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An equation for the phenomenon of competetive adsorption from binary 
liquid mixtures onto solids has been derived using the kinetic approach. In this 
equation the difference of the molecular sizes, the non-ideatity of both bulk 
surface phases, and the energetic heterogeneity of the solid surface have been 
taken into account. 

( K eywords : Adsorption from non-ideal solutions; Adsorption on heterogeneous 
su~faces) 

Theoretische Untersuchungen zur Adsorption aus nichtideaten bingren LS- 
sungsmittelgemischen an heterogene Oberfliichen fester KSrper unter Beri~cksichti- 

tung der Unterschiede in den molekularen Gr6fien der Komponenten 

Auf Grund kinetischer Erw£gungen wurde eine Gleichung, die die Kon- 
kurrenzadsorption aus bin~.ren L5sungsmittelgemischen an den Oberfl~chen 
fester KSrper beschreibt, aufgestellt. In der Gleichung wurde der GrSl3enunter- 
sehied der Teilchen, die Niehtidealit~it der L5sung in der Volumen- und 
Oberfl~tchenphase, sowie die energetisehe HeterogenitS~t der Oberfl~che des 
testen KSrpers berficksiehtigt. 

Introduction 

Competet ive adsorption from liquid mixtures onto solids is of 
fundamental ly  practical interest. The phenomenon is ul t imate for 
petroleum oil recovery, ett]uent purification and, in general, for the 
theory of colloidal stability. Despite of these t~ets only little theoretical 
progress has been made in this subject in the recent years owing to the 
complexity of the problem. Expeeiatty theoretical studies of liquid 
adsorption onto solids, involving heterogeneity of the adsorbent  surfa- 
ce, non-ideMit, y of the bulk and adsorbed phases, and the difference of 

0026-9247/83/0114/0875/$ 03.20 



876 A. Dgbrowski : 

the  molecu la r  sizes of  a d s o r b a t e  molecules,  r evea l  g r e a t  diff icul t ies  1. 
The  m a j o r i t y  of  pape r s  on a d s o r p t i o n  f rom so lu t ions  of  non-e l ec t ro ly t e s  

onto  solids p r e sume  iden t i ca l  molecu la r  sizes tbr  the  c o m p o n e n t s  2. 
Moreover ,  e i the r  a d s o r p t i o n  f rom non- idea l  so lu t ions  on homogeneous  
surfaces2, a or a d s o r p t i o n  f rom ideal  so lu t ions  on he te rogeneous  surfa-  

ces4,5 is u sua l l y  considered.  

Recently D~brow~tci et al. ~-10 and Rudzi.r~ski et al. n have published a series 
of papers, in which they have given exhaustive theoretical and numerical 
studies of the combined effects of surface heterogeneity, intermolecular inter- 
actions in both surface and bulk phases, and mutual interactions between 
molecules in the adsorbed and bulk phases. 

The simplest equation of the isotherm for monolayer adsorption from liquid 
mixtures containing molecules of different sizes was firstly formulated in terms 
of classical thermodynamics by Schuchowitzky 12 and later this equation was 
used by Everett la. Another equation for monolayer adsorption from mixtures 
consisting of non-equal-size species was derived on the basis of a mass balance 
by Elton 14, Schay and Nagy 1~ and Everett 13. However, the concept of the 
monolayer adsorbed phase is not likely to be valid when the ratio of the areas 
occupied by two molecules is very different from unity. This concept may be 
also used for non-spherical molecules when this ratio becomes large; then an 
additional assumption must be made about the orientation of the molecules 
with respect to the adsorbent surface. To avoid these difficulties Hansen and 
Fackler 16 have developed an equation of the isotherm in terms of potential 
theory of adsorption, which breaks a w a y  completely from the concept of 
monolayer surface phase. Everettla, 17 made the first quanti tat ive a t tempt  to 
describe the adsorption from solutions containing molecules of different 
molecular sizes. He applied the Flory-Huggins statistics for athermal and non- 
athermal mixtures in contact with a plane homogeneous surface. In  these 
theories either the all adsorbed molecules are assumed to lie parallel to the 
surface in the monolayer or all are oriented perpendicular to the surface. 

Quite recently, Chan et al. Is studied numerically a competitive adsorption 
process using the hard sphere model for liquid mixture of molecules of different 
sizes and taking into account the adsorbate--adsorbate  and adsorbate--adsor-  
bent interactions. Their theory is less usefull to characterize real liquid/solid 
adsorption systems and concerns homogeneous adsorbent only. 

