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ABSTRACT

A model is proposed to correlate the excess Gibbs free energies and excess enthalpies of
binary solutions of methanol and a solvating component. Solution nonideality from ideal
solutions is given by the sum of the chemical contribution term, which is due to self-associa-
tion of methanol and solvation between methanol and a nonassociating component, and the
physical contribution term with allowance for the NRTL equation. The model uses the
following data for methanol: two enthalpies for formation of the hydrogen bonds for the
dimer and all larger polymeric species; three equilibrium constants of stepwise association for
the dimer, trimer and other polymeric species, and an equilibrium constant for cyclic species
of more than tetramer. The association model further includes an additional solvation
equilibrium to allow for the interaction between the terminal hydroxyl group of methanol
polymeric species and a solvating component. The model is extended to predict vapor-liquid
equilibria. liquid-liquid equilibria and excess enthalpies for ternary solutions containing
methanol and two nonassociating components from only binary information. Calculated
results are in good agreement with experimental data as shown by selected illustrative
examples. .

NOTATION

C;, D, constants of eqn. (54)

Gr';_" coefficiex_us as defined by exp(— «;,7;;)

g excess Gibbs free energy

8ij binary interaction parameter

hy enthalpy of formation of dimer

ha enthalpy of hydrogen bond formation in i-mer

h g, hac enthalpies of formation of chemical complexes A;B and A;C
enthalpy of formation of chemical complex B,C,
ha,c enthalpy of formation of chemical complex B,C,
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he total enthalpy of chemical complex formation in solution

hE excess enthalpy

K, equilibrium constant of dimer formation

K, equilibrium constant of open chain trimer formation

K equilibrium constant of open chain i-mer formation, i >3

K., equilibrium constant for cyclization of open chain i-mer as defined by 8/, i >4
K .g- K.c equilibrium constants of formation of chemical complexes A,;B and A,C
Kgc equilibrium constant of formation of chemical complex B,C,

Kg.¢ equilibrium constant of formation of chemical complex B,C,

n number of moles of a particular species '

P total pressure

P saturated vapor pressure of pure component

R gas constant

S stoichiometric sum

T absolute temperature

oF molar liquid volume of pure component ;

X, liquid phase mole fraction of component i

¥ vapor phase mole fraction of component §

z coefficient as defined by Kx,,

Greek letters

a,; nonrandomness parameter of NRTL equation

Y. aclivity coefficient of component i

¢ constant related to K,

7, coefficient as defined by (g,, —g.,)/RT

o, vapor phase fugacity coefficient of component i

& vapor phase fugacity coefficient of pure component i at system temperature 7

and pressure P}

Subscripis

A methanol

ALA methanol monomer and i-mer

A,B. A,C complex formation between methanol i-mer and component B or C
BC 1:1 complex between components B and C
B.C 2:1 complex between components B and C
chem chemical

f complex formation

i, j. k components

phys physical

1,2.3 methanol and unassociated components
Superscripts

E excess

L liquid

s saturation

x

pure methanol
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INTRODUCTION

Stokes [1] presented a chemical association model which can account for
the thermodynamic, spectroscopic and dielectric properties of dilute solu-
tions of ethanol in cyclohexane. The model contains three equilibrium
constants for the formation of open chains of any length, an equilibrium
constant for the formation of cyclic species of more than tetramer. and the
Scatchard-Hildebrand interaction term. Vapor pressure and excess enthalpy
data for the system ethanol-p-xylene [2] were interpreted by the association
model with an addition of a solvation equilibrium to allow for the interac-
tion between the terminal hydroxyl group of ethanol chains and p-xylene.
The theory of Stokes gives generally a good fit to the experimental data in
the low concentration range of ethanol and cannot treat excess enthalpy data
over the whole concentration range. This may be due to the inadequacy of
the Scatchard—Hildebrand equation for molecular interactions. One must
present a refined version of the model of Stokes to reproduce well the
thermodynamic properties of alcohol solutions over the entire concentration
range. This paper is concerned with such a modified model to calculate
vapor-liquid and liquid-liquid equilibria and excess enthalpies for binary
and ternary solutions of methanol and nonassociating components. because
a considerable amount of experimental data for these properties have been
available in the literature.

