graphic separation results. 

tion chromatography is to describe precisely correla- 
tions between retention parameters of given solute and 
mobile phase composition. 

In present paper the effort was made to use 
thermodynamic description of adsorbent - binary solvent 
- substance systems for theoretical predictions of 
analytical separation results in high-performance 
liquid column and thin-layer chromatography. The 
attention was paid to the possibility of using thin- 
-layer chtomatography as a method o f  an initial choice 
of chtomatographic process optimization. 

The main problem of theoretical studies in adsorp- 
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3198 ROZYLO AND JANICKA 

I N T R O O U C T I O N  . 
The p r e s e n t  paper  i s  t h e  c o n t i n u a t i o n  o f  t h e  

a r t i c l e  (1) s t u d y i n g  p o s s i b i l i t i e s  o f  u s i n g  d i f f e r e n t  

ch romatog raph ic  t e c h n i q u e s  i n  t h e  d e s c r i p t i o n  o f  adso rp -  

t i o n  i n  s o l i d - b i n a r y  s o l u t i o n  systems. 

B a s i n g  on t h e  p r e v i o u s  papers (1,2) t h e  e f f o r t  was 

made t o  t h e o r e t i c a l  p r e d i c t i o n  o f  c h r o m a t o g r a p h i c  sepa-  

t i o n  r e s u l t s  and, a t  t h e  same way,to t h e  o p t i m i z a t i o n  

o f  l i q u i d  column chromatography p rocess  c o n d i t i o n s  

a c c o r d i n g  t o  e x p e r i m e n t a l  d a t a  o b t a i n e d  b y  t h i n - l a y e r  

chromatography.  

I n  agreement w i t h  thermodynamic d e s c r i p t i o n  o f  

adso rben t  - b i n a r y  s o l u t i o n  - chromatographed s u b s t a n c e  

systems,  t h e r e  i s  t h e  f o l l o w i n g  r e l a t i o n s h i p  between R M  
v a l u e  of  ch romatog raphed  substance and m o b i l e  phase 

compos i t imn  (3,5): 

or t h e  f o l l o w i n g  s t r i g h t - l i n e  r e l a t i o n s h i p  ( 6 ) :  

= ax1 + b x1x2  

RM12 - ' l R M 1  - 'ZRM2 

The d e t a i l  d e r i v a t i o n  o f  t h e  above e q u a t i o n  1 i s  p r e s e n -  

t e d  i n  p r e v i o u s  p a p e r s  ( 2 , 6 ) .  

I n  e q u a t i o n s  1 and 2 RM1, RH2 and RM12 v a l u e s  a r e  

RM p a r a m e t e r s  of g i v e n  s o l u t e  o b t a i n e d  f o r  p u r e  s o l v e n t s  

1 and 2 ,  and f o r  t h e i r  b i n a r y  m i x t u r e  1+2, r e s p e c t i v e l y ;  * RM12 = RH1 - RM2;  X1 and X 2  a r e  m o l a r  f r a c t i o n s  o f  

s o l v e n t  1 and 2 i n  m o b i l e  phase;Xl i s  m o l a r  fraction 
o f  s o l v e n t  1 i n  s u r f a c e  phase; A12 pa ramet r  d e s c r i b e s  

m o l e c u l a r  i n t e r a c t i o n s  p r e s e n t  i n  bulk  phase; a and b 
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v a l u e s  f rom e q u a t i o n  2 a r e  s t r i g h t - l i n e  

vs.  XI pa ramete rs .  x1x2 

RM12 - ' l R M l  - 'ZRM2 

For u s i n g  e q u a t i 3 n s  1 or 2 f o r  t h e o r e t i c a l  p r e d i c -  

t i o n s  o f  c h r o m a t o g r a p h i c  p r o c e s s  c o n d i t i o n s ,  i t  i s  

necessary t o  c a l c u l a t e  X y  and A12 v a l u e s  c h a r a c t e r i z i n g  

g i v e n  system. RM1 and RH2 v a l u e s  f r o m  e q u a t i o n s  1 and 2 

a r e  o b t a i n e d  e x p e r i m e n t a l l y .  

