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A model of monolayer adsorption of binary liquid mixtures on homo- 
geneous and heterogeneous solid surfaces involving association of one com- 
ponent in the bulk phase is discussed. Suitable model calculations, illustrating 
association and heterogeneity effects, have been performed a,eeording to an 
equation derived for adsorption excess. This equation has been examined by 
using the experimental data of' adsorption of alcohols fi'om benzene and n- 
heptane on silica gel. 

(Keywords: Adsorptio~ on heterogeneous surfaces; Association; Adso~7)tion 
from solution,~') 

Adsorptions'.modell fiir die Grenzfldche Fe,st~vtojj'---Flii.ssigkeit unter 
Beriick~ichtigung der A,~'soziation in der Flii~s'sigkeitsphase 

Es wird ein Adsorptionsmodell biniirer, fl/issiger Mischungen an homogenen 
und heterogenen Oberflfiehen yon Feststoffen unter Bea, ehtung der Assoziation 
eines der Bestandteile in der Fl~ssigkeitsphase diskutiert. Mit der aus dem 
Oberfl/~cheniibersebul3 abgeteiteten Gleichung wurden entsprechende Modell- 
berechnungen durchgef~hrt, die die mit Assoziation und Heterogenit/it ver- 
bundenen Effekte illustrieren. Die Gleiehung wurde fiir die experimentellen 
Daten ~ler Alkoholadsorption aus Benzol und n Heptan an Kieselgel fiberprfift. 

Introduction 

The majority of paper's on liquid adsorption concern binary solu- 
tions and homogeneous adsorbents (see references in reviews1,2). 
Recently, a general tbrmulation of adsorption from liquid mixtures on 
heterogeneous solid surfaces has been proposed 3, 4. From this t reatment  
follows that the theoretical investigations of liquid adsorption, invol- 
ving heterogeneity of the adsorbent surface and nonideality of solution 
present great difficulties. Therefore, in many descriptions of this 
problem some simplifying assumptions have been used. In the majority 
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of papers the model of ideal adsorbed phase was considered ~-7. The 
extensive theoretical investigations concerning the effects of surface 
heterogeneity and nonideality of bulk solution have been reeently 
presented by Dabrowski  et al.6, 7. Until now there are no theoretical 
studies describing a strong specific adsorbate adsorbate interactions 
in liquid adsorption on solids. According to the opinion of many 
authors association in the solution play a considerable role in adsorp 
tion processes s-ll. 

In this paper a simple model for adsorption of binary solution on 
energetically homogeneous and heterogeneous solid surfaces involving 
association of one component in the bulk phase is proposed. A general 
equation describing adsorption equilibria is presented. Model calcula- 
tions illustrating the influence of association constant and type of the 
associates on adsorption excess were performed by using derived 
equations. Moreover, the mutual  influence of adsorbent heterogeneity 
and association in the bulk solution on shape of the excess adsorption 
isotherms is discussed. The adsorption isotherm of Langmuir -Freund-  
lich type is applied to interpret the experimental data of adsorption of 
alcohols from benzene and n-heptane on silica gel. 

Theory 
Let the adsorption system consist of the binary liquid mixture 

A - - B  (adsorbate) and an insoluble solid (adsorbent). Next, let us 
assume tha t  the component A forms associates in the bulk phase. 

The following assumptions are made for the mathematical descrip- 
tion of the adsorption equilibrium : 
(a) the molecular sizes of both components of the mixture are identi- 

cal, 
(b) after the establishment of adsorption equilibrium the original 

solution may be divided into two phases: adsorbed phase (con- 
taining N s moles) and bulk phase (containing N moles), 

(e) adsorption is supposed to be a monolayer one, 
(d) the total  number of molecules in the adsorbed phase is constant, 
(e) the adsorbed phase is ideal, 
(f) the component A forms associates in the bulk phase. 

The assumptions (a)-(d) are frequently used in the theory of 
adsorption from solutions on solids 1 3. 

