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In this report a generalized chemical association theory is introduced for calculation of 
thermodynamic properties of mixtures of associating fluids. In the development of this 
theory every associating component is considered as a mixture of various associated 
i-mer species. The concepts of analytic and true mole fractions are re-examined and
general expressions relating the two sets of compositions are derived. Generalized sets
of eauilibrium association reactions and the related equilibrium constants are introduced.
Gen�ralized equations describing the composition of -associating species with respect to
the equilibrium constants, orders of reactions, and state variables are derived. The re
sulting equations are analytically solved for cases of a pure associating fluid obeying the
monomer-dimer model, the monomer-dimer-trimer model, and the infinite equilibria
model. The generalized form of the theory is solved for binary associating fluid mixtures
when both of the components are associating. For the three special cases when there exist
only self association, solvation, and the case when only one of the components is
associating, the resulting equations are shown to produce simple analytic results. The
theory is also solved for a generalized multi-component mixtures. It is shown that when
only one of the components is associating the working equations simplify to analytic
expressions. Expressions for the excess thermodynamic functions and activity
coefficients of associated fluid mixtures are derived. The theory is applied to derive
general distribution function expressions for the associated species.

Application of the theory to the van der Waals mixture model is introduced in order 
to calculate thermodynamic properties of associating solutions. The resulting associated 
mixture model is used for vapor-liquid equilibrium calculations of fifteen different binary 
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mixtures in which one or both components are associating and when only solvation exists. 
The calculations are shown to be consistently improving the prediction over the non
associating case. 

I. Introduction

Thermodynamic properties of pure associating fluids and their mixtures are 
significantly different from non-associated solutions. Generally, vapor pres
sure of a pure associating fluid is lower and its boiling point is higher than 
those of a non-associated fluid with the same molecular weight, because of 
strong attractive interactions between like associating molecules. The partial 
miscibility (liquid-liquid equilibria) and negative deviations from Raoult's 
law are some examples of the important effects of hydrogen bonding in 
mixtures. Hydrogen bonding interactions can occur between like molecules 
(called self-association) or between unlike molecules (called solvation). For 
example, strongly self-associating molecules usually exhibit liquid-liquid 
immiscibility with molecules that do not self-associate and/or solvate. 

Different models have been proposed to describe the thermodynamic 
properties of associating solutions [1-8]. Probably the oldest of such 
models is the chemical theory which was originally proposed by Dolezalek 
in 1908 [1]. Dolezalek considers a pure associated fluid as an ideal solution 
of the monomer and higher associated species in which there are no physical 
forces among the species. In other words, all the non-ideality of the system 
is described by the chemical effects due to hydrogen bonding. Dolezalek's 
theory has been successful in describing solution properties for many real 
systems [9, 3]. Later versions of the chemical theory are also used for mode
ling the associated systems in which physical forces are appreciable [3]. In 
the latter case the expressions for phase equilibria and chemical eauilibria 
need to be solved simultaneously, usually by trial-and-error. There are 
models, e.g. Letcher et al. [10] and Deiters [7], which can handle volume 
effects of association and there are other models, e.g. Wenzel [11], which 
deal with finite association. Missopolinou and Panayiotou [12] have devel
oped models for mixed association. Beckerdite and Wan [13], Anderko [14, 
15] and Campbell [16] used the infinite chain association. Touba and Man
soori [17] used the infinite chain association theory to develop analytic 
expressions for associated species distributions and pure associating fluid 
equation of state. Application of the chemical theory is extended to describe 
the vapor-liquid equilibria and excess functions for mixtures of associating 
fluids with non-associating fluids [18-23, 6, 24]. 

In this report we have introduced a general theory of association based 
on the chemical theory. This theory is applied to pure associating fluids as 
well as fluid mixtures in which one or more components are associating. 

In part II the general consideration which are used in this work are 
presented. In part III the general chemical association theory for pure as-
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sociated fluids is presented. The formulations are general enough to be ap
plicable for any kind of association model and the relation between the 
equilibrium constant and the extent of association. In part IV the general 
chemical association theory, which was developed in part III for pure as
sociating fluids, is extended to binary mixtures consisting of, both, associat
ing and non-associating components. The equations derived for binary mix
tures are also quite general and they include all the possible cases of 
association. It is shown how to solve the general equations analytically for 
a number of important cases of association. In part V derivation of the 
general chemical association theory equations are extended to multi-compo
nent systems. As an special case the general equations are solved for a 
multi-component mixture in which one of the components is associated. In 
part VI the general expressions for distribution functions of associated spe
cies in a multi-component mixture are derived. The resulting equation is 
applicable for any associated fluid consisting of one or more components 
one or more of which are associating. 

II. General considerations

The theoretical approach presented in this work can be described as follows: 
i) A pure associating fluid is considered as a mixture of various asso

ciated i-mer species. Each species is named as a true associated species.
ii) A multi-component mixture in which one or more of the components

are associating, and the rest are non-associating, is considered as a mixture 
of all true complexes and single molecules. 

iii) In general, composition of an associating mixture is defined by two
different numbers of moles. The analytical number of moles which is the 
number of moles in the absence of hydrogen bonding, and, the true number 
of moles which is the number of moles due to hydrogen bonding. According 
to these definitions the following notations will be used in this report: 

n:;: The analytical number of moles of component p (in a multi-compo
nent mixture of c-components p = 1, 2, ... c) which would exist in the 
system if there were no self-association between molecules of p, and no 
solvation between p and the other molecules in the system. The analytical
number of moles n:O,al, is defined as, 

(1) 

n;,: The true number of moles of associated species p, which is formed 
from i molecules of p.

n;,qj: The true number of moles of species p,q
j which is formed from i

molecules of p andj molecules of another component named q. As a result 
we can write the following general equation: 
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C Lap C Lap c�t Laq 

niorai = ��n�+ ����n�q;
+ ... (2) 

p=1 i=1 p>q i=l q=1 j=1 

where n°{.,tat is the total true number of moles in the system which is the 
summation over all the true numbers of moles of associated species plus 
the numbers of moles of non-associated species. The notation Lap 

appearing 
in the above equation represents the "limit of association of component p" 
which varies from one associating fluid to another. For non-associating 
fluids Lap 

= 1 and for components which completely associate Lap 
= 00• 

Eq. (2) is a general equation in which all the possible forms of association 
are included. 