be c a l c u l a t e d  f r o m  t h e  f o l l o w i n g  dependence: 

A c c o r d i n g  t o  E v e r e t t ' s  e q u a t i o n  (71, X s  v a l u e  can  

x; = X1K12 

x 2  + X1K12 

I n  t h i s  e q u a t i o n  t h e  K12 v a l u e  i s  t h e  a d s o r p t i o n  

e q u i l i b r i u m  c o n s t a n t  i n  t h e  g i v e n  system. 

So, a c c o r d i n g  t o  thermodynamic c o n s i d e r a t i o n s ,  a d s o r -  

b e n t  - b i n a r y  s o l u t i o n  - chromatographed subs tance  

system is c h a r a c t e r i z e d  b y  K12 and A12 va lues .  

v a l u e s  can be c a l c u l a t e d  f r o m  t h e  l i n e a r  dependence 

( e q u a t i o n  2) f r o m  t h e  f o l l o w i n g  r e l a t i o n s h i p s :  

As i t  was d e s c r i b e d  p r e v i o u s l y  ( 2 , 6 ) ,  K12 and A12 

a K 1 2  = + 1 

and 

1 A12 = - a -*'M12 

(4) 

( 5 )  

I n  p r e v i o u s  a r t i c l e  (1) t h e  e f f e c t  o f  chromato-  

g r a p h i c  t e c h n i q u e  on K12 and A12 v a l u e s  o b t a i n e d  f r o m  

e q u a t i o n s  4 and 5 ,  r e s p e c t i v e l y ,  was ana lyzed .  From t h e  

r e s u l t s  t h a t  have been o b t a i n e d  seems t h a t  r e t e n t i o n  

pa ramete rs  o b t a i n e d  b y  u s i n g  l i q u i d  column and t h i n -  

- l a y e r  ch romatog raphy  measurements d e s c r i b e  t h e  adso rp -  
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3200 ROZYLO AND JANICKA 

c l a s s i f i c a t i o n  

a c c o r d i n n  t o  (8) . 
N - N  

N - N/B 

N - A  

N - A  

N - 8  

t i o n  (by  K12 v a l u e s )  i n  a d s o r b e n t - b i n a r y  s o l u t i o n  

systems i n  t h e  same way. 

A t  t h e  same way, i t  was s t a t e d  t h a t  t h e r e  i s  a good 

agreement between A12 v a l u e s  o b t a i n e d  f o r  t h e  g i v e n  

s o l u t e  b y  l i q u i d  co lumn and t h i n - l a y e r  chromatography 

measurements. So, i t  i s  p o s s i b l e  t o  use t h i n - l a y e r  

chromatography a 6  a . p i l o t  t e c h n i q u e  f o r  h i g h - p e r f o r -  

mance l i q u i d  co lumn chromatography method and f o r  t h e  

o p t i m i z a t i o n  of c h r o m a t o g r a p h i c  process c o n d i t i o n s .  

EXPERIMENTAL 

I. T h i n - l a y e r  ch romatog raphy  measurements 

E x p e r i m e n t a l  R M  v a l u e s  o f  s t u d i e d  substances were 

o b t a i n e d  by u s i n g  t h i n - l a y e r  chromatography measurements 

r e a l i z e d  i n  sandwich chambers.  

As adso rben t  were used  p r e c o a t e d  p l a t e s  cove red  w i t h  

s i l i c a  g e l  S i -60  w i t h  t h e  p o r e  d iameter  d =5pm (Merck ) .  

