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Summary. A simple model for competitive adsorption from multicomponent non-electrolytic liquid 
mixtures on energetically heterogeneous solid surfaces is discussed in terms of statistical thermo- 
dynamics. Integral equations are derived for the fundamental thermodynamic quantities that char- 
acterize competitive adsorption at the liquid-solid interface. Extensive model studies are presented in 
order to illustrate the influence of adsorbent heterogeneity on the behaviour of these thermodynamic 
quantities. 
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Thermodynamic der Konkurrenzadsorption von fliissigen Multikomponenten-Misehungen 
yon Nichtelektrolyten an heterogenen Oberfl/ichen yon FestkiJrpern 

Zusammenfassung. Die Konkurrenzadsorption von Multikomponenten-Mischungen von Nicht- 
elektrolyten an energetisch heterogenen Festk6rpern wird im Rahmen der Statistischen Thermo- 
dynamik beschrieben. Die Integralgleichungen ffir fundamentale thermodynamische Gr6Ben, die 
Konkurrenzadsorption an der Festk6rper- Flfissigkeit Phasengrenze charakterisieren, sind ausge- 
flihrt. Es wurden extensive Modelluntersuchungen zur Illustration des Einflul3es der Heterogenitfit der 
Adsorbenten auf das Verhalten dieser thermodynamischen Gr6Ben durchgefiihrt. 

Introduction 

Adso rp t i on  is a very  i m p o r t a n t  p h e n o m e n o n  which occurs  at different interfaces. 
This  process  is widely spread  in na tu ra l  systems and  it is also util ized in var ious  
technologica l  processes.  Prac t ica l  appl ica t ions  of  ad so rp t i on  s t imulate  exper imenta l  
as well as theore t ica l  studies of  this p h e n o m e n o n .  Because of  the compl ica ted  
cha rac t e r  of  adsorp t ion ,  especially for  the m u l t i c o m p o n e n t  l iqu id - so l id  systems, the 
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investigations in this field are not satisfactorily advanced. Most studies were devoted 
to the description of adsorption equilibria in simple systems [1-7], e.g., adsorption 
from binary solutions on homogeneous and heterogeneous surfaces. Theory of 
adsorption from multicomponent liquid mixtures on solids is still insufficiently 
elaborated. 

In this paper a simple model for competitive adsorption from multicomponent 
solutions of non-electrolytes is discussed in terms of statistical thermodynamics. 
Theoretical description of this model is presented for energetically homogeneous as 
well as heterogeneous solid surfaces. The current paper is a continuation of an earlier 
work [8]. In addition to Ref. [8] the current work presents expressions for the basic 
thermodynamic functions and illustrates extensively their dependence on the 
energetic heterogeneity of adsorbent. 

T h e o r y  

Adsorption on Homogeneous Solids 

Let us formulate the basic assumptions of the model: 

(1) cell model of the surface phase with one molecule in each cell, 
(2) the square-well potential for representing the adsorbate-surface interaction, 
(3) ideality of the surface phase, 
(4) equality of molecular sizes for all solution components, 
(5) constancy of the total number of adsorbed molecules, 
(6) limitation of the surface phase thickness to one adsorbed layer. 

The canonical partition function for the above adsorption model with the 
n-component surface phase has the following form I-8]: 

B !  . - 1  . 1 
Q =  1 V r-f u,] (B-ES,) 

(nI-I~ )( "- ) [llq* |On '=~ ' Ni! B--  ~ N, !, i=1 _J 
\ i = 1  i = 1  

where 

(1) 

(3) 

#,~ = #;-- #: = - k T ( O l n Q ' ~  = k T l n  N, 
\ 8Ni /JB,T,N]¢I 

s 

= k T l n  xi i =  1,2, . . . ,n--  1, 

1 -  x, qi~ 
/ = I  

qi = Ji(T) exp (el/kT) i = 1, 2,..., n. (2) 

Here B is the total number of molecules in the surface phase, N i is the number of 
molecules of the i-th component, e, is the adsorption energy of the i-th component, 
J,(T) is the partition function of an isolated molecule of this component, k is the 
Boltzmann constant and T is the absolute temperature. 