I t  seems t h a t  un t i l  now a q u a n t i t a t i v e  t heo re t i ca l  desc r ip t ion  
invo lv ing  the  c o m b i n e d  effects of  surface  he t e rogene i ty ,  i n t e rmo lecu l a r  
i n t e r ac t i ons  in bo th  surface  and  bu lk  phases  and  molecu la r  sizes of  the  
a d s o r b a t e  molecules  in l iquid  a d s o r p t i o n  on solids is st i l l  unknown.  

I n  th is  p a p e r  a genera l  equa t ion  for the  a d s o r p t i o n  i so the rm is 
de r ived  us ing  the  k ine t i c  app roach .  I n  th is  e q u a t i o n  the  difference of  
molecu la r  sizes of  molecules ,  n o n - i d e a l i t y  of  b o t h  bu lk  and  surface 
phases ,  and  energe t ic  he t e rogene i t y  of  real  solid surface are  t a k e n  in to  
account .  On the  basis  of  th is  equa t ion  and  a s suming  the  s imple  
s t a t i s t i c a l  mode l  for n o n - a t h e r m a l  so lu t ions  mode l  s tudies  a re  car r ied  
out.  I n  these  s tudies  the  inf luence of  the  above  fac tors  on the  shape  of  
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excess adsorptions isotherms and deviations of adsorption systems 
from ideal behaviour is discussed. Although our general formulation is 
rested on the controversial assumption of the monol~yer surface phase 
with paralell orientation of all adsorbing species to the solid plane, it 
should provide more reliable informations about the nature of the 
adsorption process at solid/liquid interface. 

Theory 
Let the adsorption system consist of a binary liquid mixture 1 + 2 

(adsorbate) and insoluble solid (adsorbent). We assume for simplicity 
tha t  the solid is unperturbed by the presence of liquid molecules on its 
surface. The following assumptions are made for the derivation of the 
equation for the adsorption isotherm: 

(a) adsorption is supposed to be monolayer one, 
(b) the eross-sectionM areas of the molecules are not equal, 
(c) the both bulk and surface phases are non-ideM and interact with 

each other, 
(d) the adsorbent surface is energetically heterogeneous and consists 

of M adsorptior sites distributed onto N surface patches; moreover, 
N 

M = ~ Mk where Me denotes the number of adsorption sites of the 
/c-1 

k-th type, 
(e) the square-well potential for adsorbate-adsorbent interactions is 

applied. 

The above assumptions (a) and (b) should be discussed in some 
detail. I t  is known that  for mixtures of molecules of strongly different 
sizes the definition of thickness of the adsorbed phase is difficult 2. In 
view of this fact, the so-called parallel-layer model, in which all 
adsorbed molecules lie in the layer adjacent to the surface, is usually 
assumedl~,17. According to the assumption (b) the volume tYaetions of 
components in both phases will be handled by us instead of the mole 
tYaetions frequently used in the theory of adsorption from solutions. 

In the case of liquid adsorption the monolayer is always complete. 
For each surface patch the process of competitive adsorption may be 
represented by the following exchange reaction2 : 

W 0 W 0 W 0 W 0 

(1)l + ~ (2)3 --~w~ i (1)s + ~ (2)l (1) 
W 1 

where (1) and (2) denote molecules of the 1st and 2nd component in the 
bulk (l) and surface (s) phases, respectively; w~(i = 1,2) is the cross- 
sectional area of a molecule of the i-th component, w ° is the standard 
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area  per  molecule (w ° m a y  be chosen as the  uni t  of a rea  per  molecule).  
E q u a t i o n  (1) m a y  be expressed  in the  a l t e rna t ive  fo rm:  

r (1) t + (2) s ~ r  (1) s + (2) t (2) 

where  r = w~wSa. 
Le t  the  symbols  x],~ and  ?],k denote  the  mole and  vo lume  f rac t ions  

of c o m p o n e n t  1, respect ively ,  on to  t he / c - th  surface pa t ch ;  then :  
8 

xl 'k (3) 8 

• Xl,]c ) x l ,  k ~ r 

and 

and  

8 8 %,~--  1 - - + l , k  (4) 

Analogously ,  for the  bulk  phase  we h a v e  

xi 
(1 - - x ~ )  (5) 

(6)  

where x~ and  q~ denote  the  mole and  vo lume  fract ions  of the  c o m p o n e n t  
1 in this phase.  

