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The assumption of a unimolecular layer as the surface phase separating a 
strictly regular solution from its vapour phase, is in contradiction with the 
Gibbs adsorption formula. 

When, however, one takes into account the possible présence of two uni
molecular layers inside the surface phase, it is shown that the composition of 
the layer on the side of the solution differs but little from the composition of 
the solution itself, a circumstance which justifies the unimolecular layer model 
as a first approximation. The surface tension is not appreciably altered by 
this treatment, but the relative adsorption is modified significantly. The 
formulae thus obtained are no longer in contradiction with the Gibbs formula. 

1. Un imolecu lar Layer o n a Strict ly Regular S o l u t i o n . — T h e 
followiiig m o d e l h a s beau cons ide red b y Be l ton a n d E v a n s , ' Schucho-
v i t z k y • a n d Guggenheim.» I t is f i rs t a s s u m e d t h a t t h e quas i -c rys ta l l ine 
l a t t i c e is t h e s a m e on t h e s u r f a c e a s in t h e bu lk of t h e l iquid phase . I t 
is t h e n a s s u m e d t h a t t h e s u r f a c e p h a s e cons is t s of a unimolecular l ayer 

' Belton and Evans, Trans. Faraday Soc, 1945, 41, i. 
^ Schuchovitzky, Acta Physicochim., 1944, IÇ, 176. 
• Guggenheim, Trans. Faraday Soc, 1945, 41, 150. 
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t h e composi t ion of which is, in gênerai, d i f férent f rom t h a t of the solution, 
t h e composi t ion of t he unimolecular layer itself being uniform. 

L e t us call z t h e number of first ne ighbours of a given molécule inside 
t h e solut ion. A molécule in t he unimolecular layer will be sur rounded 
by (/ 4- m)z first neighbours of which Iz lie inside t h e layer a n d mz lie 
in t h e l iquid subs t ra te . W e mus t , of course, have 

Z + 2m = I . . . . . ( i . i ) 
F o r regular solutions, including perfec t solutions, t he surface tension is 
t h e n g iven by * 

y = y, + logîî . - ^ (^ . )^ + ^[K)» - {X,n 

= y. + — l o g ^ - - + W^] • M ) 

I n th i s formula, a is a character is t ic cons tan t (Fowler a n d Guggen-
he im ' s oi^^), a = o for a perfect solut ion ; oi is t he " surface occupancy " 
a s sumed equal for bo th const i tuents , x^ a n d Xi a re t he mole f rac t ions 
in t h e surface layer and in t he l iquid subs t ra te . 

W e shall show now t h a t (1.2) are incompat ib le wi th Gibbs ' adsorpt ion 
fo rmula . I n f ac t (1.2) gives a t once 

One can now easily ob ta in t h e re la t ive adsorp t ion of component 2 wi th 
respect t o i ; we have by définit ion (see réf. 6 and 4), neglecting the con
cen t r a t ions in t h e vapour phase in compar ison wi th those in t he l iquid 
phase , 

rn = r,- rp (1.4) 
X1 

in wh ich Fi a n d a re t he adsorp t ions on a n a rb i t ra r i ly chosen Gibbs ' 
d iv id ing surface. P u t t i n g th i s sur face on the lower face of t h e mono
layer a n d designat ing i t s area b y !i, (1.3) becomes 

O n t h e o the r hand , Gibbs ' fo rmula m a y be wr i t ten , for a regular solution 
(Hi ldebrand ') 

• • • ^'-'^ 
T h e fo rmula (1.5) is inconsis tent w i th (1.6) except when a = o, i.e. when 
t h e solut ion is perfect . 

fi. Surface Phase on a Strictly Regular Solution.—Let us now 
a b a n d o n t h e assumpt ion of a monolayer and consider t h a t t h e surface 
phase consists in gênerai of several layers of di f férent composit ions. W e 
shall per form t h e complète calculat ions for two molecular layers. As 
we shall see later, t he composi t ion of t h e lower layer is t hen a l ready similar 
t o t h a t of t he Hquid, m a k i n g t h e n e x t app rox ima t ion (i.e. t h a t of th ree 
layers) unnecessary. 