Considering the above definitions the relation between the analytical 
number of moles of component p, and the true number of moles of associ
ated species containing component p, can be written as follows: 

Lap 

[ 

cLaq 

] n; = � i · n;, + � � n�q; + . . . . 
q'Fp 

(3) 

ntota1fn"{.,ta1: The ratio of the total analytical number of moles over the 
total true number of moles is a measure of the extent of association in the 
system. This ratio is equal to unity when there is no association in the 
mixture and it goes to infinity for complete association. 

iv) Similar to part iii) for the number of moles, two sets of mole frac
tions are defined, the analytical mole fractions 

X: = n;lntoraiP = 1, 2, 3, ... c. (4) 

Where X: is the analytical mole fraction of component p that would exist 
in the system when the self-association between molecules of v and solvat
ing bet�een p and the other molecules in the system disappe�s. Also, x;,,
the true mole fractions : 

(5) 

of associated species p,. Similarly, we define 

(6) 

Where x�q; is the true mole fraction of solvated species p,qj. For salvations 
consisting of more than two different molecules similar mole fractions may 
be defined. 

In case there is a non-associating component in the mixture its analytic 
and true numbers of moles will be identical (n; = n;) but its analytic and
true mole fractions will be different. Along with the above definitions for a 
non-associating component we can write the following expressions for its 
true and analytic mole fractions 
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X: = n:1ntota1 
and since in this case n; = n;, we can then write 
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(7) 

(8) 

(9) 

Where x; is the true mole fraction of a non -associating component p in the 
mixture on the basis of the true number of moles. 

The definitions given above will be used in the development of models 
for pure associating fluids and associating fluid mixtures presented below. 

III. Pure associating fluids

A large class of associating fluids consist of those whose molecular associ
ations are due to the presence of hydrogen bonds between their molecules 
[25-27]. The association among molecules may occur linearly, in cyclic 
form, or a combination of the two. There is spectroscopic evidence indica
tive of the fact that while some associating compounds contain only linear 
associations, such as aliphatic alcohols, some other associating compounds, 
like methanol, contain both cyclic as well as linear species in their structure 
[28, 29]. 

For simplicity, in starting to develop a chemical theory to describe the 
behavior of associating fluids it has been customary to assume, first, that 
only linear association species are present in a fluid. In accordance with the 
chemical theory the following set of reactions may be used to describe the 
association in a pure fluid which there exist at least two bonding site per 
molecules: 

P, + P, 
P2 + P, 

PLap-1 + P,<F-K
pLap=} PLap· 

(10) 

In the above equations P, is the i-th associated species (containing i mono
mers) and K

p
;(T) is the equilibrium constant for association of (i-1) mol

ecules of p with one molecule (monomer) of p. It should be pointed out 
that K

P
, is defined as unity (K

P
, = 1). In the case one considers the existence 

of both linear and cyclic species in the system then it will be necessary to 
define, at least, two different sets of equilibrium constants for formation of 
trimer and higher order associating molecules. 

The existence of the set ofreactions (10) indicate that a pure associating 
compound actually consists of a mixture of various species with different 
associated compounds. Considering the above set of reactions for systems 
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Table 1. Various self associating equilibrium constant models.
Model
KP, = [@,/@p,-1 0p1][(i-1)/i]Kp, [0r/(0p,-1 0p1)) Kp, = (1/v)C"/(C,,,_ 1 Cp,) KP, = (1/P) yp/(yp,-1 yp,); for vapors only
@ = volume fraction;C = concentration; y, = mole fraction in the vapor phase;v molar volume. 

Reference
[3]
[3]
[38]

when non-idealities are due to the physical as well as chemical interactions,K
P
, may be written in terms of the chemical activities of the species [3, 14,17]. 
Kp.(n = [x'{;/(xJ,-1 x;'1)][yp/(y

p
,-1Yp1)] 1, 2, ... , L

ap
. (11)

Where y
p
, is the activity coefficient of the i-mer species. This definition isgeneral enough to be applied to all possible classes of associations. Theequilibrium constant, K

p
;, also is expressed in a number of other forms inthe literature [3, 16]. In the case of self associating reactions, a number ofcommon forms of K

p
; are reported in Table 1, which in fact these modelsare modifications of Eq. (11). 

By rearranging Eq. (11), one can obtain the following expression for the
true mole fraction of the i-th associated species: 

x';z = KplT) xJi-1 fpi-1X'J1Yp1lfpi 1,:2,. � . ,  (12) 

When the above equation is applied to all the associated species in thesystem the following equation results: 
x';; = [rt Kpin }.x;'1Yp1)'/Jlp; i = 2, ... , La

p 
. (13)

In principle, the ratio (y
p

1)'/y
p
; is a function of temperature, pressure andcomposition in the system. This ratio, may be calculated using an expression of the excess Gibbs function. But for a pure associating fluid,the composition of associated components of the system are functions oftemperature and pressure. Therefore, the ratio (y

p1)'1yp
, in Eqs. (12) and (13)can be defined by I�(T, P)H in the following form: 

I'p(T,P);-1 (Yp1)'/Ypi· (14)
In Eq. (13) the true mole fraction of all the associated species are expressedwith respect to the true mole fraction of monomer species (x;'1). By substi-
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Tobie 2. Various models for the relation between K, and the degree of association.
Model Range Reference
Kp,=Kp(T) 
Kpi = Kp(TJI··1
Kp, = Kp(TJ[il(i-1)]

i=2,3, ... ,Lap i = 2,3, ... ,Lap [38]
i=2,3, ... ,Lap [39]

Kµ,=Kp(T)li i=2,3, ... ,Lap [13]
Kp,=Kp(T)a'-2/(i-1) ! i=2,3, ... ,Lap [40]
KP,= K.(1)a1

-
2/(i-2) ! i = 2,3, ... ,Lap [40]Kpi = Kp(T)[1 + P(TJ(i-1)]/{[(1+ P(TJ][1+ P(T)(i-2)]} i = 2,3,, .. ,Lap [41]

Kp1
= Kp(1)[(P(TJ+ i-1]/[P(T) · (i-1)) 2,3,, ,,,Lap [41]

K
P,= Kp(T)[l/(2 + r)J[i+ r · (i-1)]/[(i-1) + r · (i-2)] 

K
,,
, = K,,(T); i2:4, K2 =O, K,'1"K. ,;60,

K
p
,=Kp(T) 110-2l; i2:3, K2

= 0 
i=2,3, ... ,Lap [22]
i = 4,5,, , uLap i= 3,4, ... ,Lap 

a Constant; P(T) Temperature dependence parameters; r constant.
[28]
[29]

tuting (14) in (13) and considering the normalizing condition x;', = 1, we
get

(15)
This equation can be solved for x;1 provided the functionalities of K

pinfor j 2: 2 with (j) are known (K
p1 = 1). It needs to be pointed out that K

pin is a function of temperature and(j) the number of the same monomers in an associated species K
pin = K

p
(j, n. In Table 2 a number of models for the functionality of K

Pin withrespect to (j) as collected from the literature for various self-associatingmodels are reported. Symbolically, all the models appearing in Table 2 canbe shown by the following general equation: 
K

