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DEPlWDENC3 OF THE CAPACITY RATIO 
VPOF TYFZ OF THE EXCESS ATXSORPTION ISOTHERM 

M.Jaroniec, R.O6cik-Mendyk, 
A.Dabrowski and H.Ko2odziejczvk 
Institute of Chemistry, 
Fvlaria Curi e-Sk4odowska University 
20-071 Lublin, Po1 and 

ABSTRACT 
Model calculations of the capacity ratio for 

binary mobile phase "1+2" and the excess adsomtion 
isotherm of I-st solvent have been made by assuming 
nonideality of mobile and surface phases and energe- 
tic heterogeneity of the adsorbent surface. These 
calculations make posible the study of correlation 
between shapes of the folloving functions: 
the caDacity natio and the excess adsorption isotherm 
as functions of the mobile phase comDositi.on. 

INTRODTJCTION ANT) THEORETICAL 

According to the theoretical results of Jaroniec 
and al. (1-2) the caDacity ratio of the r-th substance 
jn binary mobile phase 1'1 +2" can be evaluated as 
follows : 

where k l r  and k2r are the capacity ratios of the 
r-th substance in I-st and 2-nd solvent, respectively; 
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JARONIEC ET AL. 228  

y1 and x1 a r e  the  mole f r a c t i o n s  o f  I - s t  s o l v e n t  
i n  the s u r f a c e  and mobile phases;  m i s  t h e  cons t an t  
c h a r a c t e r i z i n g  e n e r g e t i c  h e t e r o g e n e i t y  of t he  
adsorbent  su r face ;  A I 2  i s  the  parameter d e s c r i b i n g  
t h e  sol-Ute-solvent i n t e r a c t i o n s .  The mole f r a c t i o n  
o f  I-qt s o l v e n t  i n  t h e  s u r f a c e  nhase y, may be 
c a l c u l a t e d  accord ing  t o  t he  fo l lowing  equat ion(?) :  

1 S 
where the  parameters L, M, q and q have t h e i r  
u sua l  meanin?, i . e . , q1 and qs a r e  t h e  parameters  
c h a r a c t p r i z i n g  the  i n t e r a c t i o n s  i n  t h e  bulk and 
s u r f a c e  Fhases, - e s p e c t ~ i v ~ l y ;  L a,?? M a r e  the  para- 
meters describi .Fr t he  l a t t i c e  model of s o l u t i o n ;  

is the  equ i l ib r ium constartt  f o r  exchange 
r e a c t i o n  between molecules of  I - s t  and 2-nd s o l v e n t s  
ir. both phases.  

However, t h e  excess  adso rp t ion  i so therm o f  I - s t  
s o l v e n t  ne i s  equal  t o :  

r l  2 

1 ,t 

where ns i s  t h e  t o t a l  number o f  moles i n  t h e  s u r f a c e  
phase.  

Basing or. equa t ions  1 , 2  and 3, t h e  fol lo?. i inc f a c t o r s  
determining t h e  l i - q u i d  a d s o w t i o n  chromatograFhv, 
can  be s tud ied :  
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CAPACITY RATIO AND EXCESS ADSORPTION ISOTHERM 229 

(a) enprgetic heterogeneity of solid surface of 
random distribution of adsorption sites - the 
Garameter m , 
(b) nonideality of the surface phase - the parameter 
qo 9 

(c) nonideality of the bulk phase - the narameter q 1 

(d )  lattice model of the solution - the parameters 
L and M , 
(e) solute - solvent interactions - the parameter A I 2 .  
Parameters qs and q1 characterize the surface and 
bulk regular solution, respectively. 

the excess adsorption isotherm of 1-st solvent 
equations 3 and 2 and the capacity ratio of the 
r-th solute in the binary mobile phase tr1+2tf 
equations 1 and 2 . This discussion gives answer 
on the following question: in such degree type 
of the excess adsorption isotherm determines shane 
of the curve kr vs.xl . 

Now, we shall discuss the correlatiov between 

RESTJTiTS AND D I S C U S S I O N  

Studies of Eqbrowski and al. ( 7 )  and Roe (4) sho- 
wed that influence of lattice model of solutj.on 
on the shape of the theoretical adsorption isotherms 
is small. Thus, a change of the parameters L and M 
i . e . ,  change of the lattice model of solution, 
changes sl-ightly the values of kr. In Figures 1 - 3 
the comparative model calculations of the excess 
adsorption isotherms nt, (x,) (equations 2 and 7 )  
and capacity ratios kr(x,) 
with A12 = 0 are presented. All model calculations 
have been made for the close-packed hexagonal 

(equations 1 and 2) 
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230 JARONIEC ET AL. 