It was shown elsewhere [3] that the competitive adsorption of liquid mixtures 
on solid surfaces can be characterized by the difference of the chemical potentials 
of the i-th and n-th components in the surface phase; this difference is associated 
with the canonical partition function Q as follows [8, 9]: 
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where 

and 

qln = ql/qn = Ji(T)/Jn(T)exp( el -- en'] = Jin(r) fein "~ \ kT / e x p ~ ) ,  (4) 

n 
x s=N,/B Z x~= 1. (5) i i 

i=1  

Here #~ denotes the chemical potential of the i-th component in the surface phase, 
and x~ denotes its mole fraction in the surface phase. At the adsorption equilibrium 
the difference of the chemical potentials of the i-th and n-th components in the 
surface phase is equal to the difference of their chemical potentials in the bulk phase: 

in #in=#i--#n #°,+kTln(xinL,), (6) 

where 

#oin = # o  _ #o, xin = xl/xn, L,  = L/f ,"  (7) 

Here #o is the standard chemical potential of the i-th component, xl and f~ are its i 
mole fraction and activity coefficient in the bulk phase, respectively. 

Eqs. (3) and (6) lead to the well-known form of adsorption isotherm [-7, 11]: 

Kinx~nf in 
= . - 1  , ( 8 )  

1 + Z KjnxJnfJn 
j = l  

where the equilibrium constant K~, is equal to: 

Kin = %, exp (#°n/k T) = Jin( T) exp (#°n/k T) exp (ein/k T). (9) 

The thermodynamic functions that characterize the localized adsorption of liquid 
mixtures on energetically homogeneous solids can be calculated by using the general 
relationships between the canonical partition function and the thermodynamic 
quantities [-10, 11]. These relationships applied to the canonical partition function 
[viz., Eq. (1)] give the following expressions: 

Helmholtz free energy 

A A n = - k T l n Q = B k T  x~lnx~- x~lnq~ ; (10) 
i i=1  

Energy 

Entropy 

E n n AE,=kT2(OlnQ~ =BkT 2 x~OlnJi(T) 1 

A S n = k T (  OlnQ'] +klnQ=ASn~+AS;; 
\ OT IJB,NI n 

Non-configurational entropy 

I T  i~=1 s~ I n  Ji(T) ASn~ = Bk xi t?T 

(11) 

(12) 

+ i=1 ~ x~lnJi(T)l; (13) 
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Configurational entropy 

AS,] = k In = - kB x~ In x~. (14) 

N i !  B - -  S N i  [ 
\ i = 1  i= l  

Adsorption on Heterogeneous Solids 

Let us assume that Br denotes the number of adsorption sites with adsorption 
energies e~ = (el~,, ~2,2 . . . .  , e,,,). The components of vector r = (rl, r2,. . .  , r,) charac- 
terize a given surface patch. The total number of molecules adsorbed on sites 

characterized by the energies e r is ~ N~, = B~, where Ni, is the number of molecules 
F I  

i=l  
of the i-th component  adsorbed on the sites of the r-th type. The total number of 
molecules of the i-th component  adsorbed over the whole surface phase on the sites 
B = ~ B~ is equal to N i = y,  Ni~. Let us assume additionally, that the numbers Nir are 

Y r 

the large numbers for which Stirling's approximation may be used. Thus, for a given 

number of molecules N = L N~ and for a given their distribution Ni, on the sites 
i=1 

B~ the canonical partition function can be expressed as follows [8]: 

where 

QNlrN2r"'Nnr I~r Br' [nf-I1 Nit I (B,-n~INi,) 
Ni,! B~ -- ~_~ Nir [ L i= 1 

\ i = 1  i=1 

qin : J i,,( T) exp (ei~i/k T). 