THEORY

Binary systems

Following Stokes’ method, we assume four stepwise equilibrium constants
defined in terms of mole fraction statistics for highly associated alcohol.
Open chain reactions are:

A+A=A, Ky=x, /X3 (1)
A, TA=A, K3=xa,/Xa XA, (2)
A, +A=A,, K=xa_ /XaXa, i=3 (3)

Cyclic groups are defined in equilibrium with the open chains bigger than
tetramer.

Ai(linear) = Ai(cyclic) Kcy = 0/i, i>~4 (4)

Additionally we assume a solvation equilibrium between the terminal
hydroxyl group of alcohol chains and one solvating component such as
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benzene, carbon tetrachloride, chloroform, acetone and ethyl ether.
A +B=A,B K, p=2x45/%Xa X5, (5)

i(linear)

According to Prigogine and Defay [3] the excess Gibbs free energy and the
activity coefficients of associated component (= component 1) and nonasso-
ciated component (= component 2) for the chemical contribution due to
association and solvation are given by

ghem/RT=x,In(x, /x% x,) + x; In(xp /x;) (6)
(In ¥ ) chem = 1n(xA,/x:,xl) (7)
(In ¥3 ) chem = 1“(-"13,/*’2) (8)

For the physical contribution we take the NRTL equation of Renon and
Prausnitz [4] in place of the Scatchard-Hildebrand equation used by Stokes.

g:'hys/RT= xr"'z[”'znGzl/(-"'x + x,Gy;) + T12G 12/ (xz + lel‘.’.)] (9)
(In v, )Phys = x%["'zlezl/(xl -+ x2G2])2 + 712G/ (x5 + leIZ)2] (10)
(In ¥3 )phys = xxz[leGllz/(xz + -lexz)z +7,Gay/ (x, + sz:n)z] (11)
where

T = (g2 — &) /RT T2 =(82 — 822)/RT (12)
G, = exp(—ay75) G, =exp(—a;,7;) (13)

Then the final expressions of the excess Gibbs frec energy and activity
coefficients are given by the sum of these two contributions.

gE = gcicm + gfhys (14)
Iny, =0 v, )chem + (In Yx)phys (15)
In Y.‘Z = “n YZ )chem + (]n 'Yz )phys (16)

The following mass balance equations [eqns. (17)—(21)] are used to obtain
the mole fractions of the monometric species, x, . x; and xg,.

xy=n/{(n;+n,)

[~ -] oC oo
2 N4 (lineary T 2 ing g + i1 5 (cyelic)
=5

i=1 i=1 i

x o o0 o0
2 "’A,(linear)"‘ 2 ing g + 2 in g (cyeticy T 2 na B,

i=1 i=1 i=5 i=0

={(1+ Kpgxp )| xa, +2K,x3, + K, K5(3 — 22)x3 /(1 — 2)’]

+K,K,K?0x] /(1 —-z2)} /S (17)
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xy=ny/(ny+ny)

Tnas

nAlBI
{

3] 3 o 3
2 ’nA,(linear) + 2 ‘nA,B, + 2 ’nA,(cyclic) + 2 ”A,—B,
i=35 i=0

i=1 i=1
= {Kapxp[xa, + Kox3 + K Koxd /(1= 2)] + x5} /S (18)
where z = Kx, and S is the stoichiometric sum given by
S=(1+ KABxBI)[xA' +2K,x;i +K,Ky(3—2z)x3 /(1 — z)z]
+K,K;K?*0x3 /(1 —z)
+KapXp,[xa, + Kox3 + Ky Ksxd /(1= 2)] + x5, (19)
The mole fractions of chemical species in the solution keep the following

relation.

co o0 o0
2 X A (linear) + XA (eyelicy T 2 Xa,B,
=5 i=0

i=1 i

K2K3x,3\' ] _ K,K.0

:(I+KABxBl)[xA|+K2xil+ =2 3

z2 23 28
X[ln(l—’g)+2+-2—+—-3-+*z]

+ KapXg | Xa, + Kyx2 + Ko K3x3 /(1 —2)] + x5 =1 (20)

At pure alcohol state eqn. (20) reduces to

0 o0
* *
2 xA,(linear) + xA,(cyclic)
i=1 i=S5

2 K,K,0
=[x“‘Al + KZX*%. + K2K3x*,3\|/(1 — z*)] —-—————"’K; :
x [In(1 ~z*)+z*+z*2/2+z*3/3+z*4/4] =1 (21)

The excess enthalpy is similarly given by the sum of two contributions:
one is chemical and the other physical.

hE = hshem + hﬁhys (22)
The chemical contribution term is defined as
hfhem'_—hf'”xih? ' (23)

where A is the total enthalpy of the solution and A¥F is the value of hg at pure
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alcohol state.