- --- 1 -- 
9 qS Pi gure Code of the curve m ------- -7. - 

a 0.3 0 0 
I A ,  1B b 0.6 0 0 

C 0.9 0 0 
a 0.9 -1 0 

2 h ,  2B b 0.9 0 0 
C 0.9 I 0 

0 a 0.B -1 
b 0.9 -1 -1 2C, 2D 
a 0.9 1 0 
b 0.9 1 x, 7 D  
a 0.6 

3 A 9  3B b 0.6 0 
C 0.6 1 

- - 

- 
-- -.- -.- 

- - ~ _-_ 

lattice, i.e., 1, = 0.5 and M = 0.25. For klr and 
k2r the values 1.0 and 3.0 were assumed, resDecti- 
vely. The other parameters, characterizing the 
curves kr vs.xl presented in Figures 1-3 have been 
summarized in Table 1. The excess adsorption 
isotherms n, , (XI) have been evaluated according 
to equations 13 and 2, whereas, the canacity ratios 
kr(xl) were calculated according to equations 1 
and 2 . For ns the value 1.0 was assumed. 

e 

Table 1 

PARAPETERS m, q 1  AND qs USED IN CALCULATTONS 
OF THE FUNCTIONS ne ( xl) AND kr (XI) PRESENTRD 

l , t  
IN FIGURES 1-3 

The other parameters are equal to: K,2= 2.718 , 
k l  =1.0 , k2,=13.0 , L= 0.5, M = 0 . 2 5 ,  A I 2 = 0 ,  n S =1.0 

1 I 
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CAPACITY RATIO AND EXCESS ADSORPTION ISOTHERM 231 

Now, w e  w i l l  d e s c r i b e  s i i c c e s i v ~ l g  Fi mires  1-7. 

Tn Figure 1 t h e  denendence o f  kr and ne 
h e t e r o g e n e i t y  narameter  m is showed. I t  f o l l o w s  from 
$ h i s  f i  e y r e  t h a t  f o r  homogeneous s u r f a c e s ,  i .e . ,  
m = 1 ,  t h e  e x c e s s  a d s o r n t i n n  i s o t h e r m  n l . t  (x,) i s  

t h e  U-shape i s o t h e r m  a c c o r d i n g  t o  Schav and Fagv 
c l a s i  f i c a t i o n  (5) .  Yowever, f o r  he te rogeneous  s u r f a c e s ,  
i . e . ,  f o r  m b e l o n g i n g  t o  +.he i n t e r v a l  ( 0 , l  ) , t he  

S-shape e x c e s s  a d s o r p t i m  i s o t h e r m  may be o b t a i n e d .  
The r e l a t i o n s h i n  kr vs.x,, corresoondinfz t o  t h e  

U-shape e x c e s s  a d s o r p t i o n  i s o t h e r m s  a r e  a d e c r e a s i n f f  
f u n c t i o n s .  I n  the  c a s e  o f  t h e  S-shane a d s o r n t i o n  
i s o t h e r m s ,  t h e y  show a minimum (see F i m r e  1 ) .  

unon the  
1 , t  

e 

Figure 1 
The f u n c t i o n s  n,, ,-[xl) (?art -4) and k,jxd (par t  B )  
f o r  d i f f e r e n t  v a l u e s  of m . Parameters used i n  
c a l c u l a t i o n s  a r e  summarized i n  Table 1 .  
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232 JARONIEC ET AL. 

Thus, ene rge t i c  he t e rogene i ty  of t he  adsorbent  sur- 
f a c e  may be one of t he  reasons of minimum on the  
curves  kr vs.x 

Farameter q , c h a r a c t e r i z i n g  t h e  r e g u l a r  mobile 
nhase, on the  excess  adso rp t ion  isotherm and the 

r e l a t i o n s h i ?  kr vs .x l .  T t  fo l lows  f r o m  these  F i m r e s  
that f o r  d i f f e r e n t  va lues  of q1 t h e  curves  n l  e Jxl)  

and k r ( x l )  i n t e r s e c t  a t  t h e  same va lue  o f  x l .  For 
negat ive  va lues  o f  q1 t he  TJ-shape excess  adso rn t i  on 
isotherms a r e  observed, wereas, t he  n o s i t i v e  values 
o f  q1 can g ive  the  S-shape isotherms.  For va lues  of 
q belonging t o  t he  i n t e r v a l  ( - 1 , l )  t he  curves  
kr(xl) a r e  a decreas jne  func t ions .  For low c o n c w t r a -  
t i o n s  o f  x1 kr (~~(0)) kr (, q1 = 0) , whereas, 
a f t e r  t he  i n f l e c t i o n  Foin t  h igh  va lues  of  x1 t h i s  