The  vo lume  f rac t ion  of the  c o m p o n e n t  1 in the  whole monolayer ,  (b~, 
is def ined by :  

N 

= (7)  

k = l  

wheref~  = Mk/M denotes  the  re la t ive  n u m b e r  of adsorp t ion  sites of the  
k-th type.  

The  ra te  of phase -exchange  react ion  (2) onto  the  k- th  surface p a t c h  
m a y  be expressed as follows5 : 

d~],~ T2-a+,~l lxr+ s s ~ d l l s s r 
d t  - a ' ~ ( q ~ l T 1 )  ( c ? 2 , k Y 2 , k ) - - K k ( ( P 2 Y 2 )  (q~ l ,kTl ,k )  ( 8 )  

In  the  above  K~ and K d denote  the  ra te  cons tan t s  tbr  the  adsorp t ion  
and  desorp t ion  on t h e / c - t h  surface pa tch ,  respect ive ly ;  cI)ti(i = 1, 2) is 
the  equi l ibr ium vo lume  f rac t ion  of the  i - th  c o m p o n e n t ;  ~ ( i  = 1, 2) is 
the  ac t iv i ty  coefficient cor responding  to the  vo lume  tYaction (I)I, and  
T~,k(i = 1, 2) is the  sui table  defined surface ac t iv i ty  coefficient. 

Fo r  the  ra te  cons tan t s  K~ and  K d we can writes,  16 

K/c /c a a a T = a a a =  e x p [ - - ( r E 1 ,  k E2,k)/R ] /c e x p [ - - ~ E 1 2 y R T  j (9) 

and  
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K~ = ]c4 exp[ (rEd, k - -E~ ,k ) /RT]  = ]cCZexlo [ - - rEd2,k /RT]  (10) 

where E~,k(i = 1,2) is the act ivat ion energy of adsorption for compo- 
nent i on the k-th surfgce patch;  Edk(i  = 1,2) is the act ivat ion energy 
of desorption. 

Thus, the equilibrium state is governed by  the equlibrium constant,  
which m~y be expressed as follows: 

(;) ] 1 l k s s r 

k = l  

(*lYe) F , A  = -  (~2k~2k) 
k=l Ka ' " 

where 

/ ~  = k~ exp ( - - ,  E~ jRT)  (13) 

/~g _--/cd exp ( - - rEd2/RT)  (14) 

- a  and rEd2 are some complex type  of average values of In  the above rE12 
E a and E d 

r 12  r 12" 

In  the case of a continuous distribution of the different kinds of 
adsorption sites Eq. (12) becomes: 

l . ~ l  ~ KS ~ S r d 1 (, 12) (•e e) J ~ (~1Y1)Z d~Ed2j 

g = (15) 

(~2Y2) (r 12) drEl~  
L A a \  / 

a E d where Z a (rE12) and Z ~ (r 12) are the differential distribution functions 
of adsorption sites with regard to the values rE~2 and and E d r 12 '  

respectively; A a and A~t denote the intervals of possible changes in rE~2 
and E d 

r ' 12 '  

I t  is known tha t  the act ivi ty coefficients y~,k(i = 1,2) are some 
thnctions of the surface phase composition 2. For heterogeneous adsor- 
bents with a patchwise distribution of adsorbtion sites those coeffi- 
cients depend on the volume fraction ~,k(i = 1,2) which refers to the k- 
th patch. When we handle heterogeneous surfaces with a random 
distribution of adsorbtion sites the act ivi ty coefficients Y~,k appear  as a 
thnction of the composition of the solution contained in the whole 
monolayer.  When this phase is an ideal one the topography of 
adsorption sites onto the surface is not important .  

Let  us suppose now an adsoH)ellt surt~ce with a random distribu- 
tion of adsorption sites. Applying to Eq. (12) an approximat ion 

5 9 *  
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deve loped  first  by  K e m p  and Wojciechowski  5,19 we can get  the following 
expression : 

l l (%'~2) (:])r (O])r/c 
K = K a / K ~  = ,,~l l\ r s (16) 

t "  V~ O V2(@~) ~/c 

where c is the he te rogene i ty  p a r a m e t e r  charac ter iz ing  the  shape  of the  
quas i -Gauss ian  dis t r ibu t ion  and  c~ (0,  1) 6. E q u a t i o n  (16) m a y  be 
considered as a general  equa t ion  for liquid adsorp t ion  on real solid 
surfaces. 