(15) 

(16) 

The total partition function Q for the surface phase is the sum of the functions given 
by Eq. (15): 

Q = ~ QN1,N2,...N,," (17) 
r 

After replacing this sum by its maximum term, the logarithm of the canonical 
partition function Q may be approximated as follows: 

lnQ= EB'lnB -- N'rlnNi'+ N' lnq' 'l',:l ,=1 (18) 

At the adsorption equilibrium (cf., Eq. (6)] on the sites of the r-th type we obtain: 

#s = - - k T (  ~ln---~Q)/\ = k T l n  
inr \ ~N i r  / B,,T,Njr(j ~= i) 

= #i. = I~°. + k T  In (xi.fl.). 

N ir q nr . 
n-1 / 

B r -  ~. N jr qi~ 
j = l  

(19) 
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Thus, the mole fraction of the i-th component adsorbed on the r-th sites is equal to: 

X s = Nit - KinrXinfin (20) 
ir n -  1 ' 

B, 1 + ~ K j . . x j . f  j. 
j = l  

where ,o Ji~,( T__.~) (#9)kT (eir'--e'r"~" (21) K/,r = exp ( ~ - exp ~ exp 
q,r. \ k T J  J,~.(T) \ kT J 

Consequently, the total mole fraction of the i-th component is given by: 

X s Ni ~ Br s 
- - ~ ~xi~ = 2 9~x:,, (22) 

i,t B r 

where 9, = B i B  is the fraction of the r-th type of adsorption sites. Replacing the 
discrete distribution of adsorption energies by a continuous one we get: 

x s = ~ x~(x,~)F(~)dr., (23) i,t 
An 

where An is the n-dimensional integration range, x = (xl, x2,. . . ,  x,), however, F(e) 
is the n-dimensional distribution function of adsorption energies. 

Taking into account the competitive character of adsorption from solutions, the 
global integral Eq. (23) may be expressed in terms of the differences of adsorption 
energies for the i-th component and the n-th reference component [12]: 

xS : I X~ ( X I " ' X 2 n ' ' "  , X n _ l , n , F ,  ln,  t32n,..  F 'n- l ,n)  i,t " " ' 

A n *  

"F*(el,, F,2n,,.., F,n_ 1,n)dgindg2.... de,_ ,,,. (24) 

Above, An* is the (n - 1)-dimensional integration range, ei, = el - e,, and 

F*(eln, e2n,. •., e._ 1.) = ~ F(el. + en, e2. + e. . . . . .  e._ 1,. + e., e.)de n. 
An 

The thermodynamic functions that characterize adsorption from a n-component 
solution on an energetically heterogeneous surface may be expressed as follows: 

[- 1 "-1 ( n - l )  1 A A , = B k T  ~ z (x~#in)+ln 1-- ~ xSi --lnqn F(e)de; (25) 
An l  i=1 i=1 

AEn:BkT2~AnI~=lX~alnJi(T)i " t?T i = l ~ X ~ T 2 ] F ( e ) d e ;  (26) 

Asnc=BkT" Z.~I i=l ~ xsolni OTJi(T) i=1 ~ x~lni Ji( T ) ] F(e)dt;; (27) 

A S : = - B k  I ~ x~lnx~F(r.)de. (28) 
Ani=l  

Results and Discussion 

In order to analyse the effect of various parameters and adsorbent heterogeneity on 
changes in the thermodynamic functions that characterize adsorption from 
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solutions, extensive model investigations were performed. These studies were made 
for two special cases of adsorption systems- from binary and ternary liquid 
mixtures. 