According to some investigations the adsorbed phase is frequently 
more ideal then the bulk phase 12. The assumption (e) is justified for 
many adsorption systems, for example : silica gel /aleohol /n-heptane.  In 
the case of the component A which can form hydrogen bonds format ion 
of double associates in the bulk solution is a reasonable assumption. 
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However,  in the adsorbed phase the silanol groups of the silica surface 
would compete with A A  associates in the surface layer. Thus, a strong 
interaction of A with the surface silanols would preclude A A  interac- 
tions in the adsorbed phase. 

First, we take into consideration the association of the component  A 
in the bulk solution. The strong specific interactions cause the forma- 
tion of the following associates: 

nA(l  ) ~ A(~) (1) 

where n denotes the number  of a toms A in a given complex A(,~) 
(r~ = l ,  2. . . ) .  

Let us assume tha t  only one type of associates can be tbrmed in the 
bulk solution. Then, the association constant  L~ can be expressed as: 

L~ = ~,~(,~>/~ (~ . ;%)  (2) 

where x~ ,~ denotes the mole fraction of complex A (,~) in the bulk phase. 
( • 

The mole traction of any associate is defined by : 

~"~ = ,, :V~/5'~ (3) 

where ;\:6 is a number  of moles of the associate ~ = (d(l), A (,,), A (,), B~,)) 
in the p-th phase (O = l, s); the superscripts l and s' refer to the bulk and 
adsorbed phases, respectively, and NP is the  total  number  of moles of 
both components  in the p-th phase. In  our ease the mole fraction of 
components A and B in the bulk phase can be found from the following 
equations : 

X / = 1 j XA(1 ) + XA(n ) 

x~  --~ X B ( 1 )  

Combination of eqs. (2) and (4) leads to '  

(4) 

(5) 

nL~ (xAtl)) + xlA(I)--XA j = 0 (6) 

From this equation the mole fraction of monomer  A (11 in the bulk phase 
can be calculated as a function of the mole fraction x14. 

I t  is easy to prove tha t  only one solution of eq. (6) exists in the 
interval (0, 1). 

The analytical  solution of eq. (6) fbr n = 2 have been presented by 
Jaroniec and Piotrowska lo. 
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In the case of trimers tbrmation it can be written: 

1 / , 3  (3 L3) xAo)3 = + F F - -  1/:~ 

where 

F = I ~  + 1/'SIL3] ~j'~ 

(7) 

(s) 

Now, let us discuss the adsorption proeess which is a tundamental  
phenomenon occurring in the system. 

The mathematical  form of equations describing the adsorption 
equilibrium depend upon the assumed surface model. 

Homogeneous" Sur faces  

The adsorption process can be described by the following exchange 
reaction : 

8 8 A(~) + B(,)  -~ A(~)+B(~) (9) 

The equilibrium constant describing the reaction (9) is defined as 
follows' 

K .~ i , I .~ (10) 
-'~ X A ( 1 ) Z B ( 1 ) / X A ( 1 ) X B ( 1 )  

I f  the association in the adsorbed phase is neglected we can write: 
8 8 xv(1) = XvfOr v = A, B. Then, from eq. (10) we obtain the following form 

of adsorption isotherm : 

x A~ = x  A~ ( z ; K ) = K z / ( K z + l )  (11) 

where XZAB l Z X A / X  B .  

where 

= x~(,)/(1--~) (12) 

Thus, the analytical tbrm of each adsorption isotherm depends upon 
type of the function: XA(1)I = XA( 1)1 (X~; Ln), e.g. upon the assumed 
association model. 

Eq. (11) is analogous to Everet t ' s  isotherm for ideal behaviour of 
both phases la : 

X A = X A 
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The surface excess of the component A is given by:  

The influence of association on the shape of the excess adsorption 
i sot herin has been invest igated on the basis of eqs. (11 ), (12) and (6). Al l  
calculations have been performed fbr the monolayer capacity equal to 
unity (NS= 1). 

fi ll \ \ \  

°:11/ " \ \",  
I]1 \ \",  

0.0 ~ 1.0 
x ~  

Fig. 1. Excess adsorption isotherms calculated according to eqs. (14), (11) fbr 
N s = 1, K = 10, 1-s = L 3 = L 4 = 10 and various values of the parameter n = 2, 
3, 4 (solid lines). Excess adsorption isotherm calculated from Everett's equation 