Let us consider the three special cases of Eq. (16). 
i. The parameter c is equal to unity, i.e., the solid surface is 

homogeneous, so that Eq. (16) leads to: 
s s r 1 1 

K =  ~ ~ \* , -~l)  t *.~-~J 
According to Eqs.  (12 14), the equi l ibr ium cons tan t  K is now given 

by:  

K = 1c12 exp [ - - ( r E  1 - - E 2 ) / R T ]  (18) 

where  ]c1.~ = ka/]c(~ and E i = E ~ - - E d ( i  = 1,2) is an adsorp t ion  energy  of 
the c o m p o n e n t  i. 

Eq.  (17) has been first  in t roduced  by  Schuchowitzicy12 and la ter  by  
Everettl~, 17, who examined  the  expe r imen ta l  adsorp t ion  d a t a  for non- 
a t h e r m a l  and  a t h e r m a l  solutions.  An analogous  express ion to Eq.  (17) 
was der ived in t e rms  of a po ten t i a l  t heo ry  of adsorp t ion  by  H a n s e n  and 
Fac]cler 16. 

On the condi t ion t h a t  ?,~ = 1 (i = 1, 2), i.e. the  surface phase  is an 
ideal one, Eq.  (17) assumes  the  following l inear t b rm:  

1 l l 1 
O2y 2 ( I ) ly  1 

In - I n K  + r l n - -  (19 )  

I t  should be r e m e m b e r e d  t h a t  the  bulk ac t iv i ty  coefficients 1 • Yi (~ = 1,2) 
m a y  be eva lua t ed  by  a sepa ra t e  me thod  because t hey  charac ter ize  the 
bulk solut ion only. 

2. Assuming  in Eq.  (16) the  iden t i ty  of  the molecular  sizes of  two 
I 0 " 3  s componen t s  we have  [r  = 1, (I) I -= xi, ~ - X i ,  for (i = 1,2)J : 

t 

kXW x~ ~ (20) 
a n d  

s s l l 
= ffl/f2)/(fl/f2) (21) 

where  the  symbols  f~, f~ (i = 1,2) denote  the  bulk and  surface ac t iv i ty  
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coefficients, which are corresponding to the equlibrium mole fractions 
x~i and X~i(i = 1,2), respectively. 

According to Eqs. (12 14) the equlibrium constant  K is here defined 
as follows (r = 1): 

K = ~12exp[ - - (E1- -E2) /RT]  = ~12exp[--E12/RT] (22) 

Eqs. (20) and (22) have been obtained by D@rowski etal.~, 7 for the 
liquid adsorption on heterogeneous surfaces with random topography 
of adsorption sites using the method of Stieltjes t ransformation.  

Assuming the model of regular solution for the surface phase and 
non-ideality of the bulk phase, Eq. (20) may  be rearranged to give : 

l 1 
• x~f  1 1 X 1 
m ~ = In K* + ~. X~ + - In - -  (23) 

x2j 2 c 1 - - X ~  

where 

K* = (K) -1 exp (qS/RT) and ~ = - - 2 q / R T  

Paramete r  qS denotes the interaction energy between adsorbed mo- 
lecules. This parameter  is assumed to be constant  for the whole 
heterogeneous surface with random distribution of adsorbtion sites. Eq. 
(23) has been used by  D@rowski and Jaroniec s tbr studying the 
adsorption from non-ideal liquid mixtures. When the surface phase is 
an ideal one, i.e., qs = 0, then Eq. (23) reduces to: 

l I s • x i f l =  1 1 X1 
m ~  + c ln  (24) 

This expression has been extensively examined in several papers 
dealing with the liquid adsorption on heterogeneous surfaces 7,2°,21. 

3. Let  us assume tha t  r # 1, c # 1 and the surface phase is an ideal 
one: then Eq. (16) may  be rearranged to give: 

¢p~ 1 z 
q)2Y2 

In (O~) r = e in K + c in (OlY1)l l~  (25) 

I t  seems tha t  this equation should be usefhl for studying the liquid 
adsorption expecially f rom dilute solutions. 