First, let us discuss the results of model calculations performed for binary 
solutions. To perform the calculations, Eqs. (25)-(28) were presented as sums of the 
terms linearly-dependent on the mole composition of the surface phase (e.g., x],t) 
and the terms nonlinearly-dependent on this composition: 

AA2_  x],~ l n J l ( r ) +  + ( l - x ] ,  t) l n J 2 ( r ) + ~  
BkT 

- - [ ! u x ~ \  kT ) + ( l - x 1 )  ~ ~-77 ) - x l S l n x ~ - x 2 1 n x 2  F(~l,~2)d~lde2; (29) 

BkT g i ~ T )  _]+(1-x]'t)t_Kl ~ln(T) J J  

- S S [  \ kT ) + ( 1 -  xl)~,-~'fe'2-gz'~lF(el,e2)de,de,2;~-~- ] (30) 

BkT - x]'t lnJl(T)-~ ~ l n ~  J + ( 1 - x ] ' ) l n J 2 ( T  ) } i n ~  J J; (31) 

TASk2_ glx  lnx  + (1 - x 9  an (1 - x])lF(el,e2)delde2. (32) 
BkT A2 U J 

In order to simplify analysis of the functions given by Eqs. (29)-(32) the linear 
correlation between adsorption energies for the 1-st and 2-nd components was 
assumed; i.e., 

k r  - a + b . (33) 

This assumption transforms a bivariate integration in Eqs. (29)-(32) to an 
integration that depends only on el. 

The model calculations were performed for four types of the distribution 
function of adsorption energy F(el): square-shaped, symmetrical triangle-shaped, 
triangle-shaped widened to the right-side, and triangle-shaped widened to the 
left-side. Besides, it was assumed that all interactions in the system are similar so 
we can assume that f~ 2 -- 1. 

As it results from Eqs. (29)-(32) the quantities In Ji(T), t? In Ji(r)/c ~ In r (i = 1, 2) 
influence only terms of the thermodynamic functions which depend linearly on x] a, 
however, J12(T) and #°2/kT affect the shape of the isotherm x],t(x]). The values of 
these quantities do not change the behaviour of the terms nonlinearly dependent 
on x~ l, t"  

In Fig. 1 the effect of the quantities In Ji(T), ~3 In Ji(T)/O In T (i = 1, 2), #°2/kT and 
g12 = g l -  g2 on the thermodynamic functions (29)-(32) is presented for a given 
square-shaped energy distribution function. These quantities have no influence on 
the dependence of configurational entropy vs. x], t (Eq. 32). For the other 
thermodynamic functions, it is observed that the terms linearly-dependent on x], t 
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Fig. 1. Effect of the parameters: J1, J2, t?lnJt/Oln T, OlnJz / ln  T, #°2/kT on the behavior of the 
thermodynamic functions (29)-(32) AAz/BkT (solid line) and AEz/BkT (dashed line) (part A) and 
TAS2/BkT (solid line) and TAS~/BkT (dashed line) (part B) for a square-shaped energy distri- 

bution. The following parameter values were assumed: el/k Te<10, 30> for all curves; J1 = J2---1, 

81n J1/t~ in T = 0 In J2/O in T =  1, i.t°2/kT = O, s2/kT = 10 + 0.5(sl/kT), (gl = g2 = 20kT, gl2 = O, a 1 = 
5.77, 0" 2 = 2.89 = a12 ) (curves a); e2/kT= 8 +0.5(el/kT)(g 2 = 18kT, ~12 = 2 k T )  and the other par- 
ameters are as for the curves a (curves b); ~ In J1/a In T = t3 In J2/ln T = 3 and the other parameters are 
as for the curves a (curves c); #°2/kT -- 1 and the other parameters are as for the curves a (curves d); 
J~ = J2 = 3 and the other parameters are as for the curves a (curves e). The symbol a denotes the 
dispersion of reduced adsorption energy E = e/kT. The behavior of the linear terms of functions 

(29)-(32) is marked by dotted lines 

change with changing these quantities. An increase in the mean energy difference 
g12 at a constant gt causes a change in the functions AA/BkT and AE/BkT (cf., the 
curves a and b in Fig. 1). This change may be expressed as follows: 

h(x],t,g,2)~, = h(xl,t, g12s = 0)~1 + (1 - xl,t) ~ - ~ , ' s  'e12 (34) 

where 

h= AA/BkT or AE/BkT. 