i n e q u a l i t y  i s  reversed .  I n  the  c a s e  of q'} 0 , 
kr(kr ( 9: = 0) a t  low concen t r a t ions  of x1 and 

k r > k r  ( q  = 0 )  a f t e r  t he  i n f l e c t i o n  poin t .  
Figures  2C, 2D, 3C, 3D show the  in f lnence  of 

t he  parameter qs on t h e  curves  kr(xl). The  cal  cula-  
tions were made f o r  t w o  cases:  ( .a)  the  Darameters 
q l  and oGS a r e  i d e n t i c a l ,  ( b )  t h e  parameter (q' 1 
is  g r a t e r  than  lqs I . Such model i s  i i sua l ly  used i n  
adsorp t ion  f r o m  s o l u t i o n s .  The curves  k r ( x l )  , 
nresented i n  Figures  2C, 2D, 3C, 3D have similar 
shane as those  showed i n  F igures  2 A  and 2B. 

f o r  heterogeneous s o l i d  su r face  m=0.6 and r e g u l a r  
both nhase 
f i g u r e s  t h a t  e f f e c t s  of e n e r g e t i c  he t e rogene i ty  of  
adsorbent  su r face  a r e  more s i f c n i f i c a n t  t h a t  those 
CQnnected w i t h  r e g u l a r i t y  of both nhasw ( 6 , " )  . 

1 '  
Figures  2A and 2 5  shows t h e  in f luence  of the  

1 

1 

Figures 3A a n d  3B show the model c a l c u l a t j o n s  

q1 = as = ( - 1 , O . l ) .  I t  fo l lows  from t h e s e  
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0.: 

n e  
r,t 

0.2 

01 

0 

a2 
e 

n1.t 

03 

0 

I I 1 

1 I 1 

0.9 o.6 x, 
a3 

Figure 2 

B 

0 

0.3 0.6 09 
X I  

The func t ions  ne 
(parts €3, D ) . The parameters are summarized in 
Table 1. 

X I  (parts A, C) and kr(x,)  1,d 1 
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04 

n:+ 
0.3 

0.2 

01 

0 

03 

ne 
If 

02 

01 

C 

A 

a- 
0.9 

XI 
0.3 0.6 

- I 1 I 

D 

0.3 06 0.9 
*I 

Figure 7 

The f u n c t i o n  ne (x ) (par ts  A ,  C )  and kr (x , )  
( p a r t s  B, D). The narameters are summarized 
in Table 1. 

1 , t  1 
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C A P A C I T i  RATIO AND EXCESS ADSORPTION ISOTHERM 235 

The conclus ions  r e s u l t i n g  from ?resented  model 
c a l c u l a t i o n s  a r e  f o l l  owina: 
(a) a c o r r e l a t i o n  e x i s t s  between t h e  excess  a d s o r p  
t i o n  isotherm of I - s t  s o l v e n t  and the  func t ion  
k,(xl) : 11-shape isotherms corres1,ond t o  a decreasinE 
kT - functi-ons wi thout  i n f l e c t i o n  m i n t ,  whereas, 
S-shape isotherms r e l a t e  t o  kT- f u n c t i o n s  wi th  
i n f l e c t i o n n o i n t .  

[b) kr- curves wi th  i n f l e c t i o n  p o i n t  a r e  most 
f r e q u e n t l v  obta ined  for s t r o n g l y  heterogeneous 
su r faces  and r e m l a r  s o l u t i o n s  of  n o s i t i v e  devia- 
t i o n s  f r o m  Saou l t ’ s  l a w .  

(c) kT- curves w i  thoirt j n f l e c t i o n  m i n t ,  are obta ined  
for hnmnrqeneous adsorbent, and r e g u l a r  s o l u t i o n s  of 
n e a a t i v e  dev ia t ions  f r o m  Raoult’s l a w .  

The knowledge o f  excess  adso rp t ion  isotherm,  
c h a r a c t e r i z i n g  the  sgs tern: m n b i l  e phase-adsorbent,  
i s  v e r y  important  i n  l i a u i  d a d s o r n t j  on chromato- 
graphv. The experimental  va lues  o f  ne 
d i r e c t l y  used t o  determine t h e  Farameters m and A 

accord ing  t o  t h e  f o l l o w i n p ;  equa t ion  : 

may be ’,t 
12’ 

kr= klr(n?,,/ns + x , ) l l m  + k2r\ 11 - ne I , t  /nS - x,)l /m+ 

which i s  obta ined  from equat ions  1 and 7, . 
AnDlication of equat ion 4 c r e a t e s  a new p o s s i b i l i -  
t i e s  f o r  c h a r a c t e r i z a t i o n  of chrornatogranhic svstems . 
Such i n v e s t i g a t i o n s  have been 5nt.j ated i n  the  
naper ( 8 )  . 
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