P
, Kp(i, n; 2, 3, 4, ... Lap

. {16)
When Eq. (16) is joined with Eq. (15) one can solve the latter equation for
_x;'1• In what follows, a number of special cases when Eq. (15) can be solvedanalytically for x;1 are reported. 
The Monomer-Dimer Model (L

ap 
= 2) 

In this case the associating system is assumed to consist of only monomerand dimer species (L
ap = 2) in which there is one equilibrium constant
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KP, = 1, KP2 = K
P
. Carboxylic acids, and specially acetic acid vapor, areexamples of this model [9, 30]. Eqs. (15) can be solved with the followinganalytical expression for x;,: 

xJ, = {-1 + [1 + 4 I'p(T,P) Kp(1)]112}/[2 I'p(T,P) Kp(I)] . (17)
In accordance with Eq. (17), when Kp(I) approaches zero (no association),
x;, approaches unity, as it is expected for a pure non-associating fluid. 
The Monomer-Dimer-Trimer Model (Lap = 3) 

In this case, the associating system consists of monomer, dimer and trimerspecies, and as a result, with equilibrium constants KP, = 1, KPz(I) andKPlI). The monomer-dimer-trimer model is shown to be applicable foralcohols (Becker [28]). Then Eq. (15) will reduce to the following equation:
xJ, + I'p(T, P) Kp2(xJ1)2 + I'P(T, P)2 KP2 KPixJ,)3 = 1. (18)

Eq. (18) can be solved analytically for x;, with respect to KP2 = Kp/1),Kp3 = Kpi1) and rp = I'p(T,P) as follows: 
xJ, = -[3 Kp3I'pr' + [-b/2 

where:
+ (bz/4 + a3/27)'12]113 + [-b/2-(b214 + a3J27)'12]113 (19)

a - [3 (Kp2 Kp3 I';)-1 
- (Kp3 I'p)-2]/3

b [2(Kp3 rp)-3 
- 9(Kp2 K;,3 r;)-1 

- 27(Kp2 Kp3 r;)- 1]/27.
Using Eqs. (13) and (19), the mole fraction of dimer and trimer species, canbe obtained with respect to that of monomer species and equilibrium constants as following: 

xJ2 = KP2(1) I'P(T, P) (xJ1)
2 (20)

(21)
Eq. (19) is the monomer mole fraction for monomer-dimer-trimer model in its general form when Kp2(1) and Kpi1) are independent from one another.One may obtain a simpler expression for the mole fraction of monomer species for special cases when the relation between Kp2(1) and KPlI) is substituted by an associating model such as the ones reported in Table 2. 

Infinite equilibria models (Lap--+ oo) 

The limit of association for some associating pure fluids may exceed three,for which, in principle, one can solve Eqs. (15) for xJ, by a similar methodas it is reported above for monomer-dimer and monomer-dimer-trimer
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models. One special case of interest is when the limit of association approaches infinity, which, in this case Eq. (15) can be written as the following 
(22)

There is no simple general analytic solution to this equation. However, itcan be solved analytically, when it is assumed that all the equilibrium constants of the association reactions are the same, Kpj = K/1) for j ;:;: 2. TheEq. (22) reduces to the following equation: 
xJ, = [ �[Kp(I) I'p(T,P) xJ,]i-t r'. (23)

The summation in Eq. (23), for [K/1) I'p(T,P) xJ,] < 1, converges to thefollowing simple expressions: 
(24)

The assumption of infinite equilibria model has been used widely in chemical theories of associating fluids [Redlich and Kister [18], Anderko [14],Anderko [15], Touba and Monsoori [17] because of its mathematical simplicity. 

IV. Binary associating fluid mixtures 

In this section the above procedure which was developed for pure associatin2: fluids is extended to mixtures consisting of. both. associating and nonas;ociating components. First, the binary mixture is considered and then theresults are extended to the case of multi-component mixtures. Let us consider a binary mixture consisting of components 1 and 2 in which both of the components have, at least, two bonding site per molecule.There may exist in this solution complexes p; (p = 1, 2) formed from i molecules of p (i = 1, 2, 3, ... ) ; and complexes p;qj (p, q = 1, 2 andi,j = 1, 2, 3, ... ) formed from the solvation between i molecules of p and
j molecules of q. The associated species are in equilibrium among themselves and with the monomers of components 1 and 2 through the followingpossible associating reactions : 

(25)
(26)
(27)
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where Eqs. (25) and (26) represent the self-associations between like mol
ecules, while Eq. (27) represents the solvation (association between unlike 
molecules). 

Similar to the case of a pure associating fluid, the equilibrium constants 
ofEqs. (25)-(27) can be defined based on the activity of associated species, 
respectively, as 

K
p, = [xJ/(xJ,-1 xJ1)][yp/(yp,-1 Yp1)] i = 1, 2, ... , Lap

, p = 1, 2 (28) 

K1,2j = [xfi2/(xf. xfi)][y1i2/(Y1, Y2)] i = 1, 2, ... , La,,}= 1, 2, ... , La2 

(29) 
where xJ, is the true mole fraction of associated species p, (p = 1, 2) as 
defined by Eqs. (5) and xf,2i 

is the true mole fraction of the solvated species 
1i2i 

as given by Eq. (6) when p = 1 and q = 2. Also yp, is the activity coef
ficient of associated species p, (p = 1, 2) and y1 ,2i 

is the activity coefficient 
of the solvated species 1i2i

. Eqs. (28) and (29) may be rearranged and ap
plied for all the associated species, as: 

xJ, = (TI Kpk)(xJ1 Yp1)'/ypi i = 1, 2, ... , Lap, p = 1, 2 (30) 

(31) 

where in both of the above equations Kp1 = 1. Similar to the case of pure 
associating fluids, Eq. (14), the following simplifying definitions may be 
used: 

Yihl i = r1(T,P)'-1; Yzh2j = rlT,P)i-1;
Mh1JMh2j)ly1,2j = r1lT,P) .  (32) 

The constraint that all the mole fractions must sum up to unity may be 
written as 

Lat La2 Lal La.2 

1 = � xf, + � xfi + � � xf,2j·
i=1 j=1 i=1 j= 1 

(33) 

Also by dividing both sides of Eqs. (3) by n;,,ta1 for p = 1, 2, and joining 
the resulting equations with (30)-(32), one can obtain the following re
lation: 

x1!.xi = {� i · xf, + � % i ·xf.2i}/{%1 · xfi + � %J · xf,2j}·
(34) 