This effect is not observed for the entropy TAS/BkT (Eqs. 31, 32). 
The change in the parameters Jl(T) and J2(T) influences the linear terms of the 

functions AA/BkT and TAS/BkT (Eqs. 29, 31, 32); consequently, the dependencies 
analogous to Eq. (34) are observed (the curves a and c in Fig. 1). 
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A similar effect is observed for the functions AE/BkT and TAS/BkT (Eqs. 30-32) 
with a change in the (3 In Ji(T)/O In T (i = 1, 2) values (cf., the curves a and e in Fig. 1); 
however, a change in ~°z/kT does not  cause any changes in the behavior  of all 
the rmodynamic  functions investigated (cf., the curves a and d in Fig. 1). 

In further model  investigations the effect of the type of energy distribution 
function on the behavior of the the rmodynamic  functions was studied. In these 
calculations it was assumed for simplicity that: 

/~o 
JI(T) = Jz(T) = 1, OlnJ t (T)  ~ lnJ2(T)  = 1, 12 ___ 0. 

01n T 01n T kT 

Figure 2 illustrates the influence of the surface heterogeneity on the thermo- 
dynamic  functions (29)-(32) for a square-shaped energy distr ibution function. For  
comparison the functions calculated under the assumption of adsorbent homogenei ty  
are also drawn in Fig. 2. It is easy to see that  a heterogeneity increase causes a 
distinct decrease in the values of the non-linear terms for all the rmodynamic  
functions (29)-(32). Additionally, it ought  to be remarked that  the behavior  of the 
the rmodynamic  functions calculated for a homogeneous  system is the same as that  
obtained under  the assumpt ion gt2 = const (the surface homogeneous  with regard 
to the componen t  exchange). 

Analysing the model  calculations, one can see that  only a distr ibution function 
of the energy differences for both  solution components  controls the behavior  of the 
terms of the the rmodynamic  functions which depend non-linearity on X],c Thus, it 
is suitable to present the dependencies (29)-(32) in a form depending on the energy 
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Fig. 2. Effect of the parameters of a square-shaped energy distribution function on the behavior of 
thermodynamic functions (29)-(32) AA2/BkT(solid line) and AE2/BkT (dashed line) (part A) and 
TAS2/BkT (solid line) and TAS~2/BkT (dashed line) (part B). The following parameter values were 
assumed: Jl=J2=l, alnJl/OlnT.=OlnJ2/OlnT=l , po =0, el/kTe(lO, 30) for all curves; 12 

e2/kT = e l / kT  (gl /kT = g2/kT = 20, g la  = 0, cr 1 = a a = 5.77, alz = 0) ( c u r v e s  a); e2/kT = 10 + 0.5(el/kT ) 

(gt/kT = g2/kT = 20,  gt2 = 0, a t = 5.77,  a z = 2.89,  cq2 = 2.89)  ( c u r v e s  b); ez /kT = 14 + 0.3(ea/kT) 

(gl = g2 = 20kT ,  ga2 = 0, cr 1 = 5.77, a 2 = 1.73, a l z  = 4 .04  ( c u r v e s  c). F o r  c o m p a r i s o n  t h e  r e s p e c t i v e  

f u n c t i o n s  fo r  a h o m o g e n e o u s  s u r f a c e  a r e  a l s o  p r e s e n t e d :  e l / kT  = ez /kT = 20  (elz  = 0, a12 = 0) ( c u r v e s  

h). T h e  b e h a v i o r  o f  t h e  l i n e a r  t e r m s  o f  f u n c t i o n s  (29) - (32)  is m a r k e d  b y  d o t t e d  l i nes  
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difference el2. With regard to the following equality: 

lI[xSl(~'---g-l~+(1-XSl)(~2-k-~-2)]F(~,,e.)de,d~ 2 
a2L \ kT } 

[e12 -- e121x , F(e e2)de,de 2. :[!k - i T  ] 1 ~" 1' 

Eqations (29)-(32) may be rewritten as follows: 

AA2_ {x],t[lnJ~(T)+_~T]+(l_x~,t)IlnJ2(T)+~] } 
BkT 

- &*k [ [812kr--g_12-x~(e12)F,(ei2)de12 

+ 

AE2 

BkT 

TAS~ c 
BkT 
TASk2 _ 
BkT 

In Fig. 