The f o l l o w i n g  m o b i l e  phases were used: 
P 

m o b i l e  phase 

hexane - ca rbon  t e t r a c h l o r i d e  

hexane - benzene 

hexane - e t h y l e n e  c h l o r i d e  

heptane-  e t h y l e n e  c h l o r i d e  

..he.xane - e t h y l  a c e t a t e  

As chromatographed s u b s t a n c e s  t 
of o r g a n i c  compounds was used:  I 4 

s o l u t e  

2 , 3 - d i c h l o r o p h e n o l  

2 , 4 - d i c h l o r o p h e n o l  

2 , 5 - d i c h l o r o p h e n o l  

2 ,6 -d i chooropheno l  

c l a s s i t i i c a t i o n  

a c c o r d i n n  t o  ( 8 )  
AB 

AB 

AB 

AB 

Chromatograms were d e v e l o p e d  a t  18+0.5'c t e m p e r a t u r e .  
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I I 1  I11 I V  

a b a b .  a b a b 
1 1.8  1 . 9  5 .2  5.3 8.0 8.0 9 . 0  9.2 
2 1 .8  1.9 5 .4  5.3 8.0 8.0 9 . 0  9.2 
3 1 .9  1 . 9  5 .8  5.8 8.0 8 . 0  8 . 7  9.0 
4 1 . 9  - 1 . 9  5 . 6  5.5 8.0 8 .0  9 .0  9 . 0  

S o l u  t E  

320 1 

c 

I .  I 1  s o l u t e  
a b a b 

1 -0 .13  -0 .29  0 .56  0.69 

2 0 .13  0.00 0.49 0.61 
3 -0.26 -0 .22  0.50 0.53 

, 4  -0.17 -0.30 0 .43  0.39 

T a b l e  I 
K12 v a l u e s  (eq .  4 )  o b t a i n e d  f r o m  ( a )  t h i n - l a y e r  a n d  (b )  

l i q u i d  c o l u m n  measuremen ts  f o r  t h e  f o l l o w i n g  m o b i l e  
phases :  

I - hexane  - t e t r a c h l o r i d e  

I 1  - hexane  - benzene  

I11 - h e x a n e  - e t h y l e n e  c h l o r i d e  

I V  - h e x a n e  - e t h y l  a c e t a t e  

I11 I V  

a b  a b 

0.27 0.23 0 .34  0 . 1 1  

0 .28  0.26 0 .29  0 .28  
0.23 0.17 -0.17 -0 .12  

0.27 0.27 -0 .44  -0.17 

T a b l e  I1 

A12 v a l u e s  (eq .  5 )  o b t a i n e d  f r o m  ( a )  t h i n - l a y e r  and  ( b )  

l i q u i d  c o l u m n  measuremen ts  for t h e  f o l l o w i n g  m o b i l e  
p h a s e s  : 
I - hexane  - t e t r a c h l o r i d e  
11 - hexane-benzene  

111 
IV - hexane  - e t h y l  a c e t a t e  

- hexane  - e t h y l e n e  c h l o r i d e  
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a1 a3 0.5 a7 0.9 a1 a3 05 0.7 09 
X1 X I  

F i g .  1 
R M 1 2  vs XI ( A )  and x 1 x 2  

R M 1 2  - 'lRM1 - X2RM2 
r e l a t i o n s h i p s  o b t a i n e d  f o r  hexane - c a r b o n  t e t r a c h l o r i d e  

as m o b i l e  phase by: 

0 TLC measurements; 

0 LCC measurements. 

11. L i q u i d  column ch romatog raphy  measurements 

L i q u i d  column ch romatog raph  Type 302 (Techma- 

Robot, Warsaw) c m n . e c t e d  w i th  UV d e t e c t o r  (Labmim, 

Budapest)  was used  i n  co lumn measurements. 

As adsorben t  i t  was used  L i c h r o s o r b  S i -60  (Merck) w i t h  

pore d iamete r  d =5pm. 
P 
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THERMODYNAMIC DESCRIPTION OF CHROMATOGRAPHY 3203 

The same solutes and mobile phases as mentioned above 
were used in L C C  measurements. 
Mobile phase flow rate was v=l ml/min. 