(13) (dashed line) 

Fig. 1 shows the excess adsorption isotherms calculated for K = 10, 
Ls = Ls = L4 = 10 and different values of n = 2, 3, 4 (solid lines), The 
dashed line denotes the adsorption excess calculated from eqs. (13) and 
(14) for ideal solution. From comparison of these curves follows that  
association of component A in the bulk phase always causes a 
considerable reduction of the adsorption. The largest deviations from 
Evere t t ' s  equation occur for dimers and gradually decrease with in- 
creasing n. However, it should be noted that the assumption of 
constancy of the association constant for associates having difYerent 
number of molecules is not very likely. In fact the influence of associate 
size on the shape of the adsorption isotherm may be smaller because 
simultaneously the respective change of L~ will occur. 

44 ~'[onatshefto ffir Chemic, Vol. 113/6 7 
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Fig. 2. Excess adsorption isotherms calculated for dimers (n = 2) according to 
eqs. (14), (11) for N 8 = 1~ K = 10 and various values of the association constant 

L~ = 50, 100, 250, 500 

The purpose  of  the next  model  calculat ions was to s tudy  the 
influence of  the  associat ion cons tan t  on the shape of the excess 
adsorp t ion  isotherms.  Fig. 2 shows the results ob ta ined  for the  ease of  
fo rmat ion  of double associates A(2 ) in bulk phase. The diagrams 
presented in Fig. 2 prove t h a t  a change in the  associat ion cons tan t  L 2 
causes a drast ic  change in the type  of excess adsorp t ion  isotherms. The 
isotherm curves change f rom type  I I  (L 2 = 10), t h rough  type  I I I  
(L 2 = 5 0 )  and type  IV ( L 2 = 1 0 0 )  to type  V in Nagy  and Schay  
classification14,1~ (see Fig. 1 and  2). For  high values of L 2 (L.~ = 500) a 
negat ive  adsorp t ion  of  componen t  A is observed in the whole concen- 
t ra t ion  range. The curve calculated for L2 = 50 is especially interest ing 
because such adsorpt ion  isotherms are often measured  for alcohol 
solutions 16. Summing  up the model  invest igat ions  we can draw the 
conclusion t h a t  an increase in. the  association cons tan t  causes a 
reduc t ion  of  adsorp t ion  excess n2 and range of preference adsorp t ion  
of A. 



A Model of Adsorption 675 

H etero.qeneou,s Su.r)~ce,s 

The theory of adsorption from ideal solutions on energetically 
heterogeneous surfaces gives the following adsorption isotherm3: 

~X 

(15) 

where X~ denotes the mole fraction of component A in the adsorbed 
phase for heterogeneous surfaces, F ( ~ )  is the distribution function., 
~At3 = a A -  ~B, % denotes the adsorption energy of the v-th component 
(v = A, B) and ,5 is the integration region. 

The integral adsorption isotherm (15) can be solved analytically for 
several distribution functions3, 5,6. Then X~ can be written as a 
fhnction of x ~ ,  and two pa rame te r s  

where the constant ,g characterizes mean dift;erence of adsorption 
energies while heterogeneity parameter  m determines the shape of the 
distribution function F (zAB). 

It  is easy to show that  for associating substance we have: 

A 

16) 

It tollows from comparison of eqs. (15) and (16) t, hat all adsorption 
isotherms known in the theory of adsorption from ideal solutions on 
heterogeneous solids can be generalized to the adsorption with asso- 
ciation of one component in the bulk phase. The equations describing 
adsorption with association may be obtained by a simple replacement 
of the ratio x ~  by the variable z. In this way we can generalize DR 5, 
Freundlicha and Toth 1.6 type equations. Detailed studies of Da,brou,.ski 
and Ja.roniec 7 concerning the adsorption of binary liquid mixtures on 
heterogeneous surfaces show, that  the isotherm of La,~zgmuir-Freund- 
lich type gives particularly good results. The generalized form of this 
equation is : 

X~ = [(z'~/(Kz"~+ 1), 0 < m _< 1 (17) 

where l n K  = m ln~" 0 ~ mz4t~/RT and zAE is the difl'erenee of' adsorp 
tion energies of both components for which quasi-gaussian distribution 
F (zAB) reaches a maximum. 

