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JOURNAL OF L I Q U I D  CHROMATOGRAPHY, 6(10) ,  1777-1784 (1983) 

ROLE OF INTERFACIAL TENSION I N  REVERSE PHASF LIOl l Ip  CHROMATOGRAPHY 

G.K. Vemu lapa l l i  and T. Gnanasamhandan, Department o f  Chemistry, 
l l n i  v e r s i  t y  o f  A r i  zona Tucson, A r i  zona 85771 

ARSTRACT 

A thermodynamic equa t ion  re1 a t i  ng chromatographic  equi  1 i b r i u m  
cons tan t  t o  t h e  i n t e r f a c i a l  f o r c e s  between t h e  s t a t i o n a r y  phase 
and t h e  m o h i l e  phase i s  d e r i v e d  f rom t h e  f i r s t  p r i n c i p l e s .  
Advantages o f  u s i n g  t h i s  equa t ion  i n  t h e  a n a l y s i s  o f  honded phase 
chromatographic  da ta  a r e  discussed. 

I MTRflnllCTION 

D u r i n g  t h e  l a s t  decade chromatography w i t h  c h e m i c a l l y  honded 

phases has evo lved  i n t o  an i n d i s p e n s a b l e  techn ique  f o r  chemical 

separa t i on .  It has been w i d e l y  recognized t h a t  b o t h  k i n e t i c s  and 

e q u i l  i br ium thermodynamics c o n t r o l  chromatographic  s e p a r a t i o n  p ro -  

cess (1 y2) .  Fnany a t tempts  have been made t o  c o r r e l a t e  e q u i l i b r i u m  

c o n s t a n t s  d e r i v e d  f rom l i q u i d  chromatography w i t h  t h e  known 

s o l v e n t - s o l u t e  i n t e r a c t i o n s  (3,4,5). T h e o r e t i c a l  a t tempts  have 

a l s o  been made t o  f o r m u l a t e  t h e  equi li b r i  urn cons tan t  exp ress ions  

i n  terms o f  s o l v e n t  and s o l u t e  parameters (6,7,8). 

thermodynamic e q u i l i b r i a  i n v o l v e d  i n  chromatographic s e p a r a t i o n  

a r e  t h e  same as those i n v o l v e d  i n  l i q u i d - l i q u i d  p a r t i t i o n .  
However, we should expect i n t e r f a c i a l  f o r c e s  t o  p l a y  a c r u c i a l  

r o l e ;  y e t  t h e r e  have been o n l y  sketchy d i scuss ions  on t h i s  p o i n t  

I n  most o f  these s t u d i e s  i t  has been t a c i t l y  assumed t h a t  t h e  
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1778 VEMULAPALLI AND GNANASAMBANDAN 

i n  l i q u i d  chromatographic  l i t e r a t u r e  and only e m p i r i c a l  c o r r e l a -  

t i o n s  between i n t e r f a c i a l  f o r c e s  and r e t e n t i o n  t i m e s  have been 

made w i t h  ad hoc t h e o r e t i c a l  machinery. The i n t e r f a c i a l  forces 

considered i n  p r e v i o u s  i n v e s t i g a t i o n s  a r e  hetween two s o l v e n t s  (9) 

o r  between s o l u t e  and a s o l v e n t  c a v i t y  (10). These a r e  n o t  as 

d i r e c t l y  r e l a t e d  t o  chromatoqraphic  e q u i l i b r i u m  as t h e  i n t e r f a c i a l  

f o r c e s  between t h e  m o b i l e  and t h e  s t a t i o n a r y  phases considered 

here. 

I n  t h e  f o l l o w i n q  a r t i c l e  we w i l l  show how i n t e r f a c i a l  t e n s i o n  

d i r e c t l y  e n t e r s  i n t o  t h e  l i q u i d  chromatographic  e q u i l i b r i u m .  life 

d e r i v e  a genera l  exp ress ion  f o r  t h e  e q u i l i b r i u m  cons tan t  f o r  t h e  

d i s t r i b u t i o n  o f  s o l u t e  between b u l k  phase, where s u r f a c e  f o r c e s  

may be s a f e l y  ignored,  and an i n t e r f a c i a l  phase, where sur face 

f o r c e s  dominate. 