[} X0
he= [;IZ(nAZ +nap) Fhal 2 (0= Dng ineany + 2 N A (eyeiic)
1 fort

i=$5

+ _;3("— 1)”A,B.} +hap 2 nA,-B,}/(nl +n,)

i=1
= {(1+ Kapxg )[ A K2} + hp K Koxd (2—2) /(1 — 2)7]
+h K, K;K?0x2 /(1 —2)

+hapKapXs X, + Kyxh + Ky Kyxd /(1—2)]} /S - (24)

Rt =[hyKox*2 + oKy Kox®h (2= 2%) /(1 — 2%)°

+h oKy Ky K20x*5 /(1 —2%)] /5 (25)
where %, is the enthalpy of formation of dimer, 4, is the enthalpy of
hydrogen bond formation for all open chain alcohol i-mers (i > 2) as well as
cyclic ones, and S* is the value of S at pure alcohol state.

*=ux} +2K,x* + KyKax*) (3—22%) /(1 —z%)°
+K,K;K*0x*3 /{1 —z%) (26)
Application of the Gibbs—Helmholtz equation to g5,/ 7T gives the physi-

cal contribution term to the excess enthalpy.

RE = a(g::hys/r) = Rx.x 7102 + 712G 13
phys 9(1/T) 2 X+ x,G x,+ Gy

} | (27)
where

T =037y, /8(1/T) 7{,=87,/3(1/T) (28)

In the correlation of experimental excess enthalpy data, we assume that
the energy parameters could be expressed by a linear function of temper-
ature.

8x — 8 = C, + D(T—273.15) 812 — 822 = Co + Dy(T — 273.15) (29)
Investigations of complex formation in binary mixtures of chloroform

(B=component 1) and acetone (C=component 2) [5,6] justify that the
physical contribution can be negligible compared to the chemical contribu-

’ ’
x,75,G 75, + X,715G 1571
2 2
(xy + x2G) (x;+x,G3)

&y
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tion so that two complex forming reactions are responsible for all deviations
from ideal solution. The McGlashan—Rastogi method of analysis [7] evaluates
the equilibrium constants (Kpc and Ky ) and the enthalpies of complex
formation (hpc and kg c) for the reactions represented by

B+ C=BC Kpc = Xxg.c,/XpXc, - (30)
2B+ C=B,C Kyc=xpc,/XpXc, (31)

The excess Gibbs free energy and excess enthalpy are given by

(32)

E — xBl
g°/RT=x,;In x—+x2 In
1

hE=xg xc (Knchpc + x5, Knchpc) /[l + %o %c( Koc +2x5,Kpc)]  (33)

The mole fractions of monometric B and C are obtained from eqns. (34) and
(35).

(1 +Kge)xp + Kpcxp(2—xp)
1 -+ KBCxB'(Z - .’CBI) + KB_,C)C;(S - 2xBl)

X1 (34)

xg + KpcXpXc, + Kg cXpXe, T X, =1 (35)

In the system benzene-—tetrachloromethane only BC complex formation is
assumed and the physical interaction term is also included according to the
anaiysis of McGlashan et al. [8]. When there is no complex formation,
solution nonideality is described in terms of the physical contribution.

TERNARY SYSTEMS

As a typical example, we present our ternary expressions of the excess
Gibbs free energy and excess enthalpy for mixtures of methanol (A=
component 1), chloroform (B = component 2) and acetone (C = component
3). We consider self-association of methanol and binary complex formation
between two different component molecules, but we do not assume any
ternary complexes.