Detailed informations about liquid column and thin- 
-layer chromatography measurements were described in 
previous papers (1'9). 

RESULTS 

Tables I and I1 presented in paper summarize K12 
(equation 4) and A12 (equation 5) values calculated 
according to experimental data obtained by thin-layer 
and liquid columnchromatography. These values refer to 
the group of four dichlorophenols and different binary 
mobile phases. These K12 and A12 values were calculated 
from chromatographic parameters presented as RM12 us X1 
relationships (Figs 1-4 A )  o r  

vs x1 x1x2 

RM12 'lRM1 - 'ZRM2 
relationships (Figs 1-4 6). 

According to theoretical dependence between RM 
parameter and k '  (capacity factor) value of given 
solute described by the following relationship: 

RM = log k' ( 6 )  

equation 1 can be written as follows: 

(7) ki 
ki log ki2 = Xllog ki + X210g ki + (log - + A12) 

where 

log ki = RMl; log k; ; RM2 and log ki2 = RM12. 

In tables 111-VI are presented experimental k '  

values obtained f o r  studied substances by using high- 
-performance liquid column measurements and theoretical 
k' values of these substances calculated from 
equation 7. 
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2.3-dithlorophenol 

02 I , , ;T-4.0 
03 p5 0.7 x, 09 0.1 a3 0.5 a7 x, a9 

x 1 x 2  )vs X 1  ( 8 )  

Fig.2 
R M 1 2  v s  X 1  ( A )  and ‘ R M 1 2  - Y I R M 1  - X2RM2 
relationships obtained for  hexane - benzene as mobile 
phase by : 
0 TLC measurements; 

LCC measurements. 

Theoretical k ’  values were calculated using K 1 2  
(Table I 1  and AI2 (Table 11) values obtained from 
equations 4 and 5 according t o  thin-layer and liquid 
column measurements. 

(Tables 111-VI) seems that, in all cases, with no regard 
From the results that have been obtained 
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Fig.3 
RM12 vs X 1  ( A )  and x 1 x 2  ) v s  X 1  ( B )  ( R M 1 2  - ' l R M l  - ' Z R M 2  
relationships obtained f o r  hexane - ethylene chloride 
mobile phase by: 
0 TLC measurements; 
0 L C C  measurements. 
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ID 

2R 

1.0 

2.0 

r e l a t i o n s h i p s  o b t a l n e d  f o r  hexane - e t h y l  a c e t a t e  as 

m o b i l e  phase by: 

0 TLC measurements; 

0 LCC measurements. 
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Table I11 
Experimental (k’exp) and theoretical (k’th) values 
obtained from: 
I Thin-layer measurements, 
I1 Liquid column measurements. 
Mobile phase: hexane - carbon tetrachloride 

solute X ,  k’exp k’th(1) k’th(11) 

0.1 20.0 19’9 20.0 
0.3 12.3 12.6 12.6 

1 0.5 9.3 10.0 9.4 
0.7 7.7 7.9 7.7 
0.9 6.8 6.3 6.8 

0.1 23.4 24.2 23.7 
0.3 16.6 16.6 15.9 

2 0.5 11.7 12.4 11.9 
0.7 9.3 9.5 9.4 
0.9 7.9 7.9 7.9 

0.1 17.8 17.3 
0.3 11.5 11.2 

3 0.5 8.5 8.4 
0.7 6.8 6.7 
0.9 5.9 5.9 

17.4 
11.3 
8.5 
6.8 
6.0 

0.1 15.5 15.6 
0.3 10.0 10.2 

4 0.5 7 . 4  7.7 
0.7 6.2 6.2 
0.9 5.3 5.4 

15.7 
10.3 
7.8 
6.2 
5 . 4  
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T a b l e  I V  

E x p e r i m e n t a l  ( k ’ e x p )  and t h e o r e t i c a l  ( k ’ t h )  v a l u e s  

o b t a i n e d  from: 
I T h i n - l a y e r  measurements ,  
I1  L i q u i d  co lumn measuremen ts .  