Eqs. (30) to (34) can be solved simultaneously in order to find the monomer 
mole fraction of components 1 and 2, provided the functionalities of Kli, 
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K2i 
and K1 ,2i are known with respect to (i). There is no general analytical 

solution for the above two equations. However, in the case that the equilib
rium constants are independent of (i) we will have, 

for (i,j) 2: 2 (35) 

and for La1 = La2 = 00, Eqs. (33) and (34) can be solved analytically with 
the following results, 

xf1 = s/(1 + K1S1) 

xI1 = si(1 + K2s2)
where 

and 

S1 =
-1 + J1 + 4 ap

2a 

2 a + 1 - J1 + 4 a P
S2 = - -- -------;:::===

2 a - K12 + K12 J1 + 4 ap

a= {K1(1 + K12) + (K12 - K2)Mf.xi]}/{(1 + K12) 
+ (1 + 2 K2 - Ku)[_x1f.xi]}

(36) 

(37) 

(38) 

(39) 

In deriving Eqs. (36) and (37) it is assun1ed that K1 xi1 < 1 and K2 xI1 < 1.
Eqs. (36) and (37) relate the true mole fraction of monomer species to the 
analytical mole fraction of components in the mixture. 

According to Eqs. (36) and (37) when K1 = K2 = K12 = 0 (no associ
ation), the true mole fraction of monomer species of components 1 and 2, 
xf 1 and xf i, reduce to the analytical mole fraction of components 1 and 2 in 
the mixture, x1 and ;0,, respectively, as expected for a binary mixture of 
non-associating fluids. 

In what follows a number of special cases for a binary mixture of associ
ating fluids when the above set of equations simplify further are presented. 

i - When only self associations exist in the mixture (K1 =ft 0,
K2 =ft 0, K12 = 0): 

In this case Eqs. (36)-(39) reduced as the following expressions, respec
tively: 

Zeitschrift flir Physikalische Chemie, Bd. 
205, S. 211-240 (1998) 



222 S. Foad Aghamiri, G.Ali Mansoori and Hamid Modarress

xf1 -1 + J1 + 4 af]
(40) 

1 - K1 Xi1 2a 

xI1 2 a + 1 - J1 + 4 a f] 
(41) 

1 - K2 XI1 2 a - K12 + K12 Ji + 4 a /3

a = {K1 - KhJ/4]}/{1 + (1 + 2 K2)[xJ/4]} (42) 

/3 = {(1 + K2)[x1/4]}/{1 + (1 + 2 K2)M/4]} (43) 

ii - When only solvation species exists in the mixture (K1 = 0, K2 = 0,

K12 # 0)

In this case there is no any self association between like molecules, but all 
possible solvated species can occur, and the general expressions (36)-(39) 
reduce as the following: 

- 1 + J1 + 4 a2/K12 

xf1 = 
---- ---- (44) 

2a 

2 a + 1 - J1 + 4 a2/K12 

xI1 = -:-- ---- ---;:::===:;;:;� 
2 a - K12 + K12 J1 + 4 a2IK12 

a = {K12[x1/4]}/{(1 + K12) + (1 - K12)[x1/x1]} 

/3 = afK12 . 

(45) 

(46) 

(47) 

The mixture of chloroform with acetone and mixtures of chloroform with 
ethers which have negative deviations from the Raoult's law obey this 
model [31, 32]. 

iii - When component 1 is an associating and component 2
is non-associating (K1 # 0, K2 = 0, K12 = 0)

In this case Eqs. (36)-(39) reduce to the following two analytic relations 
for xf 1 and xr1 ; 

xf, = 
- 1 + J1 + 4 K1 x1 4

(48) 
K1(2 4 - 1 + J1 + 4 K1 x1 4) 

xI1 = 
2 K1 4 + 1 - Ji + 4 K1 x1 4 

(49) 
2 K1 4 

A Generalized Chemical Associating Theory of Mixtures 223 

In accordance with the above equations in the infinite dilution limit of com
ponent 2, �-0), xI1 goes to zero and Eq. (48) reduces to Eq. (24) which 
is also obtained for the case of a pure associating fluid. In the case when in 
addition to K2 and K12, K1 is also equal to zero (non-associating mixture), 
xf1 and xr1 approach to x1 and 4, respectively. The mixtures of an alcohol 
+ a hydrocarbon are good examples for this case.

In what follows the binary mixture association model is extended to the
case of multi-component mixtures with any number of associating compo
nents. 

V. Multi-component mixtures

Let us consider a multi-component mixture of components 1, 2, 3, ... , c 
which, in general, all have, at least, two bonding sites per molecule. Sup
pose all possible associated complexes in the mixture have the same chance 
to form. Therefore there exist, in this mixture, the self-associating species p,

formed from i molecules of component p (p = 1, 2, 3, ... , c), the associated 
complexes p,q

j 
formed from reaction between i molecule of component p 

and j molecule of component q (p, q = 1, 2, 3, ... , c), the associated 
complexes p,qj

rk formed from reaction between i molecules of component 
p, j molecules of component q and finally k molecules of component r
(p, q, r = 1, 2, 3, ... , c), etc. All the possible reactions among the above 
mentioned complexes may be represented by the following equations: 

Pi + P,-1 ¢'=-KP,='? p, p = 1,2,3, ... C (50) 

¢'=-Kpiqj-==? p, qj p, q = 1,2,3, ... c (51a) 

(51b) 

The equilibrium constants of the above reactions can be defined based on 
the true mole fractions and the activity coefficients of the associated species 
as the following: 

KP, = [xJJ(xJ,-1XJ1)][yp/(yp,-1Yp1)] 

Kpiqj 
= [xJ,qjl(xJ, x�)][yp,wf(yp, yqj)] 

p = 1,2,3, ... , C (52) 

p,q = J,2,3, ... , C (53a) 

By rearranging equations (52) and (53), and extension of i from 1 --+ Lap
, 

one can obtain the following expressions for the true mole fraction of the 
associated species : 
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p = 1,2, ..., C 

xJ,qj = Kp;qj[ (g Kpk)(xJ1 Yp1)'fyp;]

[ (g Kqk)(x�1 Yq1YIYqj ]/ Ypiqj p,q = 1,2,3, ... , c

(54)

(55)

The constraint that all the mole fractions msut sum up to unity, may bewritten as 
C Laq C Laq c-1 Lap 

1 = � � xJ, + � � � � xJ,qj + ... (56)
p>qi=1 p>q i=1 q=1 j=1 

By dividing both sides of Eq. (3) over nfota1, the following equation for analytic mole fraction of component pis obtained: 
Lap 

X: = (nfo,./ll1ota1) · � i
j=l [ C Laq ] · xJ,+��x�'li+ ...

p>qi=1 

(57)
p,q,r, ... = 1,2,3, ..., C .

