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AbStIWt 

Experimental tie-lines have been measured for (acetonitrile + methanol + cyclo- 
hexane + ethanol or 1-propanol) at 25°C. The experimental results have been satisfac- 
torily correlated by means of the extended UNIQUAC and modified Wilson models with 
binary, ternary and quaternary parameters. 
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binary energy parameter for i-j pair 
objective function as defined by eqn. (9) 
molecular geometric area parameter of pure component i 

interaction correction factor of pure component i 

universal gas constant 
molecular geometric volume parameter of pure component i 

absolute temperature 
liquid molar volume of pure component i 

liquid mole fraction of component i 
lattice coordination number, here taken as 10 

Greek letters 

tvj binary parameter in modified Wilson model 

Yi activity coefficient of component i 

ei surface fraction of component i 

4j Wilson-like parameter for i-j pair 
Ajki 9 Ajlcli modified Wilson ternary and quaternary parameters 
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zij extended UNIQUAC parameter for i-j pair 
rjki, r/kli extended UNIQUAC ternary and quaternary parameters 

9i segment fraction of component i 

Subscripts 

talc calculated 
exptl experimental 
i, j, k, I components 

INTRODUCTION 

A long-term programme of studying phase equilibria for quaternary 
mixtures has been in progress in this laboratory. This paper reports 
liquid-liquid equilibria (LLE) for the acetonitrile + methanol + cyclo- 
hexane + ethanol and acetonitrile + methanol + cyclohexane + 1-propanol 
systems, and compares the experimental results with those calculated 
by means of the extended UNIQUAC and modified Wilson models inclu- 
ding binary, ternary, and quaternary parameters [l, 21. The experimental 
phase equilibrium data are available in order to obtain the binary and 
ternary parameters of the extended UNIQUAC model: binary vapour-liquid 
equilibrium (VLE) data for acetonitrile + ethanol at 20°C [3], acetonitrile 
+ methanol at 55°C [4], acetonitrile + 1-propanol at 45°C [5], cyclohexane 
+ 1-propanol at 25°C [3], ethanol + cyclohexane at 20°C [3], methanol + 
ethanol at 25°C [3], and methanol + 1-propanol at 30°C [6]; mutual 
solubilities at 25°C for acetonitrile + cyclohexane [7] and methanol + 
cyclohexane [8]; ternary tie-line data at 25°C for acetonitrile + methanol 
+ cyclohexane [9], acetonitrile + ethanol + cyclohexane [lo], acetonitrile 
+ 1-propanol + cyclohexane [5], methanol + ethanol + cyclohexane [7], 
and methanol + 1-propanol + cyclohexane [ll]. 

EXPERIMENTAL 

Acetonitrile, cyclohexane and 1-propanol (Wako Pure Chemical In- 
dustries Ltd., special grade) were used directly for experimental work. 
Methanol and ethanol (Wako Pure Chemical Industries Ltd., first grade) 
were purified by fractionation after shaking with calcium oxide. Densities 
of the chemicals used, measured with an Anto’n Paar densimeter 
(DMA40) at 25”C, were in excellent agreement with reference values [12]. 

Tie-line measurements were made as described previously [13]. Com- 
positions of two equilibrated liquids were determined using a Shimadzu 
gas chromatograph (GC-8C) and a Shimadzu Chromatopac (C-R3A). The 
error of the observed mole fractions was within 0.002. 

