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ABSTRACT 

Liquid-liquid equilibrium data were obtained for two ternary systems: acetonitrile- 
ethanol--cyclohexane at 40°C, and acetonitrile-2-propanol-cyclohexane at sO°C. Binary 
vaporliquid equilibrium data were measured for acetonitrile-2-propanol at 50°C. The 
binary parameters of the Zeta and effective Zeta equations were evaluated from equilib- 
rium data for binary pairs, The parameters obtained were used to predict the ternary 
liquid-liquid equilibrium data for six systems involving the present systems and the 
ternary vapor-liquid equilibrium data for one completely miscible system and two parti- 
ally miscible systems without adding any ternary parameter. A heterogeneous area cal- 
culated by the Zeta equation is in general too large and does not decrease appreciably 
with increasing values of the third parameter < of the Zeta equation. However, the effec- 
tive Zeta equation works much better than the original Zeta equation in data reduction. 

NOTATION 

aE 
B 

Bij 
gE 
nT 
P 

pfi 
R 
SE 
T 

UE 
Aifji 

u 
u: 
*i 

excess molar Helmholtz energy 
second virial coefficient of a mixture 

second virial coefficient for i-j interaction 
excess molar Gibbs energy 
total number of moles 
total pressure 
vapor pressure of pure component i 
gas constant 
excess molar entropy 
absolute temperature 
molar energy of mixing 
binary interaction parameter 
molar volume of a vapor mixture 
molar liquid volume of pure component i 
liquid-phase mole fraction of component i 

* To whom all correspondence should be addressed. 
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xl, x:’ liquid-phase mole fraction of component i in phases I and II 
Yi vapor-phase mole fraction of component i 
Yi activity coefficient of component i 
5 proportionality constant 
Aii (UjL /iYk )Tji 

rji exp[- 4Uji/<RT] 
(I’i volume fraction of component i 
‘I’i j local volume fraction of molecule i around molecule j 

vapor-phase fugacity coefficient of component i 
vapor-phase fugacity coefficient of pure component i at system 
temperature T and saturation pressure Pf 

INTRODUCTION 

Ternary liquid-liquid equilibrium data provide a severe test for liquid 
solution models in the calculation of ternary data from binary data. For 
systems where two binaries are completely miscible and only one binary is 
partially miscible, reliable calculations are rather difficult. Recently, Nico- 
laides and Eckert [l] have discussed how well the Zeta equation can corre- 
late equilibrium data of binary mixtures without refering to the question of 
binary-multicomponent generalization. 

In this work, liquid-liquid equilibria were experimentally determined for 
the two ternary systems ethanol-cyclohexane~cetonitrile at 40°C and 
2-propanoll:yclohesane-acetonitrile at 5O”C, and for the binary system 
cyclohesan=cetonitrile at 40 and 50” C. Isothermal vapor-liquid equili- 
bria were measured for 2-propanol-acetonitrile at 50” C. Experimental 
equilibrium data were compared with calculated values obtained from the 
Zeta and effective Zeta equations to show the capabilities of these equations 
in data reduction_ 

ESPERIiiENTAL PROCEDURE 

Liqrtid--liquid equilibria 

The upper face of an equilibrium vessel is polished flat and on it a lid is 
fitted with a Teflon O-ring and is held tightly by six bolts. The lid contains 
two feed tubes to introduce the second and third components, two sampling 
tubes, a thermistor and a pressure measuring tube connected to a mercury 
manometer. Nitrogen gas was used to pressurize the lower sampling tube, so 
that the mixture could not enter into its during the mixing process. 

Binodal curves are determined by the titration method [2] a5 shown in 
Fig. 1. First, component 3 is added from a burette to a known amount of 
component 1 until the mixture becomes turbid. This fixes one point of a 
mutual solubility data of the binary mixture l-3, point A. A known amount 
of component 2 is then added until point B in the miscible region is reached. 
Component 3 is then added to the mixture until the homogeneous mixture 
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Fig. 1. &nodal curve determination by titration method. 

becomes the heterogeneous mixture of point C on the binodal curve. At 
each step the amount of the added component is always known, so the com- 
position of the mixture is known. During titration, the samples were main- 
tained at a desired temperature within -tO.Ol”C by means of a water 
thermostat. Tie line data were determined by the analysis method [2]. A 
heterogeneous mixture was well mixed with a magnetic stirrer for 2 h to 
ensure equilibrium between the two liquid phases. After complete separation 
of the liquid phases, each sample of the coexisting phases was taken by a pre- 
heated hypodermic syringe and was analyzed with a Shimadzu model GC-4C 
gas chromatograph. A 3 m stainless steel column packed with P-E-G. 1000 
was used to separate the components of the mixture. 