Ternary extension of eqns. (6) and (9) gives gk ... and gfhys.

chhem = RT[xl ln(xAl/xK,xl) + x5 1“(—"3,/—"2) + x5 ln(xc,/x3)] (36)

3
_2 7 Gji%
gshys = RTE xi'J__j,l‘_———
= 2 Guixy

k=1

(37)
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where
Tii = (gji —8:)/RT (38)
Gji =exp(— QT ) (39)
where (In ¥;)pem @nd (In v;) s are separately expressed by
(ln Yi )chem = ln(xA,/x.—t,xl) (40)
(ln 72 )chem = ln(xB,/xZ) (41)
(In ¥3)chem = In(xc, /%3) (42)
3 3 i !
jgl 1:1"-(;1""\’1 3 j§1 ijij 21 X,T, rj rJ
(In -y,.)ph_Vs = + 2 3 — | m— L——— (43)
2 Grixp /=1 2 GA,‘A 2 ij'xk
k=1 k=1 ! k=1

The mole number of each component is equal to the sum of mole numbers
of chemical species in the mixtures.

E N A (lineary T 2 nap + 2 ingc + E M 4 (eyelic) (44)
i=} i=1 i=1
ny=ng +ngc +2ngc + 2 na g, (45)
i=1
oc
ny=nc +ngc +ngc + > Ny c, (46)

i=1

Then, the mole fractions of monometric A. B and C are related to the
nominal mole fraction of each component and are obtained by solving eqns.

47)—-(51).
- ny - o ; 2
Xy —m = {(1 + KABxBl + KACxCl)[xAI + 2 szA,
+K,K3x} (3—22) /(1= 2))| + K, K,K?6x3, /(1 —2)} /S (47)
", 2 .
X, = ———————”l T ”; o, = {xBl + Kacxa,xc, +2 KB;C"CB:"C. + K, pX B,
%[xa, + Kpx3, + Ky Kaxd /(1—2)]} /S (48)
n -
x3 = m = {.\.‘Cl + KBCXB(’CC( + KBleél.xcl + KAC'YCI

X[xa, + Kyxd, + KaKoxd /(1= 2)]} /S (49)
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where the stoichiometric sum is
S=(1+ Kagxa, + Kacxc,)| xa, +2 Kx%, + Ko K3x2, (3 —22) /(1 — z)’]
+K2K3K20xil/(l —z)+ (K pxp, + KACxC‘.)[xAl + K,x3
+KyKyx3 /(1= 2)] +2 Kpexpxe, + 3 Kgoxhxc, +xg +xe,  (50)

The sum of mole fractions of all chemical species is equal to unity.

2 xA(llnear)+ 2 XA,B, + 2 Xa,c, + 2 xA(cychc)+xBC +‘BC + Xg, +xc

i=1 i=1 =1 i=S5

K, K,;x
=(1+ Knpxp, + KACxC,)[xA, + K,x3 + —{1—_—3—‘)‘}
K2K30 22 g3 4
P (I‘“L)‘FZ'+ ) +'3 4‘?I
+KchB,xc‘+Ka,,cx|7§,xc,+xal+xc,= 1 (51)

The total molar enthalpy of all chemical species in the ternary mixtures is
given by

o oe
he= { ("A Rl INEY T, 2Cs )+ h [ 2 (i— l)nA,(linear)+ 2 IN 5 (cyclic)
i=3 i=35

+ 2 (1—1)(”AB,+"AC)]+1’ABE n B, +hAC2 na,c, +th”Bc

i=3 i=1

+hBZC”B:C.}/("! +n,+ rns3)

={(1+& s, Kacxe, )| haKoxd, + haKyKaxd (2= 2)/(1—2)]
+h K, K, K20x5, /(1 —z)
+{(hapKapxs, + hACKACxC|)[xA| + KyxX, + K, Kyx3 /(1 ~ 2)]
+hpcKpexoc, +hacKacxixe,| /S (52)

Substitution of egns. (52) and (25) into eqn. (23) gives hE ... h S‘hys is obtained
by differentiating gfhys with respect to temperature.
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23: 3(7,G;:) i 2
i lx X
o dghwT) L | ATVeyT) S TTUE Aa(l/T)
h h\\—_——-—__'zR 2 X;
P a(1/T) = 3 2
AE G ( 2 Guxy }
«=1 k=1
(53)
and the energy parameters are assumed to change linearly with temperature.
g,li_gll:Ci+Dl<T—273'15) (54)

CALCULATED RESULTS
Reproduction of binary experimental datu

The equilibrium constants and enthalpies of hydrogen bond formation for
methanol are K,=70. K;=120, K=100 and #=iK_,,=90 at 25°C,
ho=—21.2 k] mole™! and h,= —23.5 kJ mole™! [1]. h, and h, are
assumed independent of temperature. The temperature dependence of K,
gives /1,, that of K or § gives a value of 4,, and that of K, corresponds to
2h, — h,. since the value of K,K,;/K?* should be independent of tempera-
ture according to the model.

dInK,/9(1/T)= —h,/R. dInK/3(1/T)= —h,/R,
dInd./3(1/T)=—h,/R. dInK,/3(1/T)=—(2hy—h,)/R (55)

Similarly the temperature dependence of K5 gives /1 45.

