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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 salvation 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 
rest&s ‘are in good agreement with experimental data as shown by selected illustrative 
examples. 

NOTATION 

Ci, Di 
Gi 

gd 

constants of eqn. (54) 
coefficients as defined by exp( - aiiTii) 
excess Gibbs free energy 

8ij binary interaction parameter 

fr, enthalpy of formation of dimer 

h, enthalpy of hydrogen bond formation in i-mer 

‘I,,, h,c enthalpies of formation of chemical complexes A,B and A,C 

h,C enthalpy of formation of chemical complex B,C, 
h 

B2= 
enthalpy of formation of chemical complex B&I, 
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Greek ierlers 

SllhsCripis 

A 

AI. A, 
A,B. A,C 

BC 
B,C 
chcm 
f 

i, j. k 
phys 
1. 2. 3 

total enthalpy of chemical complex formation in solution 

cxccss cnthalpy 
equilibrium constant of dimer formation 
equilibrium constant of open chain trirner formation 

equilibrium constant of open chain i-mer formation. i ~3 

equilibrium constant for cyclization of open chain i-mer as defined by B/i, i >4 
equilibrium constants of formation of chemical complexes AiB and A,C 
equilibrium constant of formation of chemical complex B,C, 

equilibrium constant of formation of chemical complex B,C, 
number of moles of a particular species 
total pressure 

saturated vapor pressure of pure component i 
gas constant 

stoichiometric sum 
absolute temperature 
molar liquid volume of pure component i 
liquid phase mole fraction of component i 
vapor phase mole fraction of component i 
coefficient as defined by KS,, 

nonrnndomness parameter of NRTL equation 
activity coefficient of component i 

constant related to K,, 
coefficient as defined by (g,, -g,,l/RT 
vapor phase fugacity coefficient of component i 

vapor phase fugacity coefficient of pure component i at system temperature T 
and pressure P,” 

methanol 

methanol monomer and i-mer 
complex formation between methanol i-mer and component B or C 

1 : I complex between components .B and C 
2: 1 complex between components B and C 

chemical 

complex formation 
components 
physical 
methanol and unassociated components 

E e.xcess 
L liquid 
S saturation 
* pure methanol 
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INTRODUCTION 

Stokes [l] 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 
available in the literature. 

THEORY 

Binary systems 

Following Stokes’ method, we assume four 
defined in terms of mole fraction statistics 
Open chain reactions are: 

A+A=A, Kr=~~A2/~& 

A,+A=A, K, = %&Y4 ,x*, 

A,.+A=A,.+_, K = x*,+,/x*,x*, ia 

for these properties have been 

stepwise equilibrium constants 
for highly associated alcohol. 

(1) 
(2) 
(‘3) 

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

A i(linear) = Ai(cyclic) K, = fl/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. 

*i(linear) + B = A,B K,, = .Y~,~,/x~,x~, (5) 

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 

&.JRT=x.~ In(.u,,/-$&)+xz l+,,/x2) (6) 

On ~~~~~~~ = In(-h,/x-2,-d (7) 

iIn yz lchem = In( -~,,/x,) (8) 

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

$-,I,#=-= xI+[ Mzr/ ( -~1 + x,G-,, ) + T,&/ (x.~ + -y&j] (9) 

(In YAphys = Xt [&,/(", +x,G,,)2 + 712G2/(~2 +x-,Gd2] w 

(In ydphys =$[ 711G;z/(~2 + x~G,~)’ + T~,G~,/(x, + x,G,$] 01) 

where 

721 = (Bz, -<?,,)/RT r11=(g,* -g,,)/RT (12) 

Gz, = =p( -a2,Tz, ) G,, = exp( -q2T,2) (13) 

Then the final expressions of the excess Gibbs fret energy and activity 
coefficient5 are given by the sum of these two contributions. 