Even though t h e  d e r i v a t i o n  q i ven  below i s  hased on f a m i l i a r  

t h e o r e t i c a l  procedures, i t  i s  n o t  desc r ibed  i n  t h e  l i t e r a t u r e .  I n  

t r a c i n g  t h e  exp ress ion  f o r  t h e  e q u i l i b r i u m  cons tan t  hack t o  f i r s t  

p r i n c i p l e s ,  we have found t h a t  t h e o r y  g i v e s  v a l u a b l e  i n s i q h t s  i n t o  

( a )  t h e  r o l e  o f  i n t e r f a c i a l  t e n s i o n  i n  t h e  s e p a r a t i o n  process, ( h )  
t h e  compos i t i on  of t h e  s t a t i o n a r y  phase and (c )  t h e  dependence o f  

s e l e c t i v i t y  on l e n q t h  o f  carbon cha ins  i n  the s t a t i o n a r y  phase. 

These a re  d i scussed  i n  t h e  l a s t  s e c t i o n  o f  t h e  a r t i c l e .  

TVFORY 

L e t  t h e  s u h s c r i p t s  - b and 5 rep resen t  h u l k  and s u r f a c e  phases 

r e s p e c t i v e l y .  The chemical p o t e n t i a l  o f  a s o l u t e  a t  cons tan t  tem- 

p e r a t u r e  and p ressu re  i n  t h e  h u l k  phase i s  q i ven  by 

b b d u  = RT d Iln a , 

where 2 rep resen ts  t h e  a c t i v i t y  of t h e  so lu te .  The chemical 

p o t e n t i a l  o f  t h e  s o l u t e  i n  

dpS = 

s i n c e  t h e  i n t e r f a c i a l  t ens  

t h e  s u r f a c e  phase 

RT d I(n as t ydA, 

on, y, i s  g i ven  by 

s g i v e n  by ( 1 1 )  

( 7 )  
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ROLE OF INTERFACIAL TENSION 1779 

Y =&) T,P,a 
where A i s  t h e  area of t h e  i n t e r f a c e .  

exper iments A i s  u s u a l l y  cons tan t  and y v a r i e s  wi th  compos i t i on  o f  
t h e  s o l u t i o n .  Hence we need p as an e x p l i c i t  f u n c t i o n  o f  y. T h i s  

i s  accomplished by t h e  f o l l o w i n g  Legendre t r a n s f o r m a t i o n  ( l ? ) :  

I n  t h e  chromatographic  

From t h e  above exp ress ion  i t  f o l l o w s  t h a t  

dos = RT d Rn as - A dy. ( 5 )  

Since s u r f a c e  f o r c e s  a re  n e g l i g i b l e  i n  t h e  b u l k  phase, 

(6) 
b dQb = d p  . 

The c o n d i t i o n  f o r  d i s t r i b u t i o n  o f  s o l u t e  between t h e  two phases i s  

dQh = dos,  ( 7 )  

f r o m  which we have 

(8) 
b RT d l n  a = RT d m  as - A dy. 

So f a r  no approx ima t ions  have heen made i n  t h e  d e r i v a t i o n .  

Eq. 8 i s  v a l i d  f o r  any s o l u t e  d i s t r i b u t e d  between any p a i r  o f  h u l k  

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

ces i n  these  phases. 

i n t e r f a c i a l  t e n s i o n  v a r i e s  w i t h  composi t ion.  P r i g o g i n e  and nefay 

(13) showed t h a t  sur face t e n s i o n  ( l i q u i d - v a p o r  i n t e r f a c e )  f o r  a 

b i n a r y  s o l u t i o n  i s  a c c u r a t e l y  g i ven  by 

To proceed f u r t h e r ,  we need t o  know how 

a17 = alxl + upX2 - BX1X2 (9) 

where t h e  s u b s c r i p t s  denote t h e  two components, X, t h e  mole f r a c -  

t i o n s  and B y  a smal l  cons tan t .  I n  o rde r  t o  a v o i d  unnecessary con- 

f u s i o n  we s h a l l  denote sur face t e n s i o n  by u and i n t e r f a c i a l  t e n -  

s i o n  hy y. The t h i r d  te rm on t h e  r i g h t  hand s i d e  o f  Fq. 9 i s  

u s u a l l y  smal l  and may be s a f e l y  i g n o r e d  when one o f  t h e  mole f r a c -  
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1780 VEMULAF’ALLI AND G N A N A S A M B A N W  

t i o n s  i s  smal l .  Eq. 9 shou ld  a l s o  app ly  f o r  i n t e r f a c i a l  t e n s i o n s  

o f  b i n a r y  s o l u t i o n s .  