To test the present association model, experimental vapor-liquid equi-
librium and excess enthalpy data, which were selected for representative
binary systems, were analyzed.

Vapor-liquid equilibrium data were reduced by

®,1,P = x,v,8, P} exp[v:( P — P?) /RT] (56)

where v is the vapor mole fraction, P is the total pressure, v} is the molar
liquid volume of pure component i, P/ is the saturated vapor pressure of
pure component / and the Antoine equation is used to calculate P? [9]. The
volume-explicit virial equation truncated after the second term is used to
obtain the fugacity coefficient ¢ and the pure component and cross-virial
coefficients are estimated by the method of Hayden and O’Connell [10]. The
nonrandomness parameter of the NRTL equation «, (= ;) is set to 0.3 for
all binary combinations studied in this wcrk [4]. The energy parameters were

obtained by minimizing the squares of deviations in In(y,/v,) for all data
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TABLE 1

Solvation equilibrium constants and their enthalpies of complex formation

System Temp. K h
O (kJ mole™ 1)

Methanol-acetone 50 15.0 —21.0
Methanol-benzene 55 3.0 —-8.2
Methanol-chloroform 50 28.0 —24.5
Methanol-ethyl ether 25 15.0 —220
Methanol-methy! acetate 50 10.0 —17.0
Methanol-tetrachloromethane 25 1.5 —5.5
Methanol-tetrahydrofuran 25 25.0 —20.0
Benzene-tetrachloromethane 25 0.215 —5.28
Chlorofo:m—acetone, 1:1 complex 25 0.967 —10.5

2:1 complex 25 1.117 —13.2

1:1 complex 50 0.698

2:1 complex 50 0.668

points. The Simplex method [11] was used for this purpose. Liquid-liquid
equilibria are described in terms of the equality of activities in two liquid
phases for each component. Table 1 lists the solvation equilibrium constants
and their enthalpies of complex formation. Stokes and Burfitt [12] reported
enthalpies of dilution of ethanol in cyclohexane, tetrachloromethane and
benzene at 25°C. We estimated the enthalpies of complex formation between
methanol and tetrachloromethane or benzene by taking the difference be-
tween the value of enthalpy of dilution of ethanol in cyclohexane and that in
tetrachloromethane or benzene. Enthalpies of complex formation for other
solvents (acetone, ethyl ether, methyl acetate, tetrahydrofuran except chloro-
form) were similarly estimated. The equilibrium constant and enthaipy of
complex formation of the system benzene-tetrachloromethane were taken
from McGlashan et al. [8]. The equilibrium constants of the system chloro-
form-acetone are the same as obtained by Kearns [5], and the enthalpies of
complex formation of this system at 25°C were taken from a previous paper
[13]. Tables 2 and 3 present typical results for representative systems. Figures
1-6 are examples of representative sets of binary data which we have
correlated. The association model represents very well skewed excess en-
thalpy curves showing both endo- and exothermic regions for the systems
methanol—tetrachloromethane and methanol-chioroform (Figs. 5 and 6).
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Fig. 1. Vapor-liquid equilibria for (a) methanol (1)-tetrachloromethane (2), and (b) methanol
(I)-benzene (2) at 55°C. Calculated (——). Experimental (@) methanol-tetrachloro-
methane, data of Scatchard et al. [16]; methanol-benzene. data of Scatchard and Ticknor
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Fig. 2. Vapor-liquid equiiibria for (a) chloroform (1)-acetone(2), and (b) methanol(1)-ace-
tone (2) at 50°C. Calculated (———). Experimental: chloroform-acetone, data of Severns et
al. [15] (&), and Mueller and Kearns [34] (A): methanol-acetone. data of Severns et al. [15]
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Fig. 3. Vapor-liquid equilibria for (a) methanol (1)-methyl acetate (2), and (b) methanol
{1)—chloroform (2) at 50°C. Calculated ( ). Experimental (@) data of Severns et al. [15].
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Fig. 4. Excess enthalpies for (a) methanol (1)-n-hexane (2), and (b) methanol (1)-benzene (2).
Calculated ( ). Experimental: methanol-»n-hexane data of Savini et al. [31] at 45°C;
methanol-benzene (@) 25°C, (&) 35°C, (&) 45°C, data of Mrazek and Van Ness [29].
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Fig. 5. Excess enthalpies for methanol (l)-tetrachloromethane (2). Calculated (
Experimental: (&) 0°C, (A) 20°C, (B) 35°C. data of Otterstedt and Missen [33).
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Fig. 6. Excess enthalpies for three binary systems at 25°C. Calculated ( ). Experimental:
1 methanol (1)-acetone (2), data of Nagata and Tamura [28] (&), Coomber and Wormald
[35] (&). Hirobe [36] (V); 2 methanol (1)-chloroform (2). data of Nagata and Tamura [28]
(®). Hirobe {36] (O); 3 chloroform (1)-acetone (2), data of Nagata et al. [13] (A).
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TABLE4
Predicted results for ternary vapor-liquid equilibria as obtained from binary parameters