Vapor-liquid equilibria 

Vapor-liquid equilibrium data for the 2-propanol--acetonitrile system at 
50°C were obtained by using a Scatchard still as described in a previous 
paper [3]. Vapor and liquid samples were analyzed by the refractive index 
measurements at 25” C. 

Materials 

Spectrograde methanol, cyclohexane and reagent grade acetonitrile were 
used directly. Reagent grade ethanol and 2-propanol were purified by frac- 

TABLE 1 

Refractive indices of pure component liquids at 25OC 

Component Experimental Ref. 4 

Methanol 1.32658 1.32652 
Ethanol 1.35949 1.35941 
2-Propanol 1.37512 1.3752 
Cyclohexane 1.42352 1.42354 
Acetonitrile 1.34170 1.34163 
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TABLE2 

Comparison of experimental data with literature values of mutual solubility for metha- 
nol(l)-cyclohexane(2)at25'C 

XII Xi’ Ref. 
jcyclohexane- (methanol- 
rich phase) rich phase) 

0.128 0.825 5 
0.1248 0.8280 6 
0.1250 0.8281 7 
0.1291 0.8284 8 
0.1244 0.8285 Thiswork 

tional distillation after storage over calcium oxide. The refractive indices of 
the pure components used for the experimental work are compared with 
literature values in Table 1. 

Results 

‘Table 2 shows a comparison of observed results with literature values of 
mutual solubility data for the methanol-cyclohexane system at 25°C to 
check the performance of our apparatus. Tables 3 and 4 represent solubility 
and tie-line data for the two ternary systems, respectively. Table 5 gives 
isothermal vapor-liquid equilibrium data for the acetonitrile-2-propanol 
system at 50°C. The thermodynamic consistency of the data was confirmed 
by the area test [9]. 

TABLE3 

Solubility data for ternary systems 

X2 X3 X2 X3 x2 X3 

AcetonitnIe(l)- -ethanol(2)-cyclohexane(3)at40°C 
0.0 0.1039 0.2314 0.2007 
0.0249 0.1132 0.2454 0.2171 
0.0679 0.1205 0.2637 0.2658 
0.1120 0.1343 0.2661 0.3168 
0.1492 0.1479 0.2610 0.3599 
0.1720 0.1570 0.2517 0.4150 
0.2124 0.1803 0.2262 0.4942 

Acefonitrile(l) -2-propanol(2)-cyclohexane(3) at50°C 
0.0 0.1278 0.1126 0.3796 
0.0283 0.1518 0.1118 0.4099 
0.0304 0.1525 0.1088 0.4246 
0.0454 0.1628 0.1056 0.4653 
0.0580 0.1752 0.1014 0.4966 
0.0778 0.1948 0.0936 0.5484 
0.0987 0.2368 0.0874 0.5873 
0.1104 0.3190 0.0817 0.6197 

0.2008 0.5650 
0.1712 0.6387 
0.1377 0.6909 
0.1020 0.7557 
0.0686 0.8102 
0.0 0.9213 

0.0720 0.6686 
0.0607 0.7129 
0.0517 0.7438 
0.0477 0.7578 
0.0342 0.7996 
0.0199 0.8396 
0.0 0.8816 
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TABLE4 

Tie-line data for ternary systems 

Cyclohexane-rich phase 

I 
x2 I 

x3 

Acetonitrile-rich phase 

II w!I x3 

Acetonitrile(~)-ethanol(2)-cyclohexane(3)at40°C 
0.0078 0.9080 0.0507 0.1165 
0.0195 0.8924 0.1092 0.1339 
0.0285 0.8816 0.1502 0.1469 
0.0342 0.8717 0.1611 0.1499 
0.0377 0.8648 0.1693 0.1535 
0.0644 0.8154 0.2183 0.1910 