L e t us represent b y double pr imes " t he monolayer nex t t o t he l iquid 
a n d by single primes ' t h e monolayer in con tac t wi th t h e vapour (see Fig. i) . 
Thèse relat ions are t he imméd ia t e extension of t h e energy of mix ing used 
in t he monolayer model (cf. G u g g e n h e i m ' ) . 

* Guggenheim,» formula (8.4). 
* Defay, Bull. Acad. roy. Belg., Cl. Se , 1929, 1930, 1931. Travaux groupés 

dans l'ouvrage Etude thermodynamique de la Tension superficielle (Paris, Gauthier-
Villars, 1934). Mem. Acad. roy. Belg. (in press). 

' Hildebrand, Solubilitv (Rheinhnld. New York, 1926), p. 190, formula (7). 
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The énergies of mixing are given by 

N 

N" 
a. + N"{Xi — X2)^mix, 

NiN, 
—a + N'(X2 — x'^'y-ma. — N'x[x'^ma.. . 

(2.1) 

2.2 

(2.3) 

The to ta l number of molécules N' and N" in the layer ' and layer " 
m u s t necessarily be the same in view of the géométrie model which we 
have adopted. Hence 

Ni' + Ni' - Ni - N i = o. . . . (2-4) 
Now let us consider the pa r t i t ion funct ion V corresponding t o the 

spécial choice • of t he set of independent variables p, T, y, fi^ . . . (i,. 
W e have 

^ ^ 2 2 1 ^ ' ' A ." ! N^ 
N'i\N't\ Nï ! N't 1 ATi I iV, ! 

Ni, A-j Si', Ni' 2̂ 1, Jf, 

X (vo''MV2')^»(vr)^^'{Aj-,")*^'(Ai/o*nA . /2)*> 

X exp ) = I, kT (2-5) 

in which V is the volume, Q the a rea of t he surface and A the absolute 
activi t ies (according to Fowler and Guggenheim). 

Using Stirling's formula, we can wri te (2.5), retaining only the largest 
t e r m t 

log n = log iV, log 
A2/2 NiNj a 

N kT 

+ Ni' log ^-f + K' log ^ ' 

+ Ni\ogM^+Ni l o g ^ ' 

N" kT 
NiNi g 

N' kT 

- "^N-ix, - x'.'r kT 
N'[(x'^' - xi,y - x'^x'^ 

pV 
kT' 

(2.6) 

Le t us examine the ext rême condi t ions of log IP-f with respect to 
A î, Ni, N", Ni', N'i, Ni, using (2.4). Multiplying (2.4) by the Lagrange , 
fac tor X, we get the six conditions 

/ ô log ytN log y fN , log VtN , V 
i ^ J r . ^ r " ' ( - w - ) . . . . + ^ = ° ' ( ^ ) . . . . - ^ = ° - (^-7) 

•Guggenheim and Adam, Proc. Roy. Soc. A, 1933, 139» 218. 
* Guggenheim,' Fowler and Guggenheim,' p. 254 ; fi, chemical potential 

of component i. 
' Guggenheim, / . Chem. Physics, 1939, 7, 103. 
' Fowler and Guggenheim, Statistical 'Thermodynamics (Cambridge University 

Press, 1939). 
f Cf. Prigogine*. • Prigogine, Trans. Faraday Soc, 1948, 44, 626. 
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Tt is t o be noted t h a t t he geometrical model here assumed gives 

û = N'm = N"w (2.8) 

where a> is the a rea occupied b y one molécule. I n t he der ivat ives (2.7) 
we shall assume t h a t tu is a cons tan t a t given p, T and y. In thèse 
de r iva t ives we shall use t he first one of t h e two forms (2.8). This choice 
on ly influences some in te rmedia te calculations, b u t no t t he final results. 