System Temp. No. of Deviations Ref.
(°0) data
points Vapor mole Pressure
fraction (mm Hg)
(X 1000)
Methanol— ' 9.5
tetrachloromethane- 34.68 6 5.0 6.2 19
benzene 6.1
Methanol- 6.6
tetrachloromethane— 55 8 22 6.0 19
benzene 5.9
Methanol- 13.6
acetone— 50 35 6.6 5.3 15
methyl! acetate 10.1
Methanol- 9.4
chloroform- 50 30 9.2 8.8 15
acetone 8.6

Ternary predictions from binary parameters alone

Table 4 summarizes vapor—-liquid equilibrium predictions for four repre-
sentative ternary systems. Agreement is good between calculated and experi-
mental vapor mole fractions and pressures. The absolute arithmetic mean
deviation of excess enthalpy between calculated and observed results for 51
data points of the system methanol-chloroform-acetone at 25°C [28] is 28.3
J mole™!. It is often difficult to predict well ternary liquid-liquid equilibria
with a plait point by using binary parameters. Figures 7—11 demonstrate

TETRACHLOROME THANE

N ra)

METHANOL CYCLOHEXANE

Fig. 7. Ternary liquid-liquid equilibria for methanol-tetrachioromethane-cyclohexane at
25°C. Calculated ( ). Experimental data of Yasuda et al. [27]. (®---@) Tie line.
Concentrations are in mole fractions.
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Fig. 8. Ternary liquid-liquid equilibria for methanol-ethyl ether-cyclohexane at 25°C.
Calculated ( ). Experimental data of Sugi et al. [37]. (O) Solubility: (@---@) tie line.
Concentrations are in mole fractions.
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N v %

METHANOL CYCLOHEXANE

Fig. 9. Ternary liquid-liquid equilibria for methanol-methyl acetate—cyclohexane at 25°C.
Calculated ( ). Experimental data of Sugi et al. [37]. (O) Solubility. (8---@) tie line.
Concentrations are in mole fractions.
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Cal ~

METHANOL CYCLOHEXANE

Fig. 10. Ternary liquid-liquid equilibria for methanol-tetrahydrofuran-cyclohexane at 25°C.
Calculated ( ). Experimental data of Sugi et al. {37]. (O) Solubility: (&---@) tie line.
Concentrations are in mole fractions.

BENZENE

METHANOL CYCLOHEXANE

Fig. 11. Ternary liquid-liquid equilibria for methanol-benzene-cyclohexane at 25°C. Calcu-
lated ( ). Experimental data of Nagata [38]. (O) Solubility; (@---8) tie line. Con-
centrations are in mole fractions.
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clearly that the model also works very well for this problem, although the
original NRTL equation failed to do so.

We may conclude that the proposed association model has a good ability
in reproducing the thermodynamic properties of binary and ternary methanol
solutions over the whole mole fraction range.