Acetonitrile(l)-2_propanol(2)-cyclohexane(3) at50°C 

0.0074 0.8686 0.0199 0.1406 
0.0189 0.8400 0.0504 0.1728 
0.0281 0.8191 0.0702 0.1813 
0.0388 0.7910 0.0858 0.2092 
0.0561 0.7369 0.1040 0.2576 

TABLE5 

Vapor-liquid equilibrium data for the acetonitrile(l)--2.propanol(2)system at 50°C 

Xl Yl P 
(mm HIS) 

Yl YZ 8 
(cd 
mole-’ ) 

0.047 0.182 210.6 3.2i4 1.005 38.8 
0.127 0.336 242.6 2.555 1.024 89.9 
0.164 0.372 253.0 2.278 1.055 115.2 
0.220 0.430 265.2 2.051 1.075 13'7.8 
0.236 0.446 268.9 2.008 1.082 144.2 
0,301 0.484 277.4 1.759 1.136 166.4 
0.431 0.550 288.8 1.448 1.268 189.2 
0.546 0.602 294.8 1.2'75 1.435 190.5 
0.637 0.642 296.6 1.171 1.626 178.0 
0.763 0.715 293.6 1.078 1.966 139.7 
0.864 0.79'7 285.4 1.032 2.379 93.4 
0.900 0.834 281.8 1.025 2.615 75.8 
0.932 0.877 273.6 1.012 2.771 51.1 
0.948 0.903 269.8 1.011 2.821 Al.0 
0.987 0.974 25i.3 1.001 2.891 9.4 

DERIVATION OF EXCESS GIBBS ENERGY 

Binary sys terns 

In the derivation of the excess Gibbs energy function, we follow the pro- 
cedure of Maurer and Prausnitz [lo]. We assume that the energy of mixing 
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uE of a binary solution of components 1 and 2 is given by 

uE = x,&,Aul, + x2+,12Aull (1) 

and that the local volume fractions are expressed by 

k, = ~1)~ exp(-Aul,/cRT)/[Q’l + a2 exp(-AuzI/gRT)] (2) 

‘DE = +, exp(-Au,2/{RT)/[$ + ap, exp(-Au,&RT)] (3) 

where f is a proportionality constant and 

‘P, = .lclu~/(xlu~ + .x&); and a2 = x&/(x~u~ +x2&) (4) 

We may obtain an expression for the molar excess Helmholtz energy aE from 
the relation 

d(aE/T)/d(l/T) = uE (5) 

Integrating from l/T, to l/T, we obtain 

117 
aE/T = 

I 
uEd(l/T) + constant (6) 

We assume that Au,, and Au17_ are independent of temperature. As l/T, + 0, 
we adopt as our boundary condition the Flory-Huggins equation for 
athermal mixtures of molecules of different size. 

(aE/RT’kermal = -(~?Rk,~~,,,~l = xJM%/M + xM%/+) (7) 

Then we obtain the excess Gibbs energy gE under the assumption that at low 
pressures (aE)=, V = (gE)TVP. 

(Q'/RT)~, I' = (gE/RT)T,P = - f[x, ln(cb, + <r)?~~~) + -r2 ln(cI12 + ‘1’1~12)] + 

.2-,ln(cDJX,) +x2 ln(cI~2/X,) (8) 

where 

721 = esp(-Auzl/{RT); and 712 = exp(-Au,&RT) 

Equation (5) is called the effective Zeta equation. 

(9) 

Liquid-phase activity coefficients are obtained by 

RT In Yi = (anTg”lani)T.p,nj(j, i) (10) 

where ni is the number of moles of component i, nT is the total number Of 

moles 

Xi = tli/nT = ?i!i/k n, 
i= 1 

Thus 

, 
Iny,~~-ln(x1+A~1X2)+XI X-:r x 

[ ( 1 12 2 

-* :yX 
21 1 2 

11 

a 
+ In’ +I- 

H) Xl 
21 (1 - 5) (11) 



In%=5 -in(*l+*,,r,)--“,(x [ I ’ 
;; * -,--;; 

12 2 211 2 I] 

CD 
+ InA +l 

LO x2 
- 21 (1 - 5) (12) 

where 

A,, = (U,L/U,L)T zl;and A21= (d'/$h2 (13) 

If r = 1, eqns. (11) and (12) reduce to the Wilson equation [ll]. Replacing 
eqn. (1) by 

UE = _~,u~+~~Arr~, + _x&+,~Au~~ (14) 

and following the derivation method described above, we can easily derive 
the Zeta equation described by Nicolaides and Eckert [ 11 

gE/RT=-_5[x,uF In(+, + *272,) +xzuk ln(&, + +1711)] +x, ln(Q~,/x,) 

+x2 ln(@&) (15? 