I n  o r d e r  t o  be a b l e  t o  i n t e g r a t e  Fq. 8 we have t o  f o l l o w  a 

conven t ion  r e g a r d i n g  s tandard  s t a t e s .  q tandard s t a t e s  based on 
Henry ‘s  Law a r e  commonly used f o r  s t u d i e s  of s o l u t e  d i s t r i b u t i o n  

between two phases. I n t e g r a t i o n  o f  fq .  8 w i t h  t h i s  conven t ion  

g i v e s  , 

where Fq. q ( w i t h  y i n  p lace  o f  a) i s  used f o r  t h e  e v a l u a t i o n  o f  

t h e  te rm i n v o l v i n q  i n t e r f a c i a l  t ens ion .  5 u h s c r i p t s  1 and 7 denote 

s o l v e n t  and s o l u t e  r e s p e c t i v e l y .  Note t h a t  we have s u h s t i t u t e d  

mole f r a c t i o n s  f o r  a c t i v i t i e s .  S ince 

(11)  (1 / x2 )  S = (I-x~,) = i n  xS  1 
and Xs i s  v e r y  n e a r l y  equal t o  u n i t y  Eq. 10 takes  t h e  form: 

1 

I t  shou ld  he no ted  t h a t  a s imp le  exp ress ion  f o r  e q u i l i b r i u m  

cons tan t ,  such as t h e  one g i v e n  i n  Fq. l ? ,  does n o t  f o l l o w  f rom 

t h e o r y  un less  t h e  s o l u t i o n  i s  d i l u t e .  

n I sciiss I orl 

Eqs. 8 and 12 r e l a t e  e q u i l i b r i u m  cons tan t  t o  o t h e r  measurable 

q u a n t i t i e s ,  A and y. R e l i a h l e  methods have been dev ised f o r  e s t i -  

mat ion of solid-liquid and liquid-liquid i n t e r f a c i a l  t e n s i o n s  

(14,15) s i n c e  these  q u a n t i t i e s  a r e  s i g n i f i c a n t  i n  t h e  s t u d i e s  o f  

w e t t i n g ,  s u r f a c e  energ ies  o f  s o l i d s  and many i n d u s t r i a l  processes. 

Thus Eqs. 8 and 12  p r o v i d e  a h r i d g e  between l i q u i d  chromatography 

and i n t e r f a c i a l  s tud ies .  
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ROLE OF INTERFACIAL TENSION 1781 

We will now show t h a t  Eq. 12 i s  cons is ten t  with experimental 
observations. According t o  t h i s  equation, LnK fo r  a s e r i e s  of 
compounds ( so lu tes  should vary l i n e a r l y  w i t h  their  i n t e r f a c i a l  
t ens ions  (y,) prov ded y, a n d  A remain constant ( i . e . ,  same 

solvent and column . Note t h a t  y r e f e r s  t o  i n t e r f a c i a l  tension 
between the so lu t e  and the s t a t iona ry  phase and hence depends on 
hoth these phases. (S imi la r ly ,  y1 depends on hoth the solvent and 
t h e  s t a t iona ry  phase.) y2 values f o r  systems involving the  sta- 
t i ona ry  phases of chromatography are  not ava i lah le  a t  present. In 
order t o  demonstrate t he  quan t i t a t ive  v a l i d i t y  of Eq. 17, we will  
use reasonable estimates f o r  y2. According t o  Fowkes (15) i n t e r -  
f ac i a l  tension between two phases (say a and b )  may he estimated 
from the surface tension of each phase aqainst  i t s  own vapor. 
Fowkes theory has been remarkably successful in predicting i n t e r -  
f a c i a l  tensions (16). For systems of i n t e r e s t  in t he  present 
study, h i s  equation has the form: 

- 
2 

Y2 = a? + as - 7 Jo2os , (1 3)  

where a2 a n d  us are  the surface tensions of so lu te  and  s t a t iona ry  
phases. Since the  s t a t iona ry  phase i s  the same f o r  a l l  so lu t e s  i n  
an experiment, we should expect i n t e r f a c i a l  t ens ions  of so lu te -  
s t a t iona ry  phase systems t o  he proportional t o  the  surface ten- 
s ions  of t he  so lu tes .  Hence, LnK and  i n k ,  where k i s  the  capacity 
f a c t o r ,  should increase w i t h  sur face  tension. F i g .  1 shows t h a t  
th i s  is indeed the  case. 