Table 1 gives the experimental tie-lines of the acetonitrile + meth- 
anol + cyclohexane + ethanol and acetonitrile + methanol + cyclohexane 
+ 1-propanol systems at 25°C. 
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TABLE 1 

Experimental tie-line values for quaternary systems at 25°C 

Phase I Phase II 

x1 x2 x3 x4 Xl x2 

341 

x3 x4 

Acetonitrile(1) + methanof(2) + cyclohexane(3) + ethanof(4) a 
x;=o.75 .. 
0.6238 0.1899 
0.5806 0.1788 
0.5321 0.1652 
0.4915 0.1526 
0.4210 0.1265 
x; = 0.50 
0.3462 0.3440 
0.3740 0.3746 
0.3992 0.3975 
0.3211 0.3201 
0.2907 0.2894 
x; = 0.25 
0.1521 0.4596 
0.1647 0.4971 
0.1804 0.5442 
0.1943 0.5868 
0.1628 0.4932 

0.0912 0.0951 0.0476 0.0158 0.9258 0.0108 
0.1059 0.1347 ‘0.0387 0.0109 0.9361 0.0143 
0.1275 0.1752 0.0484 0.0174 0.9072 0.0270 
0.1397 0.2162 0.0557 0.0200 0.8866 0.0377 
0.1700 0.2825 0.0536 0.0191 0.8662 0.0611 

0.1419 0.1679 0.0381 0.0390 0.8961 0.0268 
0.1228 0.1286 0.0386 0.0400 0.9028 0.0186 
0.1102 0.0931 0.0334 0.0308 0.9257 0.0101 
0.1579 0.2009 0.0480 0.0505 0.8624 0.0381 
0.1872 0.2327 0.0456 0.0498 0.8533 0.0513 

0.2068 0.1851 0.0346 0.1061 0.8052 0.0541 
0.1841 0.1541 0.0276 0.0796 0.8595 0.0333 
0.1564 0.1190 0.0308 0.0819 0.8652 0.0221 
0.1371 0.0818 0.0282 0.0700 0.8898 0.0120 
0.1827 0.1613 0.0306 0.0877 0.8469 0.0348 

Acetonitrife(1) + methanof(2) + cycfohexane(3) + 1-propanof(4) b 
x: = 0.75 
0.6120 0.2005 0.1084 0.0791 0.0497 0.0181 
0.5302 0.1743 0.1578 0.1377 0.0541 0.0327 
0.6015 0.2000 0.0996 0.0989 0.0582 0.0250 
0.4887 0.1590 0.1858 0.1665 0.0853 0.0376 
0.5544 0.1804 0.1408 0.1244 0.0617 0.0262 
x; = 0.50 
0.3291 0.3263 0.2070 0.1376 0.0633 0.0739 
0.4012 0.3973 0.1301 0.0714 0.0382 0.0400 
a.3749 0.3708 0.1544 0.0999 0.0507 0.0554 
0.3575 0.3532 0.1731 0.1162 0.0563 0.0645 
0.3888 0.3846 0.1365 0.0901 0.0476 0.0517 
x; = 0.2 

0.1689 0.4886 0.2341 0.1084 0.0378 0.1219 
0.1778 0.5353 0.1993 0.0876 0.0322 0.0992 
0.1950 0.5869 0.1573 0.0608 0.0300 0.0841 
0.2071 0.6257 0.1345 0.0327 0.0238 0.0600 
0.1871 0.5572 0.1773 0.0784 0.0333 0.0953 
0.2009 0.6063 0.1443 0.0485 0.0291 0.0799 

0.9176 0.0146 
0.8577 0.0555 
0.8903 0.0265 
0.8159 0.0612 
0.8789 0.0332 

0.8160 0.0468 
0.9077 0.0141 
0.870$ 0.0234 
0.8466 0.0326 
0.8809 0.0200 

0.8007 0.0396 
0.8424 0.0262 
0.8729 0.0130 
0.9100 0.0062 
0.8518 0.0196 
0.8807 0.0103 

“Tie-lines were obtained by mixing pure cyclohexane and ethanol with [xi acetonitrile + 
(1 - x;)methanol]. b Tie-lines were obtained by mixing pure cyclohexane and 1-propanol 
with [xi acetonitrile + (1 - x;)methanol]. 
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ANALYSIS OF RESULTS 

The experimental results were correlated with two activity coefficient 
models: extended UNIQUAC and modified Wilson [l, 21. the models give 
the activity coefficient of component 1 as follows. 