.[ Ix] lnx] + (1 - x])ln(1 - x])]F*(elz)de12; 
A2* 

'"LkT Oln(T) a+(1- L)Lkr aln(r) 3) 

• 
-2 .L ff I '':' '=' 

(35) 

(36) 

(37) 

{x~,t[InJ1(T)- I c~Ind1(T) l [ a In J2(T)l'[" 
(?In(T) J + ( 1 - x ~ ' t )  lnJ2(T) c~ln(T) .JJ' (38) 

S Ix] lnx] + (1 -- x])ln(1 - -  x ] ) ] F * 0 3 1 2 ) d , ~ 1 2 .  (39) 
A2* 

3 the effect of the energy distribution type on the behavior of the 
thermodynamic terms dependent non-linearly on x],t is presented. The calculations 
were performed for two types of symmetrical distributions (square-shaped and 
symmetrical triangle-shaped) and for two types of asymmetrical functions (triangle- 
shaped widened to right and left sides) with various widths. These curves were 
compared with the courses of the respective functions obtained under the 
assumption of constancy of the energy differences. For a symmetrical distribution 
function F*(elz ) the curves symmetrical with respect to the point x], t = 0.5 are 
obtained. With an increase in the distribution width (dispersion), the variability 
range of the function values is increased; see Fig. 3A for AA2/BkT, Fig. 3B for 
AE2/BkT and Fig. 3C for TAS~2/BkT. In the case of an asymmetrical distribution 
function F*(el 2), the curves of the thermodynamic functions are asymmetrical with 
respect to the point x], t -- 0.5. For the function widened to right-side the maximum 
of function TAS~2/BkT (Fig. 3C) is observed over the range of x s > 0.75; however for 
AEz/BkT (Fig. 3B) and AA2/BkT (Fig. 3A) the minimum is found over the range 
x],t < 0.5. For the function widened to left-side, the extreme of TASC2/BkT is shifted 
to the range x]a < 0.5, whereas the extremes of AE2/BkT and AA2/BkT are shifted 
to the range x],~ > 0.5. With an increase in the distribution width, the behavior of 
the non-linear terms of all functions is similar to that observed for the symmetrical 
distributions. 
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Fig. 3. Effect of type of adsorbent heterogeneity on the behavior of the non-linearly dependent terms 

for AA2/BkT (A), AEz/BkT (B) and TAS2/BkT (C). Panels A-I,  B-1 and C-1 present the results for the 

square-shaped distribution (---) [ (S12ma x -- elz,,i,)/k T = 10 and a12 = 2.89 (curve a) and (e12max -- Sl2mi,)/ 
k T =  14 and 0-12 =4.04 (curve b)], and for the symmetrical triangle-shaped distribution (...) 

[ (~ '12max--e l2min) /kT  = 10 and 0-12 = 2.04 (curve c) and (e12ma x -  e,12mln)/kT = 14 and 0 " 1 2  = 2.86 (curve d)]. 
The panels A-2, B-2 and C-2 show the results for the triangle-shaped distribution widened to right-side 

(---) [(St2ma x -- 812min)/kT= 10 and 0-12 = 2.36 (curve e) and (e12,~ - el2min)/k T= 14 and a12 = 3.30 

(curve f )  and (s12max-e12min)/kT=28 and a~2=6.60  (curve g)], and for the triangle-shaped 

distribution widened to left-side ("")r(gl2ma x --8t2mln)/kT = 10 and ~r12 = 2.36 (curve h)]. The solid 
lines denote the suitable curves obtained under the assumption of the constancy of the energy difference 

/~12 "~" 0 )  

Next, the effect of adsorbent heterogeneity on adsorption was also investigated 
for the adsorption from ternary solutions. The considerations were performed for 
the square-shaped energy distribution, and for two types of mutual dependencies 
between eta and e23 (the third component  is the reference substance). 