+ in % + 1 ( ) @2 
.x2 *2 

(17) 

Jlulticonzponent systems 

Apparently, eqns. (8) and (15) can be estended to multicomponent mix- 
tures with an additional assumption that 5 is the same for all those binaries 
which comprise a multicomponent mixture. 

The effective Zeta equation for gE is expressed by 

gE/RT = -c i; Xi ln( 2 XjTji) + 5 Xi ln(+i/Xi) (18) 
i=l j=l i=l 

and the activity coefficient of component i is 

In eqns. (18) and (19) Tji ad I\ij are given by 

Tji = exp[-AUji/(RT] 

(19) 

(20) 
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Aij = (U~/U~)Tji 

Similarly, the Zeta equation has the following forms for gE and yi 

+ ln cpi + 1 

t 1 ” -- 
-Xi -Xi 

(21) 

(22) 

(23) 

DETERMINATION OF BINARY PARAMETERS 

A total of seven parameters is required for the prediction of the ternary 
phase equilibria, because the 5‘ parameter should be the same value for the 
three component binary systems comprising a ternary system under con- 
sideration. These binary parameters could be obtained from the existing 
thermodynamic properties: vaporliquid equilibrium data, solubility data, 
heats of mixing, and activity coefficients at infinite dilution. In the ternary 
systems studied in this work only one binary system shows immiscibility, so 
one set of parameters can be derived from solubility data. The two other 
binary parameter sets are derived from vapor-liquid equilibrium data. 

First, the f parameter should have a preset value. For a partially miscible 
system, only two energy parameters can be determined by solving the equa- 
tion 

s:y: =s:‘y\‘; and _riyi = x~~$’ (24) 

where the superscripts represent two liquid phases, I and II. For two com- 
pletely miscible systems, two sets of parameters are obtained by minimizing 
the sum of squares of deviations in ln(y,/y2) for all available data points. 
For this purpose the Simplex method of Nelder and Mead [12] was used. 

The basic vapo?liquid equilibrium relationship for nonideal vapor and 
liquid phases is given by 

OiyiP = n?Zi@TPfeXp[(P -P:)Ut /RT] (25) 

where ‘i is the vapor-phase mole fraction of component i, @i is the vapor- 
phase fugacity coefficient, P is the total pressure and Pq is the saturation 
pressure. At normal pressures the vapor-pLase fugacity coefficient is 
expressed by 

In $i = (P/RT) (2 5 Y iBij --) (26) 

Equation (26) is dzrived by use of the volume explicit virial equation trun- 
cated after the second term [9]. 

Pv/RT = 1 + BP/RT (27) 
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where u is the molar volume of the vapor mixture and B is the second virial 
coefficient of the mixture of n components. B is calculated from the purc- 
component and cross-virial coefficients Bij . 

B = c_ 1 j$YiYjsij (593) 

For pure component i, eqn. (26) reduces to the fugacity coefficient of pure 
vapor i at temperaLure T and saturation pressure Pf 

In @z = B,iPf/RT (29) 

The generalized correlation of Hayden and O’Connell [13] may be used to 
calculate the virial coefficients. 

CALCULATED RESULTS 

Figure 2 shows curves comparing calculated vapor composition as deter- 
mined from complete isothermal x-y-P data for the original Zeta and effec- 
tive Zeta equations. The effective Zeta equation is evidently superior to the 
original Zeta equation, which erroneously predicts phase separation for the 
ethanol-cyclohexane system at 35°C regardless of the various values of r. 
Table 6 lists a number of parameters for representative binary systems. 
Figure 3 illustrates the data of the acetonitrile-2-propaol system repre- 
sented by the effective Zeta equation. When the effective Zeta equation is 

i.0 

0.4 0.t 

x1 
0.6 1.3 

Fig. 2. Calculated vaysr composition from xy-P data for the ethanol(l)-cyclo- 
hexane(2) system at ;i5OC: ). data of ref. 14; -, 
Zeta eqn. (r = 0 9). 