The first two condit ions give, neglect ing t e rms pvyjkT, 

X N" 
HJ = kT l o g - 4 + a.{x.^)^ — 20Lm—r-{x, — x'i)X2, 

Ji 
X N" 

lit = kT log Y + a{Xiy + 2tim—{x, - x\')x^, . . (2 .9) 

So the values of t he chemical po ten t ia l s ob ta ined when t ak ing in to account 
t h e présence of a surface phase, dif ïer s l ightly f rom t h e values calculated 
when t h e influence of t h e surface phase is neglected. B u t one sees t h a t 
t h e t e r m s in N"/N which a p p e a r in (2.9) dépend only on the différence 
be tween t h e composi t ion of t he l iquid a n d t h a t of t he lower layer of t he 
surface phase. B y including a sufficient n u m b e r of layers in t he surface 
phase, th i s t e r m can be m a d e as small as desired. 

3 . Composit ion of the Lower Layer of the Surface Phase .—The 
second group of relat ions (2.7) gives, a f t e r some rearrangements , assuming 
fi' = Â. /." = U 

">̂ ;̂-&i'--'.'-wr-4̂ =-"')=•>• 
This re la t ion enables us t o ca lcula te xi' when x^ a n d xi are known. 

Se t t ing 

x',' - x , = 8", x[' -x^= - S" . . (3.2) 

and in t roduc ing thèse values of xi' a n d xi' in (3.1), and considering 
only l inear t e r m s in 8", one ob ta ins 

-jPjT XiX 2(Xi - Xi). 

• • • (3-3) 
I - ^x,x^ 

Let us examine the m a g n i t u d e of 8 " : t a k i n g Xi = Xi = 0-5, m = 1/4 
and t h e following d a t a for t h e ace tone-e ther System * 

- r ^ = ^ x i - x^ = o-i ,* kT 600 4 

one obtains 

T h e différence of composit ion be tween t h e l iquid a n d the lower layer 
is as a m a t t e r of fact very small ( i / i o of t h e t o t a l différence be tween the 
l iquid a n d t h e upper layer). 

4. Composit ion of the Upper Layer of the Surface Phase .—The 
th i rd g roup of relations (2.7) gives, neglect ing t h e t e rms in N"/N, 

log I I + -^i{x^)' - lixi)' - mixi')'] + ^ - x = o. 

log + ^[{x,V - l{xiV - mixi'y-] + ^ - x = o . (4-1) 

* Computed by assimilating the surface phase to a monolayer.* 
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S u b t r a c t i n g , we h a v e 

'-«Si+ "-41 
+ ^ [ 2 ' ( ^ 2 - 4) + - Xt) + 2in(x^ - x'^')] = o. (4-2) 

S e t t i n g 
x't = xU + y. xi = ;r;o - 8' . . . (4.3) 

w h e r e xl„ a n d x'i^ obey (4.2) w i t h = xi', one o b t a i n s 

log + log^jh -1- ^[il(x, - xi,) + m(x, - X,)] = o. (4.4) 
XtXlo J2I2 '^-^ 

T h i s é q u a t i o n is iden t ica l w i t h t h a t o b t a i n e d in t h e m o n o l a y e r model b y 
s u b t r a c t i o n of t h e t w o é q u a t i o n s (1.2) f r o m e a c h o the r . I t shows t h a t 
xi, r e p r e s e n t s t h e e q u i h b r i u m compos i t i on of t h e layer , c o m p u t e d in t h e 
m o n o l a y e r m o d e l for t h e g iven v a l u e of t h e l iqu id . 

R e p l a c i n g in (4.3) a n d r e t a i n i n g o n l y t h e l inea r t e r m s in 8' we ge t 

t-p \Xt — X2)Xi,X^ 

T h i s ef iec t is en t i r e ly negligible (see (3.3)) be ing of t h e second order in 
a/kT. 

5 . Value of the Surface T e n s i o n . — A d d i n g t h e f i rs t r e l a t ions (4.1) 
a n d (3.1), one o b t a i n s 

+ ^ [ ( x . - x i r + y x i ' { ' - ^ - x i ' ) ] . (5.x) 

L e t us c o m p a r e t h i s va lue of y t o t h e v a l u e of y, of t h e su r f ace tens ion which 
w o u l d h a v e been ca lcu la t ed in t h e m o n o l a y e r m o d e l of compos i t ion xi,. 