First, the case of lack of correlation between these energies was analyzed. Thus, 
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W h e n  In J and  its derivative equal  to unity,  Eqs. (29), (30), (32) m a y  be reformula ted  
as follows: 

AA3 ~ ~ ef -I s, ,3. 
BkT = -- i=, xi't ~ J  -- a3,I i~=l x; 3-k~T: F*(e,3)F*(e23)de13de23 

3 
4- I ~ xilnxif*(e',3)F*(e23)de,3de23; 

A3* i = 1 

B ~ - -  AE3 [,=~ x' ( g' -- 1)] j ' ' ' . \  kT -- a3, ,~=,x~(e'3-~T-g~3)F*(~'3)F*(e23)de'3de23; 

3 

TASk3- I Z xilnxiF*(Q3)F*(e23)ds,ade23 • 
B k T  A 3 *  i = 1 

At the second stage a l inear correlat ion between e13 and  e23 was regarded: 

k T  = \ k T /  

Then, the dependencies  (29), (30), (32) have the following form: 

n--~-- i= Xi,tk--TJ--A~2, i~=lX: F * ( / 3 2 3 )  

(40) 

(41) 

(42) 

3 

+ # Z xilnxiF*(e23)de2a; (43) 
A2* i = 1 

= - -  Xi , ,~-~-- i -- f ~ X 1 F*(g23)dg23; (44) 
B k T  i= a A2* i= a 

A-1 A -2 B C x~.F1 x~.{=l x~¢1 
gO 20 

Z~A~ /~... 
- Bk~ ~ ' _ _  

_ _ ~ - , - - . ~ =  

2.a ~ ,'lo 2 0 ~ .  2o 2o 

x~,,=l x;,rl x~,rl 4rl x~=l x:C1 
Fig. 4. Dependence of the configurational entropy on the composition of the surface phase for a 
ternary liquid system with changing composition ( ), and with the given values of x 3 and changing 
values of x12 (---). The calculations were performed for a square-shaped distribution of the energy 
differences. Part A: e 13/k T e ( - 5, 5 ), e 23/k T e ( -- 5, 5 ) and el 3/k T and e 23/k T correlated linearly (A- 1) 
and et3/kTand e2a/kT uncorrelated (A-2). Part B: et3/kTe ( -  10, 10), e23/kTe ( -  5, 5) and ea3/kT 
and e23/kT correlated linearly. Part C: e~a/kTe(- 10, 10), s23/kTe ( -  5, 5) and e13/kT and e2a/kT 
uncorrelated 
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A-I A-2 B C 
x~.t=l x~.~=l .~ x~,= 1 

0 

-/L - - , " : ,  

0 0 0 " . ~  0 0 

x~,,=1 ~,=1 Y~I x~,,=l X~,=1 xI,#I 

Fig. 5. Dependence of the energy on the composition of the surface phase for a ternary liquid system 
with changing composition ( ), and with the given values of x 3 and changing values of x12 (---). 
The legend is the same as in Fig. 4 

A-1 A-2 
x~,t=l 

J.~ .0 

BkT 

0,0 Pl 

/ / 

tg.o 

x~d-1 x~,61 

B C 
%--1 4,{=1 

e 

• . ~ "  4aJ.O l$.0 

I ..,q x ,rl ×,,rl ×,:rl × ,rl 

Fig. 6. The dependence of the Helmholtz free energy on the composition of the surface phase for a 
ternary liquid system with changing composition ( ) and with the given values of x 3 and changing 
values of xl2 (---). The legend is the same as in Fig. 4 

3 

TASk_ I E x;lnx~F*(~23)de23. (45) 
BkT a2* i= 1 

Figures 4-6 present the dependencies of the thermodynamic functions (43)-(45) 
versus the composition of the surface phase for various square-shaped energy 
distribution and under the assumptions of: 

(i) a linear correlation between the energy differences, 
(ii) the lack of such correlation. 