In y1 = (In yI Lhcm + On yI lphss 05) 
In Y-, = (In Y?,L~ + (In ~~~~~~~ (16) 

The following mass balance equations [eqns. (17)-(21)] are used to obtain 
the mole fractions of the monometric ‘species, xA,, ~2, and xa,. 

s, = “,/‘(“, + nt) 

i irt A,(linr?;lr) + g inA,B, $- 5 inA,(cyclic) 

= 2 in 

i=l i= I i=S 

A,(linear) + $ inA,B, + 5 inA,(cyclic) + 5 nA,B, 

i=I i = .- 

= ((1 + KABx&A: + 2&x;;: K&(3 - ;t;xi,,(I -z)‘] 

+PC,K,K~ex~,/(l - ,-))/s (17) 
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X2 = n2/h + 17~) 

*AA 
i=O 

= g iNA,(linear) + 5 inA,B, + : inA,(cyclic) + g NA;B, 
i= 1 i=l i= 5 i=O 

= (K,BXB,[XA, +Jf,x:, +K2e:,/(I -d] +%3,)/s 

where z = Kx,, and S is the stoichiometric sum given by 

s= (I+ G%,)[xA, + z&x:, + K&(3 - 2z)x:,/( 1 - z)‘] 

+K,K&%x;,/(l -z) 

+ KABXB,[ XA, -+ K&, + K,K,x;,/(l- z)] + XB, 

The mole fractions of chemical species in the solution 
relation. 

cm 

X A,( linear) + i xA,(cyclic) + 5 XA,B, 
i= 1 i=5 i = 0 

= (1 + &XB,) X,, + &Xi, + 

I 

+KABxB,[xA, + Ic,x;, + K2K3x~,/(l - z)] f._YB, = 1 

At pure alcohol state eqn. (20) reduces to 
30 00 

z XZ,(linear) + Z x~,(cyclic) 
i= I i=5 

[ X**, + K2X*i, + K2K3X*i,/ (l - Z*)] - 
WV = 

. K3 

X [ln( 1 - z*) + z* + ~*~/2 + ~*~/3 + z*4/4] = 1 

(18) 

(19) 
keep the following 

(20) 

(21) 
The excess enthalpy is similarly given by the sum of two contributions: 

one is chemical and the other physical. 

hE = G,, + J$IIrs (22) 

The chemical contribution term is defined as 

h,E,,,=hf-xlhT (23) 

where h I is the total enthalpy of the solution and hr is the value of h f at pure 
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alcohol state. 

+ g k- IhA,,, +llAB 5 *A,B, /h + *2) 
i=3 I i=l 

= { (1 + K,,x,,)[ h,K,x& + h,K&x~*(2 - t)/( 1 - Z)‘] 

+hAK2K3K2BXi,/(l -t) 

-:-h,,KABXB 
I [ xA, + #Zxi, + K,K,x;:,/(l - z)]}/s (24) 

h% = 
r 

h2 K2X*;, + kAK2K3.Y*;,(Z - Z*)/( I - Z*)’ 

+hAK,K,K’&T*:,/(l - i *)]/s* (25) 

where h, is the enthalpy of formation of dimer, h, 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. 

s* = “2, + 2K,_Pi, + K&x*:,(3 - 2P)/( 1 - I*)2 

+K,K3K2ex*:,/(l -z*) (26) 

Application of the Gibbs-Helmholtz equation to &,,/T gives the physi- 
cal contribution term to the excess enthalpy. 

-ai2 

X1721G2,72* X2712G*27;2 

(x, +xzGz,)’ + (x, + x,G,,)’ II (27) 

where 

T& = aT2,/a(l/T) 7i2= aT12/a(i/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. 

g21 -gll = C, + D,(T- 273.15) iif, - IT22 =c,+~,(T-273.15) (2% 

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- 
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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 (K,c and K&c) and the enthalpies of complex 
formation (h,, and hqc) for the reactions represented by 

B+C=BC KBC=xB,c,/xB,xc, (36) 

2 B + C = B,C K,, = xqc,/x;,xc, (31) _ 

The excess Gibbs free energy and excess enthalpy are given by 

gE/RT= x, In xB, -++ln 
1 -XB, 

(32) 
Xl (’ + KBCXB, + K&Cxi,)x2 

h E = xB,xC, KBChBC + xB,K,,h,,)/[l + xB,xC,( KBC + 2-rB,K&C)] (33) 

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

(35). 