44* 
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Fig .  3. Excess adsorption isotherms calculated for t rimers according to 
eqs.  (14),  (17) for  N s = 1 , /~0  = 10, L 3 = 50 and  m = 0.5,  0 .9  (sol id l ines) ,  L a =  250 

and  m = 0.5,  0 .9  (dashed  l ines)  

The mathemat ica l  analysis of eq.(17) shows tha t  the curves 
~ v s . x ~  drawn for constant  N ~, ~20, L~ and different values of 
heterogeneity pa ramete r  m intersect in the point 2~ such tha t :  

- l  2 ~ / / ~ o  (18 )  XA(1)n (x  A) = 

I f  the solution is an ideal one then 2~ = (-K0+ 1) - l .  However,  for the 
associated bulk solution ~c~ e [(/~0 + 1)--1, 1]. I t  is easy to check tha t  for 
xh < 2h an increase of the pa ramete r  m causes a reduction of surface 
excess n~. The opposite relation is observed for x~4 > ~ .  The point 2h 
tends to uni ty  in two eases: as the association constant  L n increases or 
as the pa ramete r  n deereases. 

The illustrative calculations concerning the simultaneous influence 
of association in the bulk phase and heterogeneity of the adsorbent  
surface were earried out on the basis of eqs. (17) and (7)-(8). The results 
are presented in Fig. 3. 
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The isotherm (17) can be rewrit ten in the following linear torm: 

In [ X S / ( 1 - - X S )  ] = m l n z + l n [ (  (19) 

The above equation is analogous to tha t  used by Dabrow~'ki and 
Jaroniec for adsorption from nonideal solutions 7. 

When the monolayer  capaci ty  is known the real adsorption X~ can 
be obtained from experimental  data.  The association constant  can be 
often determined by using ultrasonic iT, NMR is, I R  19 or viscosity 
method 20. Then, the variable z can be calculated from equations (12) 
and (6). In  this ease the parameters  K and m m a y  be determined from 
experimental  dependence In (X~A/X~) vs. In z by using graphical me- 
thod. 

Experimental 

Experiments were conducted in order to test eq. (17) for the following 
adsorption systems: 

(a) ,sec.-butanol (A)--n-heptane (B)--siliea gel 
(b) tert.-butanol (A )--benzene (B)--silica gel 
(c) ~ec.-butanol(A)--benzene (B)--silica gel 
(d) tert.-butanol (A)--n-heptane (B)--silica gel 

Cheraicah': The solvents benzene (POCh Gliwice), n-heptane, tert.-butanol 
(Aldrich) and sec.-butanol (Reanal) puriss, grade were dried over silica get and 
were then used without further purification. The silica gel 0.2-0.5 mm from 
Merck was used as the adsorbent. The specific surface area of the adsorbent 
determined by the B.E.T. method using nitrogen at 78K was found to be 
300 m 2 per gram. 

Procedure. Adsorption isotherms were measured at 293 K by using a static 
method described earlier 21. The silica gel before adsorption was dried at 453 K 
for 24 h. The equilibrium solution concentrations were analyzed by gas-liquid 
chromatography. 