effective Zeta eqn. (< = 7.0), - - - - - -, 
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0 0.2 0.; C-E 0.6 :.cl 

17 
L 

Fig. 3. Vapor-liquid equilibria for the acetonitrile( l)-2-propanol( 2) system at SOOC: 
0. data of this work; -, effective Zeta eqn. (< = 2.4-8.5). 

used in the correlation of ternary liquid-liquid equilibrium data, increasing 
the value of { decreases the total surface of the predicted heterogeneous 
area. Increasing it to the highest possible value, it is possible to bring the cal- 

Fig. 4. Ternary liquid-liquid equilibria for the ethyl acetate(l)-ethanol(2)-watcr(3) 
system at 40°C: 8, data of ref. 15; - 

’ 
Zeta eqn. (c = 0.9); - - - - - -, Zeta eqn. (c = 

2.0); - - - - -, effective Zeta eqn. (c = 2.4). 
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, . 
‘1: . . . . .._E . . ,,-. 

Fig. 5. Ternary liu_uid--iiquid equilibria for Ihe acetonitriie(l)-benzene(2)-n-heptane(3) 
system at -I.?*C: 8, data or ref. 17; - Zeta eqn. (f = 0.9); - - - - - - Zeta eqn. (t = 
2.0 j;- -_-__ effective Zeta cqn. ($ = 2.4); -‘- - - - - - , effective Zeta cqn. (5 = 4.1). 

Fig. 6. Ternary liquid-liquid equilibria for the cbloroform( 1 )-acetone( 2)-water( 3) 
system ut ?.S°C: 0, data of ref. 27; -, Zeta eqn. (< = 0.9); - - - - - -, Zeta eqn. (5 = 
2-O); - - - - -, effective Zeta eqn. (5 = 2.4); - - - - - - -, effective Zeta eqn. (5 = 2.5). 
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Fig. 7. Ternary liquid-liquid equilibria for the benzene( 1 )-ethanol( 2)-water(3) system 
at 25OC: 6, data of ref. 28; - Zeta eqn. (5 = 0.9); - - - - - -, Zeta eqn. (5 = 2.0); 
w---q I effective Zeta eqn. ($ = 2.1);‘- - - - - - -, effective Zeta eqn. (5‘ = 3.6). 

Fig. 8. Ternary liquid-liquid equilibria fat the ncetonitrjle(l)--ethanol[2jcyclo- 
hexane(3) system at 40°C: 6, data of this work, * -, Zeta eqn. ({ = 0.9); - - - - - -, Zela 
eqn. ($ f 2.0); - - - - -, effective Zeta eqn. (5‘ = 2.4); - - - - - - -. effective Zeta eqn. (f = 
ci.0). 
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Fig. 9. Ternary liquid-liquid equilibria for the acetonitrile( 1)-2-propanol(2)-cyclo- 
hcxane(3) system at 51;‘C: e, data of this work; - Zeta eqn. (< = 0.9); - - - - - -, 
Zeta eqn. (c = 2.0); -----, effective Zeta eqn. (< = 2.1):‘--------, effective Zeta eqn. 
(< = 5.5). 

culated binodal close to the experimental one. The value of [ is not a univer- 
sal constant and depends on each chosen ternary system. 4 varied within a 
range of 2.4-8.5 for the six systems studied in this work. However, this is 
not the case for the Zeta equation.. We notice that increasing the r value has 
litt.le influence on the position of the binodal. Figures 4-9 show agreement 
between experimental data and calculated results obtained with the two 
equations. The binary interaction parameters of the three systems (ethanol- 
benzene at 25” C, ethanol--cyclohexae at 4O”C, and teizachloromethane- 
benzene at 55°C) were estimated by linear interpolation. Table 7 shows the 
results of prediction of the vapor-liquid equilibrium in the ternary systems 
from binary data. Again the superiority of the effective Zeta equation is evi- 
dent_ In conclusion, the effective Zeta equation is more suitable than the 
original Zeta equation for reproducing binary and ternary phase equilibrium 
data for the systems studied. in this work. 
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