M o b i l e  phase: hexane - benzene  

s o l u t e  X1 k ’ e x p  k ’ t h ( 1 )  k ’ t h ( I 1 )  

0.1 11 .0  11.0 12 .0  

0.3 4.8 4.4 4.9 

1 0.5 3.0 2.5 2.8 

0.7 1.8 1.6 1.7 

0.9 1.1 1.1 1.2  

0.1 12 .6  12 .1  12 .9  

0.3 5 . 6  5.0 5.6 
2 0.5 3 . 3  3.0 3 . 3  

0.7 2 . 1  2.0 2.1 

0.9 1 .5  1.4 1 .5  

0 .1  8.7 9.5 9.7 

0.3 4 .2  4.1 4.2 
3 0.5 2.5 2.5 2.5 

0.7 1 . 6  1.6 1.6 
0.9 1 . 2  1.2 1.2 

0 .1  6.9 7.2 7 . 1  
0 .3  3.0 2.7 2.6 

4 0.5 1 . 6  1.6 1 .5  
0.7 1.0 1 .0  1.0 
0.9 0 . 8  0.7 0.7 
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Table V 
Experimental (k’exp) and theoretical (k’th) values 
obtained from: 
I Thin-layer measurements, 
I1 L i q u i d  column measurements. 
Mobile phase: hexane - ethylene chloride. 

solute X ,  k’exp k’th(1) k’th(I1) 

0.1 5.6 5.6 
0.3 2.0 1.9 

1 0.5 1.3 1.1 
0.7 0 - 9  0.8 
0.9 0.7 0.6 

5.5 
1.8 
1.1 
0.8 
0.6 

0.1 6.3 6.2 
0.3 2.3 ‘2.0 

2 0.5 1.3 1.2 
0.7 0.8 0.9 
0.9 0.7 0.7 

6.1 
2.0 
1.2 
0.9 
0.7 

0.1 4.8 4.9 
0.3 1.8 1.7 

3 0.5 1.1 1.1 
0.7 0.8 0.8 
0.9 0.6 0.6 

4.7 
1.6 
1.0 
0.8 
0.6 

0.1 4.2 4.1 
0.3 1.4 1.3 

4 0.5 0.9 0.8 
0.7 0.6 0.6 
0.9 0.5 0.4 

4.1 
1.3 
0.8 
0.6 
0.4 
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Table VI 
Experimental (k’exp) and theoretical (k’th) values 
obtained from: 
I Thin-layer measurements, 
I 1  Liquid column measurements. 
Mobile phase: hexane - ethyl acetate. 

solute X ,  k ’ exp k’th(1) k’th( 11) 

0 . 1  2 .8  3.1 
0.3 0 . 8  0.8 

1 0.5 0 . 4  0 .4  

0 . 1  0.3 0.3 
0 . 9  0 . 2  0.2 

2.5 

0 .6  

0.3 
0 . 3  

0 .2  

0.1 2.8  2 .8  

0 - 3  0.8 0 . 6  
2 0.5 0.3 0.3 

0.7  0 . 2  0.2 

0 . 9  0 . 2  0.2 

2.7 

0 . 6  

0 . 3  

0.2 

0 .2  

0 . 1  1.4 1.3 
0.3 0.4 0.3 

3 0.5 0 .2  0 . 1  

0 . 1  0 . 1  0 . 1  

0 . 9  0.1 0.1 

1.3 
0.3 
0.2 

0 . 1  

0 . 1  

0.1 1.0 0 . 9  

0.3 0.4 0.2 

4 0 . 5  0 . 2  0 . 1  

0 . 1  0 . 1  0.1 

0 . 9  0.1 0 . 1  

1 . 2  

0 .2  

0.1 
0.1 
0.1 
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t o  m o b i l e  p h a s e  k i n d  and c o m p o s i t i o n ,  t h e r e  i s  a g o o d  

ag reemen t  b e t w e e n  t h e o r e t i c a l  and e x p e r i m e n t a l  k '  v a l u e s  

for a l l  s t u d i e d  s u b s t a n c e s .  