(1 + KBC jxB, + K,Cxi,(2 - xB,) 

x1 = 1 + K,,x,,(2 - XB,) + &&,(3 - 2x,,) 
(34) 

xB, + KBCXB,XC, + K&CXi,XC, + xC, = 1 (35) 

In the system benzene-tetrachloromethane only BC complex formation is 
assumed and the physical interaction term is also included according to the 
analysis of McGlashan et al. [8]. Wh en 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 l), 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 g&,.,, and gpEhYS. 

&em = RT[ XI ln( xA,/x~,xl) + x2 ln( xB,/x2) + x3 1n(x~,/x3>] (36) 

(37) E 
gphys 

k=l 
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where 

~i=(g,Ci-ggii)/RT 
Gjj = exp( - ~~~5;) 

where (In YJchem and (In yi)phys are separately expressed by 

On YI )cbem = ln( xA,/x~,_y,) 

(38) 

(39) 

(40) 

(41) 

(42) 

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

II, = 2 it1 A,(line;lr) + $ “‘A,B, + i “‘A,=, -i- 2 i’zA,(~~~li~) (44) 
i= 1 i= 1 i=I i=5 

co 

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)~(5 11. 

x, = “1 
- (0 + %E3+3, + K,,xc,)[x,, + 2 66, 

11, -I- n, i- n3 - 

t-K,K,4(3 - 2r)/(l - $1 + K,K,K’Bx~,/(l - r)]/S 

A-2 = 
n 2 = 

17, -I- 112 + n3 ( xB, + KBCXB,XC, + 2 K,,x&.~,, + K*BxB, 

X A-/,, + K,x& + K,K,x;,/( 1 - z)]) /S I 

x3 = 
“3 - 

n,+n,tn,- 1 
xc, + KBCxB,xC, + K,,x~,xc, + KAcxc, 

(47) 

(48) 

(49) X xA, + Kg:, + K,K,xi,/( 1 - z)])/S 1 
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where the stoichiometric sum is 

s= (1 + KABXB, + KACxC,)[xA, + 2 &xi, + K&4,(3 - 2t)/(l -z)‘] 

+K2K3K2eX:,/u -4 -t- (K,BXB, + ~x-%,)[-%, + K2-G, 

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

L A,(linear) + 2 

30 

xA,B 1 + g xA,C, + 2 xA,(cyclic) $- xB,C, + sB2C, + xB, + xC, 
i=l i=l i= 1 i= 5 

K2K34, 
= 

c1 + KABXB, + K,cxC,) xA, + K,x:, + (1 -z) 1 
K2K3e - 

K3 [ 
In(I- Z)+z+;+;+$ 1 

+ KBCXB,XC, + KB&,xC, + xB, + +, = * w _ 

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

00 oc 

h, = h2(nAl + ~IA,B, + nA,C,) + hA 2 (i - I)nA,(linear) + 2 irrA,(cyclic) 
j = 3 i=5 

+%(i- ‘)bA,B, + %$,) + hAB : 1 IIA,B, + hAC 2 “A,C, -/- h13C12B,C, 
i=3 i= 1 i=l 

= ((1 +KAJ&, +K,Cxc,)[h,K,x:, +h,K,K,x:,(2--)/(1 -=)‘I 
+hAK2K3K2ex~,/(1 -2) 

+(h~BKA~XB, + h~CK~~Xc,)[X~, + K2-vi, + K2K3x:,/(I --Z 11 

+kKBc-%,Xc, + b&&,-xc, /‘s 1 (52) 

Substitution of eqns. (52) and (25) into eqn. (23) gives !I~~,,.,,. hEhys is obtained 
by differentiating gFhYs with respect to temperature. 
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! 