Experimental points (17) i n  Fig. 1 follow a s t r a i g h t  l i n e  
graph c lose ly  ind ica t ing  t h a t  as i s  r e l a t ive ly  small. From the  
experimental values of capacity f ac to r s  i n  F i g .  1 ,  we conclude 

t h a t  y2>y1. Even though Fq. 1 2  r e l a t e s  K, and not k ,  t o  i n t e r -  
f a c i a l  t ens ion ,  t h i s  statement i s  s t i l l  cor rec t  since k = KQ where 

t h e  constant Q i s  t he  volume r a t i o  ( s t a t iona ry  phase t o  mohile 
phase) which has been estimated t o  he less than unity (18). Small 

i n t e r f a c i a l  tension between the  solvent and the  s t a t iona ry  phase 
r e s u l t s  i f  the s t a t iona ry  phase has solvent molecules incorporated 
i n t o  i t .  (The more the s t a t iona ry  phase approaches the  solvent 
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1782 VEMULAPALLI AND GNANASAMBANDAN 
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DYNES I CM 

SURFACE TENSION 

Logarithm o f  capac i ty  fac to rs  (k )  as a func t ion  o f  surface 

tens ion  o f  solutes. k values are taken from tl, Col in  and I;. 

Guiochon (Reference 17) so lu tes  1: n-heptane; 7: n-octane; 3: 

n-nonane; 4: n-decane. Surface tensions are obtained from CRC 

Handbook o f  Physics and Chemistry, 1982. 
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ROLE OF INTERFACIAL TENSION 1783 

phase i n  composi t ion t h e  l e s s  would be t h e i r  i n t e r f a c i a l  tens ion. )  

Th i s  conc lus ion  a l s o  agrees w i t h  t h e  r e s u l t s  o f  p rev ious  i n v e s t i -  

g a t i o n s  (19). 

It i s  known e x p e r i m e n t a l l y  t h a t  r e t e n t i o n  and separa t i on  a r e  

i n f l u e n c e d  by cha in  l e n q t h  of t h e  s t a t i o n a r y  phase. P r a c t i c i n g  

chromatoqraphers use t h i s  phenomenon i n  des iqn inq  a p p r o p r i a t e  

columns f o r  a g i ven  system. At tempts have been made t o  e x p l a i n  

t h e  v a r i a t i o n  o f  s e l e c t i v i t y  w i t h  cha in  l e n g t h  by such f a c t o r s  as 

t h e  s u r f a c e  s t r u c t u r e  o f  t h e  s t a t i o n a r y  phase o r  s t e r i c  e f f e c t s .  

It shou ld  be no ted  t h a t  t h e  mechanisms sugqested p r e v i o u s l y  

(3,5,6,7,8,9,10) do n o t  e x p l i c i t l y  cons ide r  t h e  e f f e c t  o f  c h a i n  

l e n g t h  on separa t i on .  The t h e o r y  developed here, however, q i v e s  a 

handle on t h s  problem th rouqh  t h e  q u a n t i t y  A i n  Eq. 12. 

Eq. 8 f o l l o w s  f rom f i r s t  p r i n c i p l e s  o f  e q u i l i b r i u m  t h e r -  

modynamics and Fq. 12 has no s e r i o u s  approx imat ions.  However, 

i n t e r f a c i a l  t e n s i o n s  f o r  m a t e r i a l s  o f  chrmoatographic i n t e r e s t  a r e  

n o t  r e a d i l y  a v a i l a b l e .  Otherwise a p p l i c a t - i o n  o f  Eq. 17 would be 

s imp le  and s t r a i g h t f o r w a r d .  We have demonstrated here, w i t h  t h e  

a i d  o f  t h e  a v a i l a b l e  data,  t h e  v a i l i d i t y  o f  Eq. 12. Work i n  

p rog ress  i s  aimed a t  (i) e v a l u a t i o n  o f  i n t e r f a c i a l  t e n s i o n s  from 

exper iment  and t h e o r y  and (ii) numer ica l  e s t i m a t i o n ,  w i t h  t h e  a i d  

o f  Eq. 12, o f  parameters such as t h e  volume r a t i o  and areas o f  

s t a t i o n a r y  phases. 
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