Numerical Studies of Adsorption from Non-Athermal Solutions 

Let us consider the monolayer adsorption model from non-athermal  
liquid mixtures onto heterogeneous surfaces with random distribution 
of adsorption sites. In  the above model all adsorbed molecules are 
assumed to lie parallel to the solid surt5ce. According to Everett's 
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considerations 13 the activity coefficients for non-athermal bulk and 
adsorbed phases may be determined as follows: 

l exp [~z (1--q)~)2] for i = 1.2 (26) T i  = 

and 

where 

y~= exp [/~s (1--¢p$') 2 + m~t(1--q)l)~ ] tbr i = 1,2 (27) 

~ = qZ/RT and ~s = qs/RT.  

In the Eqs. (26 and 27) the parameters 1, m, qZ and qS have their well- 
known meaning is. Equat ion (27) is valid for the assumption that  
interactions between molecules from adsorbed and bulk phases are 
equal to those in the bulk phase. 

Combining Eqs. (17), (26) and (27) one gets for non-athermal 
solutions the following relation: 

1 n (ql)l)----Tc (q)--- ~ + c r ~ ( 1 - - m ) ( 2 ( I ) ~ - - l ) + c r l ~ s ( 1 - - 2 q ) ] ) = l n K  c (28) 

where Kc = (K) c. 
Putt ing m = 0 into the above Eq. (28) we neglect the interactions 

between molecules in the adsorbed and bulk phases 6. 
Equat ion (28) allows us to carry out the model investigations, the 

purpose of which is to show how the differences in the molecular sizes of 
the adsorbed species, surface heterogeneity and non-ideality of both 
bulk and adsorbed solutions controls the type and range of the excess 
adsorption isotherms. An alternative method, which is likely to be 
useful in the investigation of deviations of any adsorption system from 
ideal behaviour is comparison of the thnetion : 

1 1 

x lx2  - f(x~) (29) 

with the linear dependence : 
! l 

(30) 
n*~ 

In the above N] is the excess adsorption isotherm which describes the 
adsorption process from non-athermal solutions onto heterogeneous 
surfaces and n*] is the excess adsorption isotherm calculated for so- 
called IAS model (ideal adsorption system) for which r = 1, c = 1, 
4 l = O a n d ~ s = O .  

In our investigations, to calculated the function .¥~, we shall take 
advantage of the knwon Everett's formulam: 
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r xi+rx  ] 
Xi- -x~  = N~,/  - -  - (31) 

~L(n~,~m) + (-~--- 1) N I J  

where, as previously, X~ denotes the total  mole fl'action of component  1 
in the whole surface phase which can accomodate (n~,dm) = ajw~ 
moles of this component  per grain of solid. Here a~ is the specific surface 
area of the adsorbent.  To s tudy the influence of differences in molecular 
sizes of components on the adsorption process we assume tha t  the 
surface phase capaci ty with respect to the 1st component  is equal to 
unity,  i e .  (ni,(~m) = 1. Thus, put t ing (n],o/m) = 1 into Eq. (31) we 
obtain the following expression for N~: 

X ~ - x l  
;v~ - (32) 

r + X~(1--r) 

Equat ion (32) for r = 1, i.e., when (n~,o/m) = (n~,o/m) = (ns/m)= 1, 
becomes : 

N~ = X~- -  x ~, (33) 

or assuming the homogeneity of the adsorbent  surface: 

e 8 z (34) 
n I ~- X l - - X  1 

where x] is the mole fraction of the component  1 onto the homogeneous 
solid surface. 

Our model calculations have been performed using the ibllowing 
numerical calculations : 

(1) the calculation of the volume fractions (I)~ and d)~ by means of 
Eq. (5) for given values r and x~, 

(2) the calculation of the volume fractions (I)] and ¢p~ = 1 - - (P]  by 
means of Eq. (28) for a given but  varying sets of parameters  Kc, c, ~, ~s 
and r, 

(3) the calculation of the mole fraction X]  and X~ = l - - X ]  using 
the expression : 

x ~  = (35) 
r ~ ]  + ( 1 - - ~ )  

(4) the calculation of the excess isotherm N]  according to Eq. (32) 
and finally, the calculation of the function (29). 

The parameters  l ' am[  m were taken t . ,  the close-packed cubic 
lattice, 1 = 0.5 and m = 0.25. Moreover, the quantities ~ and ~s as a 
measure of deviations from Raoult's law may  vary,  in the case of 
completely miscible components from ~l ~s < 0 (negative deviations 
from ideality) to ~ = 2, ~s _-2 (strong, positive deviations i¥om 
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ideality). Particular values of ~l and ~s will be given in the discussion of 
illustrative numerical studies. 