3 3 

~ 7iiGjiXj ~ Xk 
aGki 

j=l kc1 w/n 

( j, Gkixk)’ 

(53) 
and the energy parameters are assumed to change linearly with temperature. 

,c&;-~,,=c;+D,(T-273.15) (54) 

CALCULATED RESULTS 

The equilibrium constants and enthalpies of hydrogen bond formation for 
methanol are K, = 70, K, = 120. K= 100 and 8= iKcvfi, = 90 at 25OC. 
II, = -21.2 kJ mole- * and 11, = -23.5 kJ mole-’ [ Ij, /z2 and It, are 
assumed independent of temperature. The temperature dependence of K-, 
gives 11,. that of K or B gives a value of iz,. and that of K, corresponds to 
2 I1 .A - i Z. since the value of K, K,/K’ should be independent of tempera- 
ture according to the model. 

a In K,/a(l/T) = -lz2/R. 3 In K/3( l/T) = -hi/R, 

8 In t9,3( l/T) = -h,/R. El In Ks/a( l/T) = - (2h, - h, )/R (55) 

Similarly the temperature dependence of K,, gives II,,. 
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 

9,.1;p = s,u&Pp,” exp[ t$( P - P,“)/RT] (56) 

Lvhere _v is the vapor mole fraction, P is the total pressure, ~7,!- is the molar 
liquid volume of pure component i, Pi” is the saturated vapor pressure of 
pure comnonent i and the Antoine equation is used to calculate Pi” [9]. The 
vohtme-explicit virial equation truncated after the second term is used to 
obtain the Fugacity coefficient 4 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 aij( = aji) is set to 0.3 for 
all binary combinations studied in this work [4]. The energy parameters were 
obtained by minimizing the squares of deviations in ln(y,/y,) for all data 
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TABLE 1 

Solvation equilibrium constants and their enthalpies of complex formation 

System 

Methanol-acetone 
Methanol-benzene 
Methanol-chloroform 
Methanol-ethyl ether 
Methanol-methyl acetate 
Methanol-tetrachloromethane 
Methanol-tetrahydrofuran 
Benzene-tetrachloromethane 
Chlorofo;m-acetone. 1: 1 complex 

2: 1 complex 
1 : 1 complex 
2: 1 complex 

Temp. 
(“C) 

50 
55 
50 
25 
50 
25 
25 
25 
25 
25 
50 
50 

K 

15.0 
3.0 

28.0 
15.0 
10.0 

1.5 
25.0 

0.215 
0.967 
1.117 
0.698 
0.668 

h 
(kJ mole-. ‘) 

-21.0 
- 8.2 

- 24.5 
- 22.0 
- 17.0 

-5.5 
- 20.0 

- 5.28 
- 10.5 
- 13.2 

points. The Simplex method [l 1] 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 [ 121 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 Reams [5], and the enthalpies of 
complex formation of this system at 25°C were taken from a previous paper 
[ 131. 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 showin, (J both endo- and exothermic regions for the systems 
methanol-tetrachloromethane and methanol-chloroform (Figs. 5 and 6). 
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Fig. 1. Vapor-liquid equilibria for (a) methanol (I)-tetrachloromethane (2), and (b) methanol 
(I)-benzene (2) at FT°C. Calculnted ( -). Experimental (9) methanol-tetrachloro- 
methane. data of Scatchard et al. 1161: methanol-benzene. data of Scatchard and Ticknor 
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Fig. 2. Vapor-liquid equilibria for (a) chloroform (I)-acetone(l), and (b) methanol( I)-ace- 
tone (2) at SOOC. Calculated (- ). Experimental: chloroform-acetone, data of Sevems et 
al. [IS] (e), ?nd 1Mueller and Kenms [34] (A): methanol-acetone. data of Severns et al. [I51 
(@I- 
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Fig. 3. Vapor-liquid equilibria for (a) methanol (I)-methyl acetate (2). and (b) methanol 
(1)-chloroform (2) at 50°C. Calculated (- ). Experimental (@B) data of Severns et al. [ 151. 