Eqs. (54)-(57), in principle, can be solved for the monomer mole fractionsof components of the associated mixture. However, solution of this set ofequations is not, in general analytic. One interesting case is a multi-component mixture in which only onecomponent (component 1) is associating and the rest (components 2,3, ...,c) are non-associating. For example, solutions of an alcohol with a petroleum fluid is a good practical example of this mixture. In this case byjoining Eqs. (9), (54)-(57) we get 

and

C Lal 

1 = �xJ+ �Xi;
p=2 i=1 

(58)

(59)
where x[; is the true mole fraction of the ith associated species of associating component 1 as given by Eq. (54). Analytic results can be obtained incase when the limit of association in molecules of component 1, La.1, approaches to infinity and if we assume K1 , = K1 for i > 1 (note that Ku = 
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1), (yu)'/Yli = p- 1(T,P), and if K1r(T,P)xf1) < 1. By substituting thesesimplified relations in Eqs. (58) and (59), one will obtain the followinganalytic result for xf1 the monomer mole fraction of the associated species1 of the multi-component mixture: 
T _ 

- 1 + )1 + 4 K1 _xf(1-_xf) Xu - --::-:-----:::---:----;::;:::::=;::==;::;::;:=:::::;:;:;--K1[1 -2 _xf + J1 + 4 K1 _xf(1-_xf)] 
xJ1 = [1 + Kp(T) I'p(T,P)]-1 

and the true mole fractions of the non-associating components will be:
T _ [ 1 -Xfi(1 + K1) ] .AXp - Ap (1-_xf)(1-K1Xi1) p = 2,3,4, ...C. 

(60)

(61)
In accordance with the above equations when component 1 is also nonassociating (K1 = 0), all the true mole fractions approach to their corresponding analytical mole fractions as it is expected. Also, in the case whenxt--+ 1, all X: (p > 2) become equal to zero and Eq. (60) reduces to Eq. (24)which is obtained for the case of a pure associating fluid. The above results can be applied to derive the expressions for the excessthermodynamic functions and activity coefficients of associated fluid mixtures. In case the number of associated species are large it is advantageousto introduce distribution functions which will make the resulting equationssimpler. In what follows we introduce the method of formulation of distribution functions of associated species. 

v1:. Distribution iunctions oi associated species 

As an application of the above results, we can compute the distributionfunction of associated species, in the case that the number of true speciesdue to association is large. In accordance with Al-Mutawa et al. [8], thetrue composition of an associated fluid may be described by a distributionfunction xp([) where I is the continuous version of discrete variable (i) and
p = 1, 2, ... c. This distribution function must satisfy the following normalization conditions (Touba and Mansoori [17)): 

Lap 

J xp([) dI = 1. (62)
For a mixture in which one or more components are associated we mayassume the equilibrium constants of association are independent of the composition. In this case the following distribution function can be proposedfor component p of the mixture: 
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xi[) = Xop x;, p = 1, 2, ... c (63)
where Xop 

is the normalizing factor, which can be calculated using Eq. (62),and xJ, is the true mole fraction of the i-th associated species of component
p. From Eqs. (54), (62) and (63) we will get the following equation for x0p:

La 

Xap = [ [ [rt Kpj] xJ,[xJ, riT,P)Y di r'. (64)
In a number of special cases the above integral may be analytically solved.One interesting case is when all the equilibrium constants are identical (Kpj 

= KP
; j = 1, 2, ... Lap). In this case Xop reduces to the following expression: 

XoP = - In (Kp rp xJ,)l{xJ, [1-(Kp rp xJ,)Lap]} . (65)
Substituting Xap 

from the above equation in (63) one can get:
(66)

If we also assume the limit of association approaches infinity Eq. (66) isfurther simplified to : 
xi[) = -(Kp rp xJ,Y(In KP rp xJ,) . (67)
In what follows the present associated theory will be applied for thermodynamic property calculation to a discrete non-associating mixture property model in order to extend applicability of that model to associated mixtures.The most well-known and simple mixture property calculation model is the one due to van der Waals. As  an example the proposed associated theory will be applied to the van der Waals model. The procedure presented hereis equally applicable to other mixture models. 

VI.a The van der Waals theory of mixtures

The configurational Helmholtz free energy of a non-associated mixture,Acant, based on the van der Waals model is [33] 
Aeon/RT= In(NA/V) - 1 + � xp 

In.X: + In [Vl(V-bm)] - amNRT
p (68)

where NA is the Avogadro's number, xP 
is the mole fraction of component

p, and R is the universal gas constant. The van der Waals mixture parameters "am" and "bm" are defined as the following (Kwak and Mansoori [34]):
am = � � X: � apq(1 -Apq

) = � � X: � (aapp · aqq)112(1 -Apq
) (69)

p q p q 

(70)
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Table 3. Comparison of the results of the vapor-liquid equilibrium calculation for the 
system 

methanol (1) + tetrachloromethane (2) 
based on the present association theory and compared with the non-associated theory of 
van der Waals (van Laar equation). 

van Laar This work 

AP Ay, AP Ay, 
T(°C) nd [mmHg] [-] [mmHg] [-] 

20 28 47.7 n.a. 8.3 n.a.
35 9 100.5 0.1732 18.2 0.0366
40 24 114.2 n.a. 16.1 n.a.
55 6 227.7 0.2497 23.9 0.0302 

Total no. of data = 67; n.a. = Data not available. 

Table 4. Comparison of the results of the vapor-liquid equilibrium calculation for the 
system 

methanol (1) + cyclohexane (2) 
based on the present association theory and compared with the non-associated theory of 
van der Waals (van Laar equation). 

van Laar This work 

AP Ay, AP Ay, 
WC) nd [mmHg] [-] [mmHg] [-] 

35 4 106.1 .2558 27.6 .0439 
45 6 173.1 .2274 29.64 .0433 
:n � ,.r,.., r .198 60.24 .0348 -"' I lU/.U 

55 11 216.5 .2704 58.2 .0597 

Total no. of data = 28. 

where the summations in the above equations are extended over all thecomponents in the mixture and A.
pq 

is the coupling parameter. The purecomponent parameters aPP 
and b

pp 
can be calculated from pure fluid criticalproperties of component p, 

(71) 

(72) 

Tiibere Tei and Pei are the critical temperature and pressure of pure compoDent i, respectively. 
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Table 5. Comparison of the results of the vapor-liquid equilibrium calculation for the 
system 

methanol (1) + acetone (2) 
based on the present association theory and compared with the non-associated theory of 
van der Waals (van Laar equation). 

van Laar This work 

AP Ayl AP Ayl 

T(°C) nd [mmHg] [-] [mmHg] [-] 

20 9 2.7 0.028 1.9 0.016 
35 11 12.4 0.0173 2.52 0.0087 
45 11 18.3 0.0292 4.01 0.0067 
55 11 32.3 0.0153 8.54 0.0067 

Total no. of data = 42. 