Extended UNIQUAC model 

+41$($)8, 
J 

_ q1 (dkl)ml - e2e3b - e2e42241 - e3e4t341 - 2e2e3e422341) 
4 

C S,rjl+ e2e3b+ e2e4r241+ e3e42341 + e2e3e4r2341 
j 

+ (41/42)e2b12+ u- f11)e3t132+ (I- we4t142- e3e42342+ (1 -2we3e4h423 

$ ejrj2+ w32132+ fw4t142+ e3e44t342+ w3e4h42 

+(q;/43)e3b13+(1 - we2t123+(1- fw42143- e2e4t243+(l -w)~2~4~12431 

.i eJzJ3 + ‘1 e22123 + e1e4t143 + e2e4T243 + e1 e2e421243 

J 

+ (dh4)e4b14 + cl- ede,~,,, + (I- e1)e321M - e2e32234 + (1 - 2e1)e2e321234] 

t ‘j’J4 + e1e22124 + e1 e32134 + e2e3%4 + ele2e3z12ul 

(1) 
where 2 is the lattice coordination number (taken as 10) and the segment 
fraction @i, the surface fraction tIi, and the binary parameter rjJ related to 
energy parameter 0, are expressed by 

4i = Xiri/C Xjc (2) 
j 

ei = Xi41 

/ 

C xjqj 

j 

(3) 

Zij = eXp(-a,/T) (4) 

Values of Zij are obtained from binary phase equilibrium data: rij for 
completely miscible components were determined from VLE data using a 
computer program described by Prausnitz et al. [14]. Vapour-phase 
non-ideality and the Poynting correction were taken into consideration; riJ 
for partially miscible components were obtained by solving the thermo- 
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TABLE 2 

Molecular structural constants for pure components 

Component r 4 4’ 

Acetonitrile 
Cyclohexane 

Methanol 
Ethanol 
1-Propanol 

1.87 1.72 
4 

“2 
3.97 3.01 4 02 

1.43 1.43 1.00 
2.11 1.97 0.92 
2.78 2.51 0.89 

dynamic equation for each component at two equilibrium liquid phases 

(5) 
The compositions of the coexisting phases simultaneously satisfy eqns. (5) 
and (6) 

cx:=l and xxfr=l 
i i 

rjki (i#j#k) and rjkli (i#j#k#l) are the ternary and quaternary parameters to be 
obtained by fitting the model to ternary and quaternary tie-lines. The In y2 
value is derived by cyclic advancement of the subscripts in eqn. (l), 
changing 1 to 2,2 to 3,3 to 4, and 4 to 1. In y3 and In y4 are obtained 
similarly. 

Table 2 shows the pure-component molecular structural constants r and 
4 of the extended UNIQUAC model and Table 3 gives the results of binary 
phase equilibrium data reduction based on the extended UNIQUAC model. 

TABLE 3 

Binary results of phase equilibrium data reduction obtained by using the extended 
UNIQUAC model 

System (1 + 2) Temp. Number Energy parameters Root-mean-square deviations 

(“C) of data 
points a12 a21 

WI W) 

Acetonitrile + ethanol 20 13 135.52 333.92 0.50 0.00 0.0 
Acetonitrile + methanol 55 13 205.45 134.51 1.79 0.00 1.1 4.7 
Acetonitrile + 1-propanol 45 9 77.70 422.98 1.58 0.00 0.4 4.5 
Cyclohexane + I-propanol 25 27 914.39 171.31 1.05 0.00 0.2 
Ethanol + cyclohexane 20 7 182.82 1334.28 0.29 0.00 0.0 4.1 
Methanol + ethanol 25 11 263.46 -108.84 0.56 0.01 0.3 3.0 
Methanol + 1-propanol 30 9 276.65 -17.62 0.30 0.00 0.0 
Acetonitrile + cyclohexane 25 MS” 432.82 948.65 
Methanol + cyclohexane 25 MS 280.74 1122.7 

a MS = mutual solubility. 
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Modified Wilson model 
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In y1 = 