The p r e s e n t  p a p e r  shows t h e  new p o s s i b i l i t i e s  for 
t h e  p r e d i c t i o n  o f  c h r o m a t o g r a p h i c  s e p a r a t i o n  r e s u l t s  

o n  t h e  base  of  r e t e n t i o n  p a r a m e t e r s  o b t a i n e d  i n  t h i n -  

l a y e r  measuremen ts .  The a r t i c l e  shows s i m u l t a n o u s l y  

a way f o r  t h e  o p t i m i z a t i o n  of c h r o m a t o g r a p h i c  p r o c e s s  

c o n d i t i o n s .  I t  s h o u l d  be  t a k e n  i n t o  c o n s i d e r a t i o n  t h e  

c o m p a r i s o n  o f  c h r o m a t o g r a p h i c  p r o c e s s  i n  c o l u m n  a n d  

s a n d w i c h  chambers .  

I t  c a n  b e  s t a t e m e n t  for c e r t a i n  t h a t  b o t h  t h e  

t e c h n i q u e s ,  i . e .  l i q u i d  c o l u m n  a n d  t h i n - l a y e r  c h r o m a t o -  

g r a p h y  p e r f o r m e d  i n  s a n d w i c h  chambers  d e s c r i b e  t h e  

a d s o r p t i o n  i n  s t u d i e d  s y s t e m s  i n  t h e  same way. Sandw ich  

chambers  i m i t a t e  c h r o m a t o g r a p h i c  c o n d i t i o n s  p r e s e n t  i n  

t h e  co lumn and i t  i s  t h e  b a s e  for u s i n g  t h i n - l a y e r  

c h r o m a t o g r a p h y  a s  a p i l o t  t e c h n i q u e  for co lumn c h r o m a t o -  

g r a p h y  and for t h e  o p t i m i z a t i o n  o f  c h r o m a t o g r a p h i c  

s e p a r a t i o n  c o n d i t i o n s .  

REFERENCES 

1. Rbzyko, J.K., J a n i c k a ,  M . ,  J . P l a n a r  Chromatog r .  Mod. 

TLC, i n  p r e s s .  

2.  R b i y k o ,  J.K., OSc ik -Mendyk ,  B . , J a n i c k a ,  M.,  J. Chroma- 

t o g r . ,  359 (1987)  463. 

3. OSc ik ,  J . ,  Przem. Chem., 44 ( 1 9 6 5 )  3. 

4 . 0 S c i k , J . ,  Cho jnacka,G. ,  Szczypa ,  B . ,  Przem. Chem., 

- 46 (1967)  10 .  

5 .  OScik, J. ,  Cho jnacka,G. ,  C h r o m a t o g r a p h i a ,  11 ( 1 9 7 8 )  

713. 

6 .  R b t y k o ,  J.K., OSc ik -Mendyk ,  B . ,  C h r o m a t o g r a p h i a ,  

- 1 9  (1984)  371. 

7 .  E v e r e t t ,  O . H . ,  Trans .  F a r a d a y  S O C . ,  60 (1964>  1803 .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
5
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



3212 ROZYLO AND JANICKA 

8 .  P imente l ,  G . C . ,  M c C l e l l a n ,  A . L . ,  "The Hydrogen Bond" 

Freeman, San F r a n c i s c o ,  1 9 6 0 .  

9 .  Rbtyao, J.K., Gross, J., Poniewat ,  M . ,  Lodkowski, R . ,  

Buszewski, B . ,  J. L i q .  Chrornatogr. ,  I (1984)  1301.  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
5
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