Table 6. Comparison of the results of the vapor-liquid equilibrium calculation for the 
system 

ethanol (1) + tetrachloromethane (2) 
based on the present association theory and compared with the non-associated theory of 
van der Waals (van Laar equation). 

van Laar This work 

AP Ay1 AP Ayl 

T(°C) nd [mmHg] [-] [mmHg] [-] 

20 24 25.2 n.a. 2.34 n.a.
45 13 94.2 0.1307 3.8 0.0115 
50 9 167.6 0.198 3.8 0.0069
65 15 204.3 0.1304 8.39 0.0106 

Total no. of data = 61; n.a. = Data not available. 

According to van Laar [35] the van der Waals mixture model yields 
the following expression for the molar excess Gibbs function of a multi
component mixture over the ideal solution at constant pressure and tempera
ture, GE:

GE = G - � X: GP - RT� X: ln.X: = � .x; aPJbPP - am!bm (73) 
p p p 

where G is the molar Gibbs free energy of the mixture and GP is the molar 
Gibbs function of component p in pure state at the same pressure and tem
perature as the mixture system. This equation, known as the van Laar e�ua
tion, can be used to derive activity coefficient, yp, pf component p m a 
mixture by the following relation (Walas [36]): 
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Table 7. Comparison of the results of the vapor-liquid equilibrium calculation for the 
system 

ethanol (1) + cyclohexane (2) 
based on the present association theory and compared with the non-associated theory of 
van der Waals (van Laar equation). 

van Laar This work 

AP Ayl AP Ayl T(°C) nd [mmHg] [-] [mmHg] [-] 

0 12 15.5 0.1678 1.14 0.0240 
10 19 24.0 0.1722 1.51 0.0282 
20 19 40.3 0.1724 2.25 0.0228 30 17 64.5 0.1701 3.26 0.0238 
50 15 158.6 0.1770 9.33 0.0144 
Total no. of data = 72. 

Table 8. Comparison of the results of the vapor-liquid equilibrium calculation for the 
system 

ethanol (1) + n-hexane (2) 
based on the present association theory and compared with the non-associated theory of 
.-an der Waals (van Laar equation). 

van Laar 

AP Ayl WC) nd [mmHg] [-] 

0 15 20.5 0.1274 
H) 19 �� 0 /"\ -il"\.n.A 

JJ.O U.lL.V't 

20 19 53.4 0.1188 
3-0 19 76.7 0.1251 
45 9 148.5 0.1393 
Total no. of data = 81. 

In., = GE - � � -( oGE ) 
Ip k9'p 

k Q� 
k T,P,"4,,i,p,k 

This work 

AP Ay1 

[mmHg] [-] 

2.2 0.0264 
2.9 0.0297 
3.4 0.0304 
3.6 0.0261 
8.3 0.0160 

p = 1, 2, ... C. (74) 

a me case when one or more components of the mixture are associating, 
in ac:cordcance with the present association theory, every component also 
'Fill constitute a mixture of associated species (monomer, dimer, .. etc.). 
"-\ccording to the van der Waals mixing rules, Eqs. ( 69) and (70), assuming 

= 0 parameters "a
pp

" and "b
pp

" of associating component p can be 
e,c� by the following relations, respectively: 
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Table 9. Comparison of the results of the vapor-liquid equilibrium calculation for the 
system 

1-propanol (1)-tetrachloromethane (2) 
based on the present association theory and compared with the non-associated theory of 
van der Waals (van Laar equation). 

van Laar This work 

AP Ay, AP Ay, 

T(OC) nd [mmHg] [-] [mmHg] [-] 

20 9 28.3 0.0784 3.4 0.0194 
30 9 42.9 0.0836 4.3 0.0185 
35 20 44.4 0.0950 5.0 0.0108 
40 9 69.9 0.0733 13.0 0.0330 

Total no. of data = 47. 

Table 10. Comparison of the results of the vapor-liquid equilibrium calculation for the 
system 

1-propanol (1) + benzene (2)
based on the present association theory and compared with the _non-associated theory of 
van der Waals (van Laar equation). 

van Laar This work 

AP Ay, AP 

T(°C) nd [mmHg] [-] [mmHg] 

0 9 10.6 n.a. 1.4 
10 9 15.6 n.a. 0.49 
20 9 25.4 n.a. 1.7 
30 9 38.8 n.a. 2.2 
40 9 61.8 n.a. 5.5 
50 9 88.2 n.a. 7.3 

Total no. of data = 54; n.a. = Data not available. 

_ " " T T _ " " T T ( )1/2 - (" T 1/2)2 
aPP - .£.J � xpi xP'.i aPu - � . .£.J. xpi xpj apaapii - .£.J. xpi ap, 

i j I J l 

Ay, 

[-] 

n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 

(75) 

bqq = LiLJ xJi x1 bpiJ = LiLJ xJi x1(bpii + bp1)12 = Li xJi bpi (76) 

where xJi is the true mole fraction of associated-species pi and api and bpi 
are parameters of the i-th associated-species formed from i monomers of 
molecule p.

Now, by considering the case when the limit of association, La,
p

, ap
proaches infinity, the above summations can be replaced with the following 
integral forms (Touba and Mansoori [17]): 
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Table 11. Comparison of the results of the vapor-liquid equilibrium calculation for the 
system 

1-propanol (1) + 1,2-dichloroethane (2) 
based on ·the present associati�n theory and compared with the non-associated theory of
van der Waals (van Laar equat10n). 

van Laar 

AP 
T(°C) nct [mmHg] 

50 9 54.0 
60 9 78.3 
70 9 103.5 
80 9 135.9 

Total no. of data = 36. 