REFERENCES

1 R.H. Stokes, J. Chem. Soc.. Faraday Trans. I, 73 (1977) 1140.

2 R.H. Stokes and H.T. French. J. Chem. Soc.. Faraday Trans. [. 76 (1980) 537.

3 I. Prigogine and R. Defay, Chemical Thermodynamics. Longmans Green and Co..
London, 1954.

4 H. Renon and J.M. Prausnitz, AIChE J.. 14 (1968) 135.

5 E.R. Kearns, J. Phys. Chem., 65 (1961) 314,

6 A. Apelblat, A. Tamir and M. Wagner, Fluid Phase Equilibria. 4 (1980) 229,

7 M.L. McGlashan and R.P. Rastogi. Trans. Faraday Soc.. 54 (1958) 496.

8 M.L. McGlashan. D. Stubley and H. Watts. J. Chem. Soc. A, (1969) 673.

9 J.M. Prausnitz. T. Anderson. E. Grens. C. Eckert. R. Hsieh and J.P. O’Connell. Computer

Calculations for Multicomponent Vapor-Liquid and Liquid-Liquid Equilibria. Prentice
Hall, Englewood Cliffs, NJ. 1980.

10 J.G. Hayden and J.P. O'Connell. Ind. Eng. Chem.. Process Des. Dev.. 14 (1975) 209.

11 J.A. Nelder and R. Mead. Comput. J.. 7 (1965) 308.

12 R.H. Stokes and C. Burfitt. J. Chem. Thermodyn.. 5 (1973) 623.

13 1. Nagata. K. Tamura and S. Tokuriki, Thermochim. Acta. 47 (1981) 315.

14 A_N. Marinichev and M.P. Susarev. Zh. Prikl. Khim.. 38 (1965) 378.

15 W.H. Severns, Jr.. A. Sesonske. R.H. Perry and R.L. Pigford. AIChE J.. 1 (1955) 401.

16 G. Scatchard. S.E. Wood and J.M. Mochel. J. Am. Chem. Soc.. 68 (1946) 1960.
17 H. Arm and D. Bankay, Helv. Chim. Acta, 51 (1968) 1243.

18 V. Bekarek, Collect. Czech. Chem. Commun., 33 (1968) 2608.

19 G. Scatchard and L.B. Ticknor. J. Am. Chem. Soc.. 74 (1952) 3724.

20 H. Arm, D. Bankay, R. Schaller and M. Wilti, Helv. Chim. Acta. 49 (1966) 2598.
21 G. Scatchard. S.E. Wood and J.M. Mochel, J. Phys. Chem.. 43 (1939) 115.

22 H. Arm. D. Bankay. K. Strub and M. Wilti, Helv. Chim. Acta. 50 (1967) 1013.

23 I. Nagata, T. Ohta, T. Takahashi and K. Gotoh. J. Chem. Eng. Jpn.. 6 (1973) 129.

24 G. Scatchard. S.E. Wood and J.M. Mochel, J. Am. Chem. Soc.. 62 (1940) 712.

25 G. Scatchard, S.E. Wood and J.M. Mochel, J. Am. Chem. Soc.. 61 (1939) 3206.

26 H. Arm and D. Bankay, Helv. Chim. Acta, 52 (1969) 279.

27 M. Yasuda. H. Kawada and T. Katayama. Kagaku Kogaku Ronbunshu. 1 (1975) 172.
28 I. Nagata and K. Tamura, unpublished data.

29 R.V. Mrazek and H.C. Van Ness, AIChE 1., 7 (1961) 190.

30 E.A. Moelwyn-Hughes and R.W. Missen, J. Phys. Chem.. 61 (1957) 518.

31 C.G. Savini, D.R. Winterhalter and H.C. Van Ness, J. Chem. Eng. Data, 10 (1965) 171.
32 I. Nagata, T. Ohta and T. Takahashi, J. Chem. Eng. Jpn.. 5 (1972) 227.

33 J.E.A. Otterstedt and R.W. Missen, Trans. Faraday Soc.. 58 (1962) 879.

34 C.R. Mueller and E.R. Kearns, J. Phys. Chem., 62 (1958) 1441.

35 B.A. Coomber and C.I.LA. Wormald. J. Chem. Thermodyn.. 8 (1976) 793.

36 H. Hirobe, J. Fac. Sci. Univ. Tokyo, 1 (1926) 155.

37 H. Sugi, T. Nitta and T. Katayama. J. Chem. Eng. Jpn.. 9 (1976) 12.

38 I. Nagata, unpublished data.