The calculations were performed for model systems corresponding to the following 
energy distribution functions: E13, E23 e ( -  5, 5), and E13 and E23 are correlated 
linearly (parts A-1 of Figs. 4-6); E i a ,Ezae ( - -5 ,5 ) ,  and El3 and E23 are not 
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c o r r e l a t e d  (parts A - 2  o f  Figs. 4-6); E 13 ~ ( - -  10, 10), E a 3 e ( - -  5, 5 ) ,  a n d  E 13 a n d  E 2 3 

are correlated linearly (parts B of Figs. 4-6); EI3E ( -- 10, 10) ,  E23ff ( -- 5, 5 ) ,  and 
Ela and E23 are not correlated (parts C of Figs. 4-6). The solid lines in Figs. 4-6 
represent the changes in the thermodynamic functions for a ternary system with 
changing composition; however, the dashed lines were obtained by assuming 
constant values x 3 and changing x12. 

Figure 4 presents the changes in the configurational entropy TAS~/BkT under 
the assumptions given above. In the part A the properties of this function are shown 
for two above mentioned mutual dependencies between the energy differences. As it 
might be expected, in the case of the linear correlation between E13 and E23, the 
adsorption system shows greater energetic homogeneity in comparison to the 
system for which such correlation does not exist. It ought to be remarked that with 
regard to a symmetry of these dependencies with respect to the exchange of 1-st and 
2-rid components, the whole Gibbs triangle may be reconstructed by using its half 
part. In Fig. 4B the configurational entropy changes are presented for the linearly 
correlated energy differences. The system is symmetrical with respect to the exchange 
of 1-st and 3-rd components (the dispersions in the energy differences are identical 
for the pairs of components 13 and 23); however, Fig. 4C shows the same 
dependencies as Fig. 4B, but for the uncorrelated energy differences. Similarly as for 
the system presented in Fig. 4A, a decrease in the configurational entropy in 
comparison to that shown in Fig. 4B denotes that the energetic heterogeneity is 
greater for this system. 

Analogous dependencies illustrating the changes in the energy AE3/BkT are 
presented in Fig. 5. Comparing the curves drawn for the distributions with identical 
dispersions (Fig. 5A), one can state that the system with a linear correlation between 
E13 and E 23 is characterized by the deeper minimum energy values in comparison 
to the system showing a lack of such correlation. Moreover, in the case of the linearly 
correlated energy differences E13 and E23 a constancy of the energy function is 
observed for a constant value of xa; as a result from Eq. (44) the dispersions of E~3 
and E23 are identical. In Figs. 5B and 5C, the energy functions are compared for the 
systems with the correlated and uncorrelated values of E~3 and E2a, and for the 
energy distributions with different dispersions. In both cases, the extrema are 
achieved at the different solution compositions. Similarly as in Fig. 5A, the system 
for which the energy differences are linearly correlated is characterized by the 
flattered energy function. 

A similar behavior to that shown in Fig. 5 is observed for the Helmholtz free 
energy AA3/BkT plotted against the composition of ternary surface phase (Fig. 6). 
The character of the changes in AA3/BkT is analogous for all cases considered except 
the system with identical dispersions for the linearly correlated energy differences 
(Figs. 5A-1 and 6A-l). Under such assumptions, the energy function is constant for 
constant values of x 3 (Fig. 5A-1), however, the Helmholtz free energy shows different 
behavior (Fig. 6A-l). It results from the fact that the Helmholtz free energy function 
has an additional entropy term in comparison to the energy function (Eqs. 43, 44). 
This term is responsible for the non-linear changes in the Helmholtz free energy at 
constant values of x 3. 
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