I- &,x2x3 - A241x2x4 - A341~3x4 - 2A2341xzX3X4 a11 
-x1 

-- 

J? EljAl+, + A231~2~3 + A241~2~4 + A341~3~4 + A2341x2x3x4 5 &ljXj 
I j 

[ 

a21A21 + &32x3c1 -xl) + &42X4(l -XI) 

-x2 
- A342x3x4+&342x3x4(1 - 2x1) cuzl -~ 

.$ “2jA2jxj + A132xlx3 + Al42xlx4 + /1342X3x4 + A1342xlx3x4 i a2jx] 
j 1 

a31A31+ &23x2(1 --XI) + A143x40 -XI) 

[ - A243x2x4 + A1243x2x4(1 - &) a31 
-x3 

-~ 

5 a3,A3jx, + Al23xlx2 + A143~1~4 + A243x2x4 + A1243x1x2x4 
j 

5 a3~x~ 
j 1 

&41&1+ A124x2(1 7%) + A134x30 -XI) 

- A234x2x3 +&234x2x3(1 -aI) a41 
-x4 [ -~ 

i Qhin41XI + Al24xlx2 + A134~1~3 + A234x2x3 + A1234xlx2x3 

j 
? ‘y4jxj 
I 1 

(7) 

with 

Aj, = (v/v) exp(-aijlT) (8) 

TABLE 4 

Binary Wilson-like parameters 

System (1 + 2) Temp. 

(“C) 

Parameters 

al2 azl a12 Lyzl 

WI WI 

Acetonitrile + ethanol 20 306.47 221.38 1.0 1.0 
Acetonitrile + methanol 30 21.43 225.80 1.0 1.0 
Acetonitrile + 1-propanol 55 407.39 84.78 1.0 1.0 
Cyclohexane + 1-propanol 25 194.53 866.91 1.0 1.0 
Ethanol + cyclohexane 20 1017.25 262.62 1.0 1.0 
Methanol + ethanol 25 41.72 -45.18 1.0 1.0 
Methanol + 1-propanol 40 75.32 -28.00 1.0 1.0 
Acetonitrile + cyclohexane 25 1217.8 679.03 1.1 1.1 
Methanol + cyclohexane 25 1158.4 471.58 1.0 1.1 
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& (i+j+k) and Ajkti (i+j+k+t) are the ternary and quaternary parameters also 
to be determined from the experimental tie-line results. Table 4 shows the 
binary Wilson-like parameters; those t%r the completely miscible mixtures 
were taken from Gmehling et al. [3,15,16]. 

The ternary parameters of the two models were evaluated by minimiz- 
ing the objective function 

(9) 

where i = 1, 2, 3 (components), i = 1,2 (phases) and k = 1, 2, . . . , M 

(tie-lines). A simplex method was used for this minimization procedure 
[17]. Table 5 gives the ternary calculated results. Figure 1 compares the 
experimental tie-lines and the calculated results. The two models gave 
nearly the same results. 

Table 6 gives also the quatemary calculated results and Table 7 shows 
the detailed deviations between the experimental and calculated liquid 
compositions. 

We may conclude that the two models give nearly the same calculated 
results for the ternary and quaternary systems studied. 

TABLE 5 

The results of fitting the extended UNIQUAC and modified Wilson models to ternary 
tie-lines at 25°C 

System 
(1 + 2 + 3) 

Type Number Ternary parameters 
of data 
points I” II b 

F (mol%) 