200 

0 I 1 I I 

O-0 0.2 0.4 0.6 0.8 

Mole fraction of component 1 

1.c 

120 

30 

t 1 I I 

0 0.2 0.4 0.6 0.8 1 

ElOk fraction of CoPponrnt 1 

Fig. 4. Excess enthalpies for (a) methanol (I)-n-hexane (2), and (b) methanol (I)-benzene (2). 
Calculated (- ). Experimental: methanol-,z-hexane data of Savini et al. [31] at 45°C; 
methanol-benzene (e) 25°C (A) 35”C, (H) 45°C data of Mrazek and Van Ness [29]. 
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Fig. 6. Excess enthalpies for three binary systems at 25°C. Calculated (- ). Experimental: 
1 methanol (I)-acetone (2), data of Nagata and Tamura [28] (a), Coomber and Wormald 
1351 (9). Hirobe 1361 (V); 2 methanol (I)-chloroform (2). data of Nagata and Tamura [28] 
(e). Hirobe (361 (0); 3 chloroform (I)-acetone (2). data of Nagata et al. (131 (A). 
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TABLE 4 

Predicted results for ternary vapor-liquid equilibria as obtained from binary parameters 

System Temp. 
(“C) 

No. of Deviations Ref. 
data 
points Vapor mole Pressure 

fraction (mm Hg) 
(X1000) 

Methanol- 
tetrachloromethane- 
benzene 

Methanol- 
tetrachloromethane- 
benzene 

Methanol- 
acetone- 
methyl acetate 

Methanol- 
chloroform- 
acetone 

9.5 
34.68 6 5.0 6.2 19 

6.1 
6.6 

55 8 2.2 6.0 19 
5.9 

13.6 
50 35 6.6 5.3 15 

10.1 
9.4 

50 30 9.2 S.8 15 
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 
r mole- .9 ‘. It is often difficult to predict well ternary liquid-liquid equilibria 
with a plait point by using binary parameters. Figures 7- 11 demonstrate 

TETRACHLOROMETHANE 

METHANOL CYCLOHEXANE 

Fig. 7. Ternary liquid-liquid equilibria for methanol-tetrachloromethane-cyclohexane at 
25OC. Calculated (- ). Experimental data of Yasuda et al. [27]. (e---e) Tie line. 
Concentrations are in mole fractions. 
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ETHYL ETHER 

EXANE 

Fig. 8. Ternary liquid-liquid equilibria for methanol-ethyl 
Calculated (- ). Experimental data of Sugi et al. [37]. (0) 
Concentrations are in mole fractions. 

METHYL ACETATE 

ether-cyclohexane at 25°C. 
Solubility: (O- - -0) tie line. 

METHANOL CYCLOHEXANE 

Fig. 9. Ternary liquid-liquid equilibria for methanol-methyl acetate-cyclohexane at 25OC. 
Calculated (- ). Experimental data of Sugi et al. [37]. (0) Solubility. (a---8) tie line. 
Concentru!ions are in mole fractions. 

TETRAHYDROFURAN 

METHANOL CYCLOHEXANE 

Fig. 10. Ternary liquid-liquid equilibria for methanol-tetrahydrofuran-cyclohexane at 25’C. 
Calculated (- ). Experimental data of Sugi et al. [37]. (0) Solubility: (8---e) tie line. 
Concentrations are in mole fractions. 

BENZENE 

METHANOL CYCLOHEXANE 

Fig. Il. Ternary liquid-liquid equilibria for methanol-benzene-cyclohexane at 2S°C. Calcu- 
lated (- ). Experimental data of Nagata (381. (0) Solubility: (e---e) 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. 
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