The model calculations are carried out tbr the tbllowing models of 
adsorption systems: 

(1) the NBP model (non-ideal behaviour in both adsorbed and bulk 
phases), 

(2) the IAP model (ideal behaviour in both adsorbed and bulk 
phases), 

(3) the IBP  model (ideal behaviour in both adsorbed and bulk 
phases). 

The last two models for r = 1 and c = 1 are most often used in the 
theory of adsorption from solutions on solids2, 3. 

With the aim of a better explanation of the influence of various 
parameters on the adsorption process in Figs. 1 3 the excess isotherms 
and the corresponding linear functions (30), refering to the IAS model, 
are presented. 

Fig. 1 shows the excess adsorption isotherms (A) and corresponding 
to them tunctions (29) (B). All calculations presented in this figure have 
been carried out for the most, popular IBP  adsorption model, assuming 
various sets of paramters r and c. The value of equilibrium constant K c 

is equal to 2. I t  appears from Fig. 1 that  the I B P  model is very sensitive 
one on a change of values of these parameters r and c. For example, 
when c = 1 and r varies ti'om r = 1 [curve (e)] to r = 1.4 [curve (e)] a 
decrease of the adsorption of component 1 is observed ; it is clear tha t  
bigger species are less strongly adsorbed on the solid surface. On the 
other hand, a change in the heterogeneity parameter c from c = 1 to 
c = 0.8 [see curves (c) and (b) as well as curves (e) and (d)] causes an 
alternation in the range and magnitude of the adsorption. Additionally, 
for r = 0.5 and c = 0.8 [curve (a)] the effect of change in the surface 
heterogeneity is strong and the excess isotherms go from type I [curves 
(c) and (e)] through nearly type I I  [curves (b) and (d)] to type I I I  
[curve (a)] in Schay-Nagy classification 15. The very same influence of 
the surface heterogeneity on the adsorption excess was observed and 
explained in details in t~ef. 10. 

Let us pass to Fig. 1 B showing the influence of parameters r and c 
on the deviations of the IBP  adsorption model t¥om ideal behaviour. 
This last one is at tr ibuted to the IAS model and is denoted by the solid 
line (c). The diagrams presented in Fig. 1 B prove that  even a small 
variations in the parameters r and c cause a drastic deviation of a given 
system from the IAS model. For example, the comparison of the curves 
(e) and (b) points distinctly to a great and characteristic influence of the 
heterogeneity on the course of the functions (29), especially tbr high 
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B / // 

l A .  j,ll 
N~ 

//,/ 
o,2[/ r" "(\ 

(dt'''~ 
," / / / /~oI  

o / / /"  

i , L i , i 

q3 o,6 ×~ 09 o~ o,6 ×~ o~ 

Fig. 1. Excess adsorption isotherms (A) and corresponding functions (29) (B), 
evaluated for the IBP model (~l = ~s = 0) and Kc = 2; other adsorption 
parameters are equal to: r = 0.5, c = 0.8 (a); r = 1.0, c = 0.8 (b); r = 1.0, c = 1.0 

(c); r = 1.4, c = 0.8 (d); r = 1.4, c = 1.0 (e) 

va lues  of x t Such effects are  ot~en obse rved  in e x p e r i m e n t s  23. More- 
over,  the  courses of curves  (a), (b) and  (d) seem to be espec ia l ly  
in te res t ing  because  a compar i son  of t h e m  leads  to  the  conclus ion t h a t  
the  r a t io  of  the  areas  occupied  b y  two molecules  m a y  increase  for r < 1 
[see curves  (a) and  (b)] or decrease  when  r > 1 [see curves  (b) and  (d)] 
the  effects of surface he te rogene i ty .  This  conclusion is s t rong ly  con- 
f i rmed  b y  the  shape  and  course of the  cor respond ing  excess i so the rms  in 
Fig .  1 A. A v e r y  i m p o r t a n t  resul t  m a y  be d r a w n  f rom Fig .  1 B, which  is 
connec ted  wi th  the  mos t  p o p u l a r  me thods  of the  d e t e r m i n a t i o n  of the  
surface phase  capac i ty ,  the  so-cal led Everett  m e t h o d  22 (r = 1) or the  
genera l ized  Everett m e t h o d  24 (r ¢ 1). This  p a r a m e t e r  is d e t e r m i n e d  
f r equen t ly  f rom the  first ,  u sua l ly  l inear  p a r t  of func t ion  (29). However ,  
careful  a t t e n t i o n  m u s t  be app l i ed  for such a procedure .  F o r  example ,  
when r = 1, we can find on the  basis of curves (c) and  (b) in Fig.  1 B, t h a t  
the  p a r a m e t e r  (ns/m) = 1 [curve  (c)] and  (nS/m) = 0.26 [curve  (b)]. The  
las t  va lue  b reakes  a w a y  comple t e ly  f rom un i ty ,  which  was supposed  b y  
us in the  model  ca lcula t ions .  
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F ig .  2 shows  t he  f u n c t i o n s  (29) c a l c u l a t e d  for t he  t h r e e  d i f f e r en t  