Results and Discussion 

According to the opinion of m a n y  authors  some alcohols, ibr 
example tert.-butyl alcohol, associate forming the trimerslS, 22-24. 
Therefore, in order to describe the association equilibrium in the bulk 
phase the eq. (7) have been used. Unfor tunate ly ,  the association 
constants  of the invest igated alcohols in n-heptane and benzene are not 
available in li terature. Thus, eq. (17) is vir tual ly  a four-parameter  one. 
The parameters  N s, In K, m and L were determined from the adsorption 
da ta  in the following way:  

(1) the monolayer  capaci ty  N ~ have been found by means of the well 
known method of Schay and ZVTagy 25, 
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Fig. 4. Comparison of the experimental values for the excess adsorption of ~ec. 
butanol from benzene (o) and n-heptane (.) with the theoretical excess 

adsorption isotherms calculated from eqs. (14), (7) and (17) 

(2) the z~ have been calculated from eq. (14) for a given value of ~.\<'~, 
(3) the pa ramete r  in R and m were determined numerically by means 

of eq. (18) for different values of L3, 
(4) the s tandard deviat ion S D  were calculated for M1L s and correspon- 

ding values of K and ~ :  

i 1 

where k denotes number  of experimental  points whereas nex p (~'Ai) 
and n e (x  1 ~ are experimental  and theoretical values of the t h e o r  \ A i] 

surface excess for given S 
A i , 

(5) the opt imal  values of parameters  T2, rn, L 3 are those for which the 
dependence ~S'D vs. L 3 reaches a minimum. 

The approximat ion coefficients l nK ,  m and the opt imal  values of 
constants N*, In K0, L 3 are summarized in the Table 1. As follows from 
the analysis of the results the total  number  of moles in the adsorbed 
phase N s is similar for all investigated systems. The monolayer  
capaci ty for s e c . - b u t a n o l  is slightly greater  than  for t e r t . - b u t a n o l  in the 
both solvents. The heterogeneity parameters  m are also similar %r 
those adsorption systems. As follows from comparison of values In K0 
the mean difference between adsorption energies of both alcohols and 
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Fig. 5. Comparison of the experimental values for the excess adsorption of tert.~ 
butanol from benzene (o) and n-heptane (o) with the theoretical excess 

adsorption isotherms calculated from eqs. (14), (7) and (17) 

Table 1. Ad,sorptio,t, para.meter,s of equation* (17) 

Adsorption N s In T2 m L a In ~7 o 
system (mmol g 1) 

(a) 2.8 3.688 0.39 t0 9.457 
(b) 2.4 2.704 0.39 150 6.932 
(e) 2.4 4.453 0.15 25 9.895 
(d) 2.1 2.886 0.30 50 9.622 

so lven ts  is g r ea t e r  %r  n - h e p t a n e  t h a n  for benzene.  A consider 'able  
influence of solvent  on the values of association cons tan t  L a is observed. 
This  conclus ion is conf i rmed  by  the  i m m e d i a t e  m e a s u r e m e n t s  26. 

I t  should  be n o t e d  t h a t  the  m e t h o d  of d e t e r m i n a t i o n  of the  
assoc ia t ion  c o n s t a n t  does no t  seem to be precise  enough  because  the  
dependence  S D  vs. L a has  a d i s t i nc t  m i n i m u m .  On the  o the r  h a n d  the  
va lues  of a s soc ia t ion  cons t an t  o b t a i n e d  for a g iven  c o m p o u n d  b y  using 
d i f ferent  m e t h o d s  are  no t  ident ica l .  Thus ,  t he  d e t e r m i n a t i o n  of precize  
va lues  of the  a s soc ia t ion  c o n s t a n t  is a v e r y  dif f icul t  p rob lem.  I n  such a 
s i t u a t i o n  the  a b o v e  m e t h o d  m a y  be useful  for c h a r a c t e r i z a t i o n  the  
e x p e r i m e n t a l  a d s o r p t i o n  sys t ems  w i th  the  a s soc ia t ed  bu lk  phase .  

The  Figs .  4 and  5 show the  excess a d s o r p t i o n  i so therms  ca lcu la ted  
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according to eqs. (19), (14) and (5) for the parameters  summarized in the 
Table 1. The agreement  of experimental  points (circles) with the 
theoretical excess isotherms (solid lines) is satisfactory. 

The presented analysis of the experimental  da ta  testifies to a 
practical  usefulness of the proposed equations. The model calculations 
discussed in a previous section show tha t  those equations may  be used 
for approximat ion  of different types of the adsorption isotherms. The 
investigations prove tha t  the association may  play a considerable role 
in the m a n y  adsorption systems. 
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