Table 12. Association parameter ¢1• 

Binary system 

.\lethanol in: 
Tetrachloromethane 
Cyclohexane 
Acetone 
Average of the above 

IEtllanol in: 
Tetrachloromethane 
Cyclohexane 
n-Hexane
Avernge of thP ,ihnvP 

i-Propanol in: 
Tetrachloromethane 
Benzene 
1,2-Dichloroethane 
A,erage of the above 

Ay, 

[-] 

0.0922 
0.094 
0.0917 
0.0901 

This work 

AP 

[mmHg] 

4.1 
5.4 
0.71 
7.5 

Ay, 

[-] 

0.0142 
0.0171 
0.0159 
0.0152 

1.441 

1.501 
1.241 

(1.394) 

1,327 

1.379 
1.490 

, .. ".lf"lf\\ 
\.l.•.J.7.7) 

1.260 

1.247 
1.184 

(1.230) 

(77) 

(78) 

�here xp([) is the distri�ution function of associated species given by 
169). In order to solve mtegrals appearing in Eqs. (77) and (78) we need 
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Table 13. Comparison of the results of the vapor-liquid equilibrium calculation for the 
system 

acetone (1) + chloroform (2) 
based on the present association theory and compared with the non-associated theory of 
van der Waals (van Laar equation). 

van Laar This work 

L1P Lly, L1P Lly, 
T(°C) n. [mmHg] [-] [mmHg] [-] 

15 9 24.1 0.0668 2.1 0.0105 
28.1 6 43.8 0.0592 4.8 0.0253 
40.4 7 47.1 0.0479 5.2 0.0096 
55.1 9 77.3 0.0451 9.9 0.0100 

Total no. of data = 31. 

Table 14. Comparison of the results of the vapor-liquid equilibrium calculation for the 
system 

diethylether (1) + chloroform (2) _ 
based on the present association theory and compared with the non-associated theory of 
van der Waals (van Laar equation). 

van Laar This work 

L1P Lly, L1P Lly, 
T(°C) n. [mmHg] [-] [mmHg] [-] 

0 9 14.0 n.a. 4.6 n.a.
10 9 26.2 n.a. 4.6 n.a.
20 9 33.6 n.a. 3.9 n.a.
30 9 52.5 n.a. 3.2 n.a.

Total no. of data = 36; n.a. = Data not available. 

to have in hand analytic expressions for a([) and b(l) with respect to /. 
Touba and Mansoori [17] proposed the following expressions for a([) and 
b(l) of an associating component: 

a
p
(l)112 = a!1; + a!'f I 

b
p
(l)11, = b!'f I

(79) 

(80) 

where a
P
°' a

P 1 and b
P 1 are constants. By inserting Eqs. (67), (79) and (80) 

in (77) and (78) it can be shown that the expressions for parameters a
PP and 

b
PP 

reduce to the following (Touba and Mansoori [17]) 
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Table 15. Comparison of the results of the vapor-liquid equilibrium calculation for the 
system 

diisopropyl ether (1) + chloroform (2) 
based on the present association theory and compared with the non-associated theory of 
van der Waals (van Laar equation). 

van Laar This work 

L1P L1y, L1P Lly, P[mmHg] n. [mmHg] [-] [mmHg] [-] 

246 18 73.3 .0956 5.0 0.0198 
577 17 144.6 .0744 10.4 0.0223 
653 18 122.9 .0854 15.4 0.0160 
760 14 193.1 .0673 8.8 0.0113 

Total no. of data = 67. 

Table 16. Comparison of the results of the vapor-liquid equilibrium calculation for the 
system 

methanol (1) + ethanol (2) 
based on the present association theory and compared with the non-associated theory of 
..-an der Waals (van Laar equation). 

van Laar 

L1P Lly, 
11

°

C) n. [mmHg] [-] 

:)} 9 3.1 n.a.
9 6.4 n.a.
9 5.7 n.a.
9 13.7 n.a.

Total no. of data = 36; n.a. = Data not available. 

b?P = GR Te)(8 Pep
) = �;•hep 

•"here 

;,� = ln [(KP rp xJ1)rJ/ln [Kp rp xJ1] 

This work 

L1P 

[mmHg] 

1.1 
2.3 
2.1 
8.6 

Lly, 
[-] 

n.a.
n.a.
n.a.
n.a.

(81) 

(82) 

(83) 

6¥- �81_) and (82) represent the van der Waals parameters a
PP 

and b
PP of an

��anng component. In the following section the van der Waals theory 
:� _n�tnres of a�socia�ing fluids is applied to calculate and predict the phase
'.!iie:t!anor of vanous bmary associating mixtures for which reliable experi
� data are available. 
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Table 17. Comparison of the results of the vapor-liquid equilibrium calculation for the 
system 

methanol (1) + 1-propanol (2) 
based on the present association theory and compared with the non-associated theory of 
van der Waals (van Laar equation). 

van Laar This work 

L1P L1y, L1P L1y, 

T(°C) nd [mmHg] [-] [mmHg] [-] 

9 9 . 72 n.a. .59 n.a .
10 9 2.0 n.a. .46 n.a.
20 9 3.3 n.a. 1.2 n.a.
30 9 1.2 n.a. .2 n.a.
40 9 3.1 n.a. .74 n.a.
50 9 2.6 n.a. 2.3 n.a.
60 9 11.5 n.a. 8.0 n.a.

Total no. of data = 63 ; n.a. = Data not available. 

VII. Calculations and results

In this section we utilize the generalized association theory presented above 
for property calculation of associated mixtures using the van der Waals 
model and we compare the results with the experimental data. The most 
widely available experimental data for the associated fluid mix�res are the 
binary vapor-liquid equilibrium data at low pressures (Matteoh and Man
soori [37]; Behrens and Eckerman [30]) which will be used in the prese�t 
comparisons. The thermodynamic conditions for equilibrium between liqmd 
and vapor phases in a binary mixture at a given temperature and at low 
pressures are shown by the following equations (Behrens and Eckerman 
[30]) 

(84) 

where� and y;; (p = 1, 2) are the analytic mole fractions of component p 
in liquid and ;apor phases, respectively, y

P 
is the activity coefficient of 

component p in the liquid phase, and P� is the vap�r pressure of_component
p. Activity coefficients can be obtained by replacm� Eq. (73) m Eq. (74).
Considering the possibility of solvation between unhke molecules, the ac
tivity coefficients of the two components of a binary mixture, Y1 and Y2, can 
be obtained as the following: 

y1 = exp {A1,/[1 + (A1,/A21)Cx1/x1)]2 
+ (x1)2(L1Hl?J.IRT- L1 Sl11/R)} (85) 

y2 = exp{A2/[1 + (A2/A12)(x1/x1)]2 
+ (x1)2(L1 Hl?]_/RT- L1Sl?J.IR)} (86) 

A Generalized Chemical Associating Theory of Mixtures 235 

Table 18. Comparison of the results of the vapor-liquid equilibrium calculation for the 
system 

ethanol (1) + 1-propanol (2) 
based on the present association theory and compared with the non-associated theory of 
\·an der Waals (van Laar equation). 

van Laar This work 

L1P L1y, L1P L1y, 
71°C) nd [mmHg] [-] [mmHg] [-] 

50 9 9.0 .0078 4.1 .0060 
60 9 14.4 .0080 5.3 .0058 
-r,i) 9 25.3 .0082 9.5 .0072 
5,,) 9 30.1 .0087 3.7 .0077 

Total no. of data = 36; n.a. = Data not available. 

where 

(87) 

(88) 

mo L1Hl?J. and ASl?J. are the standard enthalpy and entropy of solvation 
titetween components 1 and 2, respectively. It should be pointed out that 
J H� and L1 Sl?J. are independent of temperature. 