I II 

Acetonitrile + methanol 
+ cyclohexane 

Acetonitrile + ethanol 
+ cyclohexane 

Acetonitrile + 1-propanol 
+ cyclohexane 

Methanol + ethanol 
+ cyclohexane 

Methanol + 1-propanol 
+ cyclohexane 

II I r =, = -0.1083 
r ,3* = -0.1534 
r ,*3 = 0.4016 

I 13 r*,j, = 0.0881 
r ,32= -0.1165 
r ,u = -0.0813 

I 8 Q, = 0.1258 
r = 132 0.0851 
‘G = ,23 -0.0736 

I 7 r = 23, -0.3341 
r,3* = 0.3960 
t = 123 -0.2888 

I 4 rB1 = -0.3807 
r = 132 1.1194 
r = 123 -0.4263 

A,, = -0.1802 0.43 
nlsz = -0.1348 
A,*3 = 0.1371 

A,, = 0.1386 0.47 
A,sz = -0.1659 
A,23 = -0.03% 

Au, = 0.3562 0.39 
A,32= -0.1713 

A,, = -0.0679 

Am, = 0.1989 0.30 
A,32 = -0.0671 
A 123 = -0.2053 

A,,=O. 1344 0.35 
A,,, = 0.2075 
A,*, = -0.2037 

0.49 

0.96 

0.39 

0.23 

0.38 

‘Extended UNIQUAC model. b Modified Wilson model. 
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TABLE 6 

The results of fitting the extended UNIQUAC and modified Wilson models to the quaternary 
tie-lines of the two systems at 25°C 

System No. of Quaternary parameters Deviations (mol%) 
(H-2+3+4) data 

points I” IIb AAM = RMS d 

I” II b I II 

Acetonitrile+ 15 rml = -2.0746 A,,, = -0.3850 0.30 0.44 0.39 0.53 
methanol + r t342 = -0.7865 AXX2= 10.0502 0.55’ 0.76 0.65 0.92 
cyclohexane + r 1243 = -2.9042 A*243 = -0.1082 
ethanol t 1234 = 5.9971 A>W = -5.3847 

Acetonitrile + 16 r23.n = -0.2820 &, = 1.9092 0.40 0.42 0.48 0.51 
methanol + t,,=0.3836 A,%,=-1.0595 0.69’ 0.78 0.81 0.96 
cyclohexane + t ,2.,3 = -2.3343 A,24j = -0.1031 
1-propanol tlZJ4 = 1.8581 A,, = -0.2009 

’ Extended UNQUAC model. b Modified Wilson model. ’ AAM = absolute arithmetic mean 
deviation between experimental and calculated liquid compositions. d RMS = root-mean- 
square deviation between experimental and calculated liquid compositions. ’ Predicted 
value based on the binary and ternary parameters. 

TABLE 7 

Detailed calculated results for the two quatemary systems at 25°C 

Component 1 rich phase Component 1 lean phase 

AAM” RMSb AAM RMS 

I” II d I II I II I II 

Aceru~~~~e(l) + ~~~(2) + cycioh~~~e(3) + ergs 
&, 0.~ 0.0044 0.0042 0.0049 0.0047 0.0052 
k 0.0025 0.0034 0.0029 0.0037 0.0047 0.0053 
k 0.0039 0.0031 0.0060 0.0039 0.0106 0.0102 
6x.4 0.0017 0.0012 0.0024 0.0016 0.0825 0.0023 

Acetonitrile(1) + methanol(2) + cyclohexane(3) + 1-propmoZ(4) 
6n, 0.0060 0.0062 0.0068 0.0077 0.0052 0.0071 
b. 0.0020 0.0037 0.0026 0.0048 0.0032 0.0038 
6x, 0.0044 0.0079 0.0062 0.0106 0.0058 0.0090 
&X4 0.0028 0.0020 0.0030 0.0026 0.0026 0.0017 

0.0053 0.0057 
0.0056 0.0062 
0.0125 0.0127 
0.0035 0.0034 

0.0062 0.0078 
0.0041 0.0045 
0.0067 0.0103 
0.0029 0.0025 

a MM = absolute arithmetic mean deviation between the experimental and calculated 
liquid compositions. b RMS = root-mean-~uare deviation between the experimental and 
calculated liquid ambitions. ’ Extended UNIQUAC model. d Modified Wilson model. 
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