B y déf in i t ion , y, is t h e sur face t e n s i o n g iven b y eqn . (1.2). T h e first 
of t h e é q u a t i o n s (1.2) can be w r i t t e n i n t h e f o r m 

^ = l o g î j ^ ' - ^ [ / { ( ^ , ) » - (^i.)^} + m ( ^ , ) ^ . . (5.2) 

S u b t r a c t i n g (5.2) f r o m (5.1), r ep lac ing xi a n d xi b y t h e i r va lues (4.5) 
a n d xi' a n d x'^' b y t h e i r va lues (3.3), a n d neg lec t ing t e r m s of t h e second 
o r d e r in 8 " a n d 8', one o b t a i n s 
, 01 2>na , , , 

(y - y o ) ^ = -j^L- Xt,{x, - Xi) — x^ixt — x^ 
+ x^x'n - (x,)^ + x,S' + xi,S"].{ 5 .3) 

B y u s i n g a g a i n (4.5) a n d (3.3) i t is r e a d i l y seen t h a t ail t e r m s of t h e first 
o r d e r in 8 " a n d 8' d i s a p p e a r in t h i s express ion . 

H e n c e t h e su r face t ens ion y c a l cu l a t ed in t h e two- l aye r mode l d iSers 
f r o m t h e s u r f a c e t ens ion y,, ca l cu la t ed w i t h t h e monolg-yer mode l on ly b y 
t e r m s of t h e second o r d e r in 8' a n d 8". I t m e a n s t h a t t h e y a r e prac-
t i ca l ly e q u a l t o each o the r . 

6 . Value of Relat ive A d s o r p t l o n . — I n t h e m o n o l a y e r model , fo rmula 
(1.4) g ives 

( r „ ) „ = ^ ^ i ^ ' (6.1) 
mX, 

W i t h t h e t w o l ayer model , one o b t a i n s s imi la r ly 
_ Xi — X2 -\- Xn' •- x i 

(6.2) 
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In t roduc ing (3.3) a n d (4.5) one has, neglecting t e rms of second order in 

[r,,),^i + ^^x,x,'^. . . (6.3) 

Thus , f rom one modal t o t h e other , t h e calculated value of t h e relat ive 
adsorp t ion undergoes a r a t h e r i m p o r t a n t modif icat ion which is of t he 
first order in <xlkT. 

7. Comparison wlth the Gibbs Formula.—Since t he surface tens ion 
y, expressed as a func t ion of x,,, has near ly t he same value whe ther i t is 
calculated according to t h e monolayer model or according to the two-
layer model, i t still obeys fo rmula (i-3). This formula can also be wr i t t en 
(see (1.5)) 

L e t us replace (r^^o by i t s va lue ob ta ined f rom (6.3). W e get 

(ê;)„--'-^['-S'.'-]+''[(fr)"]- • M 
This expression difïers f rom the Gibbs fo rmula (1.6) only by the t e rms 
of the second order in a/ZcT. I t m a y t h e n be concluded t h a t , wi th in t h e 
l imi ts of précision of t he c rude t r e a t m e n t of regular solutions used hère, 
t h e two-layer model leads t o resul ts in conformi ty wi th t he Gibbs formula . 

8. Conclusions.—For perfect solutions, t he monolayer model gives 
correct results. Fo r strictly regular solutions, owing to t he fac t t h a t t he 
pe r tu rba t i on of t he composi t ion ex tends to deeper layers, t h i s model is 
inadéqua te . Al though i t gives t o a good approx imat ion the surface 
tension, i t leads to an incorrect e s t ima te of t h e relat ive adsorp t ion and 
is in disagreement wi th t h e Gibbs formula . The two-layer model corrects 
thèse defects. The s ta t i s t ica l m e t h o d used in th i s paper can be ex tended 
readi ly t o a mul t i layer model . 

W e sincerely t h a n k Prof . Guggenheim wi th whom we h a v e had a mos t 
f ru i t fu l exchange of ideas concerning th i s problem. W e also thcink 
Prof . P . v a n Rysselberghe who h a s k ind ly reviewed the t e x t of th i s paper . 
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