The most severe test of an associated theory is its application to bina.ry 
�,:tures of an associated component with a non-associated component. 
Tbis is because such mixtures have larger deviation from an ideal solution 
!hm other kinds of mixtures considered. In the present calculations nine 
different binary mixtures consisting of an associated component ( 1) and a 
3!ioo-as.sociated component (2) are chosen for the first set of calculations 
md comparisons with the experimental data. They include binary mixtures 
0f l!Dethanol (1) + tetrachloromethane (2), methanol (1) + cyclohexane (2), 
�ol (1) + acetone (2), ethanol (1) + tetrachloromethane (2), ethanol 

--- cyclohexane (2), ethanol (1) + hexane (2), 1-propanol (1) + tetra
�methane (2), 1-propanol (1) + benzene (2), and 1-propanol (1) +

L2-dichloroethane (2). For these binary mixtures the vapor-liquid equilib
T!i� fVLE) data and pure vapor pressure data are taken from Behrens and 
6..-i.aman [30]. 

In Tables 3 through 11 the results of the VLE calculations performed 
;:he present association theory are reported for these nini binary mixtures. 

� tables include the average absolute error in predicting the total pres-
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Table 19. Calculated enthalpy and entropy of solvation for various interactions. 

Acetone(1) + Chloroform(2) 
Diethylether(1) + Chloroform(2) 
Acetone(1) + Chloroform(2) 
Methanol(1) + Ethanol(2) 
Methanol(1) + 1-Propanol(2) 
Ethanol(1) + 1-Propanol(2) 

t.1H12
1/R 

(OK) 

-735
-649
-836

-340

-274

-300

-1.5

-1.51

-1.28

-1 
-1

-.92

sure (LIP) and the average absolute error in predicting the mole fraction of 
the associated component in the vapor phase (LI Y1)-

(89) 

(90) 

Also reported in these tables are the results of the calculations if the original 
non-associating van der Waals property calculation model (the van Laar 
equation) was used. According to these tables with the application of the 
proposed association theory predictions of the mixture VLE propertie� are
appreciably improved over the non-associating model. �t should be pomte_dout that in applying the present theory to binary associated + non-associ
ated mixtures we have to specify �P (p = 1), the association parameter of
associated component (1) as defined by Eq. (83). Provided experimental
data for association equilibrium constant K1 and r1 are available, Eq. (83)
could be used to calculate �1 • However, due to the unavailability of such
data this parameter is obtained from the experimental VLE data. In Table
(12) numerical values of �1 for methanol, ethanol and 1-propanol as calcu
lated from various binary mixture data are reported. Slight variations of
calculated � 1 from one binary system to another may be attributed to the
inaccuracy of the van der Waals model. Considering Eq. (83) parameter �1 

seem to depend on temperature. However, for the present calculations �1 is
insensitive to temperature.

In order to test accuracy of the proposed model for systems without 
association, but with salvation, we have chosen three binary mixtures. 
These mixtures are acetone (1) + chloroform (2), diethylether (1) + chloro
form (2) and diisopropylether (1) + chloroform (2). The required VLE 
and pure vapor pressure data for these mixtures are available (Behrens and 
Eckerman [30]). In Tables 13 through 15 the results of the present theory 
for these solvated + non-associated mixtures are compared with the results 
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of the original van Laar model. According to Tables 13-15 prediction by 
the present theory are far superior to the non-associated van der Waals 
model. 

Another category of binary mixtures of interest here are those in which 
both components are associating. In this case both association and salvation 
may occur. The binary mixtures of methanol (1) + ethanol (2), methanol 
(1) + 1-propanol (2) and ethanol (1) + 1-propanol (2) are chosen as rep
resentative of this category of mixtures. The averaged association paramet
ers �P for methanol, ethanol and 1-propanol as reported in Table (12) are
used in these calculations. In Tables 16-18 results of the present theory for
these solvated-associated mixtures reported and are compared with the re
sults of the van Laar equation. According to these tables the calculations by
the present theory are in much better agreement with the experimental data
than the non-associated van der Waals model (van Laar equation). In
Table 19 the enthalpy, LIH1�1, and entropy, LIS1�1, of salvation of various
binary mixtures which are calculated from the related VLE data are re
ported.

In all the calculations reported here the general distribution function of 
associated species obtained based on a general association theory was ap
plied taking into account chemical intermolecular interactions (self-associ
ations and salvations) through the van der Waals mixture model, and used 
to predict the phase behavior of a number of binary mixtures. In spite of 
ilie simplicity of the present theory, the reasonable agreement of the results 
.i.ith the experimental data confirm the soundness of the generalized chemi
cal association theory. However, it should be pointed out that the van der 
Waals mixture property calculation model which is extended here to associ
ating mixtures is probably the simplest of such theories. Provided a more 
accurate property calculation model is used a..�d t..½e association paraiueters 
are obtained by using a more extensive VLE data bank it will be possible 
Io make much better predictions using the generalized chemical association 
theory of mixtures. 
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Somenclature 

!Ii van der Waals equation of state parameter 
,r van der Waals equation of state parameter 
, Molar Helmholtz free energy 

Number of components in a multi-component mixture. 
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G Molar Gibbs free energy 
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i Number of the same monomers in an associated species 
I Continuous variable version of (i) defined above 
K Equilibrium constant of self association between molecules of component p, which 

is independent of the degree of association 
L The limit of association in component p 
n Number of moles 
NA Avogadro number 
p Component p 
p; Associated species formed from i molecules of component p 

Plli Associated species formed from i molecules of component p and j molecules of 
component q. 

P Pressure 
Pi Vapor Pressure of pure component p 
R Universal gas constant 
T Absolute temperature 
VLE Vapor-Liquid Equilibria 
x Liquid phase mole fraction 
x (I) Distribution function 
x0 Distribution function normalizing factor 
y Vapor phase mole fraction 

Greece Letters 

d Date 
)' The activity coefficient 
r Function of T and P, defined by Eq. (14) 
" = y-r 

Superscript 

A Analytical 
E Excess 
T True 

Subscript 

1,2,3, ... 
calc 
conf 
exp 
m 

p 
pi 
piqj 

Components 1,2,3, . .. in the mixture 
Calculated 
Configurational property 
Experimental 
Mixture 
Componentp 
Associated species formed from i molecules of component p
Associated species formed from i molecules of component p and j molecule 
of component q 
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