a d s o r p t i o n  mode l s :  I B P  m o d e l  (A);  I A P  mode l ,  ~z = 1, ~s = 0 (B);  N B P  
model ,  ~l = ~s = 1 (C). T h e  p u r p o s e  of these  c a l c u l a t i o n s  was  to s t u d y  

the  i n f l u e n c e  of  t he  v a r i o u s  sets  of  r a n d  c on  t h e  d e v i a t i o n s  of  t he  a b o v e  
a d s o r p t i o n  m o d e l s  f rom ideal  b e h a v i o u r  ( IAS m o d e l  d e n o t e d  b y  sol id 

x~ xt 2 A 
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,!i'/ IBP mode[ lAP modet 

/ ,!/ 
..... ,o.__ II / 

/ / ~ b . /  . .Y 

. . . z  

o2 o,6 0,9 o2 o,6 o,£ 

NBP modeI // 

J 

xl 

Fig. 2. Func t ions  (29) corresponding to different adsorption models assuming 
K c = 2. (A) IBP  model: r = 1.4, c = 1.0 (a); r = 1.4, c = 0.9 (b); r = 1.0, c = 0.9 
(c). (B) l A P  model with ~l = 1, ~s = 0: r = 1.0, c = 1.0 (a); r = 1.4, c = 0.9 (b); 
r = 1.0, c = 1.0 (c); r = 1.0, c = 0.9 (d). (C) NBP model with ~ = ~s = 1: 
r = 1.4, c = 1.0 (a); r = 1.4, c = 0.9 (b); r = 1.0, c = 1.0 (c); r = 1.0, c = 0.9 (d). 

The IAS model bch~viour is denoted by solid lines 

l ines).  T h e  d i a g r a m s  p r e s e n t e d  in  Fig .  2 A p r o v e  c o m p l e t e l y  t he  r e su l t s  
o b t a i n e d  f r o m  Fig .  1 B. Moreover ,  f rom Figs .  2 B a n d  2 C a n  i m p o r t a n t  
c o n c l u s i o n  c a n  be d r a w n  t h a t  I A P  m o d e l  d e v i a t e s  m u c h  s t r o n g e r  f r o m  

[AS b e h a v i o u r  t h a n  t h e  N B P  model .  P r e v o u s l y  th i s  r e s u l t  was  f o u n d  
e x p e r i m e n t a l l y  b y  Coltharp 25. F i n a l l y ,  c o m p a r i n g  t he  cu rves  (c) a n d  (d) 
i n  Figs .  2 B a n d  2 C we c a n  f i n d  t h a t  a pos i t i ve  d e v i a t i o n  of t i le  l i qu id  
m i x t u r e  f r o m  i d e a l i t y  inc reases  t he  i n f l u e n c e  of  su r face  h e t e r o g e n e i t y  
on  t he  d e v i a t i o n s  of  a n y  a d s o r p t i o n  s y s t e m  f r o m  ideal  b e h a v i o u r .  A 
n e g a t i v e  d e v i a t i o n  t¥om Raou l t ' s  l aw b r i n g s  a n  oppos i t e  i n f l u e n c e  10. 
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Next ,  Fig. 3 A shows the  dependence of N ]  upon  the value of r and 
Fig. 3 B shows the corresponding funct ion (29). The model  calculations 
have been made  for the adsorpt ion  paramete rs :  ~ = ~s = 0 ( IBP  
model), c = 0.9, K c = 2. The pa ramete r  r runs th rough  the values 0.8, l, 
1.4, 1.8. An ideal behaviour  is represented by  the solid line (c). I t  can be 

q2 
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Fig. 3. Excess adsorption isotherms (A) and corresponding to them functions 
(29) (B) evaluated for the IBP model (~z = ~s = 0) and Kc = 2, c = 0.9. Curves 

(a)-(e) are for r = 0.8, 1.0, 1.0 (antic = 1.0), 1.4, 1.8 

tbund  t h a t  at  a cons tan t  he terogenei ty  pa ramete r  a var ia t ion  in r does 
no t  change the sign of the excess adsorpt ion  isotherm, a l though the 
magni tude  of adsorpt ion of  componen t  1 is changed ve ry  distinctly.  I n  
addit ion,  earlier conclusions concerning Evere t t ' s  method  for the esti- 
mat ion  of the surface phase capac i ty  are confirmed. 

Fig. 4 shows the  excess adsorpt ion isotherms evalua ted  for different 
sets of adsorpt ion  parameters  which are summar ized  in Table  1. Fig. 4 C 
displays the dependence of N~ upon  the value of e in terms of the  N B P  
model (~z = ~s = 1). The calculations have been made  for K c = 2 and 
r = 1.4, when c assumes the  values 0.1 (a) and (a'), 0.5 (b) and (b'), 1.0 
(c) and (e'). The in teract ion between molecules in the  adsorbed and bulk 
phases is either t aken  into account  [m = 0.25, curves (a)i (b) and (e)] or 
neglected [m = 0, curves (a'), (b') and (e')]. I t  appears  f rom Fig. 1 C t h a t  
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Fig. 4. Excess adsorption isotherms evaluated for various sets of adsorption 
parameters;  the parameters are summarized in Table 1 

the  excess a d s o r p t i o n  i so the rms  on a s t r o n g l y  he te rogeneous  sur ihce  
have  S-shape  [c = 0.1, curves  (a) and  (a')] and  the  inf luence of m is v e r y  
small .  However ,  on a homogeneous  surface  [c = 1.0, curves  (c) and  (c')] 
the  excess i so the rms  are  U - s h a p e  and  a b igger  inf luence of i n t e r ac t i on  
be tween  bo th  phases  is observed .  

Fig .  4 D shows the  dependence  of  N~ u p o n  the  va lues  of~  t and  ~s (see 
Tab le  1) when m = 0 [ d o t t e d  curves  (a') and  (b')] as well as m = 0.25 
[sol id curves  (a) and  (b)]. I n  th is  case c = 0.8 and  ibr  th is  reason  the  
inf luence of  the  p a r a m e t e r  m is r e l a t i v e l y  grea t .  Moreover ,  Figs .  4 C and  
4 D conf i rm the  ear l ie r  conclus ion t h a t  the  pos i t ive  dev i a t i ons  of  l iquid  
m i x t u r e  f rom R a o u l f s  law increase  the  inf luence of  the  surface he te ro-  
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Table 1. The values of adsorption parameters used in the calculation of the excess 
adsorption isotherms shown in Fig. 4 

Figure Curve K c ~z ~s r c m 

a) 5 2 2 
(b) 5 0 0 

A (c) 5 0 0 1.1 
(d) 2 2 1 
(e) 1 2 1 
(f) 0.5 2 1 

(a) 0.7 
(b) o.8 
(e) 0.9 

B (d) 2 o o 1.o 
(e) 1.2 
(f) 1.4 
(g) 1.8 
(~') 
(a) 

C (b') 2 1 1 1.4 
(b) 
(e') 
(c) 

(a') 2 2 
(a) 2 2 

D (b') 2 2 1 1.4 
(b) 2 
(c) o o 

0.8 
0.8 
1.0 
0.8 
0.8 
0.8 

0.25 

0.25 

0.1 0.0 
0.1 0.25 
0.5 0.0 
0.5 0.25 
1.0 0.25 
1.0 0.25 

0.0 
0.25 

0.8 0.0 
0.25 
0.25 

gene i ty  on the  type ,  range,  and  m a g n i t u d e  of a d s o r p t i o n  t i 'om solu- 
t ions.  

W e  hope  t h a t  conclusions d r a w n  on the  bas is  of  our  mode l  m a y  be 
useful  for s y s t e m a t i c  e x p e r i m e n t a l  s tudies  of  a d s o r p t i o n  f rom non- idea l  
so lu t ions  on real  solid surfaees.  
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