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AbStlWt 

Vapour-liquid equilibrium data have been reported for the quaternary systems me- 
thanol + isobutanol + acetonitrile + benzene, and methanol + tert-butanol + acetonitrile + 
benzene at 60°C using a modified Boublik vapour-recirculating still. The experimen- 
tal results agree well with those calculated by the UNIQUAC associated-solution model 
with binary parameters alone. 
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molecular geometric-area parameter, pure component I 
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molecular geometric-size parameter, pure component I 
sums as defined by eqns. (19) and (20) 
sums as defined by eqns. (21) and (22) 
absolute temperature 
molar liquid volume of pure component I 
true molar volume of alcohol mixture 
true molar volume of pure alcohol I 
liquid-phase mole fraction of component I 
vapour-phase mole fraction of component I 
lattice coordination number equal to 10 

activity coefficient of component I 
area fraction of component I 
standard deviations in pressure, temperature, liquid- 
phase mole fraction and vapour-phase mole fraction 

exp(-4 T) 
fugacity coefficient of component I at P and T 
fugacity coefficient of pure com~nent I at Pi and 2’ 
segment fraction of component I 
monomer segment fraction of component I 
monomer segment fractions of pure alcohol I 

alcohols and active non-associating components 
monomers of components A, B, C and D 
i-mers of alcohols A and B 
binary complexes 

components I, J and K 
i, j, k and I-mers of alcohols or indices 

reference state of 50°C or calculated value 

INTRODUCTION 

In continuing studies on quaternary vapour-liquid equilibrium (VLE) 
measurements [l-S], this paper reports experimental data for the 
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methanol + isobutanol or tert-butanol + acetonitrile + benzene systems at 
60°C and the experimental results are compared with those predicted from 
the UNIQUAC associated-solution model with only binary parameters 
El, 6,7]. The following binary VLE data were used to obtain the binary 
energy parameters of the model: methanol + isobutanol or tert-butanol at 
25°C [8]; methanol + acetonitrile at 55°C [9]; methanol + benzene at 55°C 
[lo]; isobutanol + acetonitrile at 60°C [ll]; isobutanol + benzene at 45°C 
[12]; tert-butanol + acetonitrile at 60°C 1131; ~er~-butanol + benzene at 
45°C [12]; acetonitrile + benzene at 45°C [14]. 

EXPERIMENTAL 

Isobutanol (2”methyl-l-propanol), fern-butanol (2-methyl-2-propanol) 
and acetonitrile (Wako Pure Chemical Industries Ltd., guaranteed reag- 
ent grade) were used without further purification. Methanol (first grade) 
was shaken with calcium oxide and distilled fractionally in 1 m glass 
columns with McMahon packing. Benzene (first grade) was subjected to 
repeated recrystallization. Densities of the compounds used for ex- 
perimental work were measured with an Anton Paar densimeter DMA 40 
at 25 or 30°C and agreed well with literature values 1151. A modified 
Boublik vapour-recirculating still was used to obtain VLE data as 
described previously [16]. Compositions of equilibrated liquid- and 
vapour-phase samples were analysed using a Shimadzu gas chromatograph 
GC-7A and a Shimadzu Chromatopac E-1B. The errors of the measured 
variables are: 0.16Torr for pressure; 0.05”C for temperature; 0.002 for 
liquid- and vapour-phase mole fractions. 

The experimental VLE data are given in Table 1, together with the 
activity coefficients yI and the fugacity coefficients Cpi derived from eqns. 
(1) and (2) below 

where P is the total pressure, P” the pure-component vapour pressure, x 
the liquid-phase mole fraction, y the vapour-phase mole fraction, and T 
the absolute temperature; vL the pure-liquid molar volume was estimated 
from a modified Rackett equation 1173 and the second virial coefficients B 
were estimated using the correlation of Hayden and O’Connell [18]. 



T
A

B
L

E
 

1 

Q
ua

te
rn

ar
y 

ex
pe

ri
m

en
ta

l 
va

po
ur

-l
iq

ui
d 

eq
ui

lib
ri

um
 

da
ta

 f
or

 t
w

o 
sy

st
em

s 
at

 6
0°

C
 

N
o.

 
x1

 
11

2 
X

3 
X

4 
Y

l 
Y

Z
 

Y
3 

Y
4 

p
 

U
’W

 
y1

 
Y

2 
Y

3 
Y

4 
$1

 
$2

 
$3

 
$4

 

1 2 3 4 5 6 7 8 9 10
 

11
 

12
 

13
 1 2 3 4 5 6 7 8 9 10
 

11
 

12
 

13
 

14
 

M
et

h
an

ol
 

(1
) 

+
 i

so
bu

ta
n

ol
 

(2
) 

+
 a

ce
to

n
it

ri
le

 
(3

) 
+

 b
en

ze
n

e 
(4

) 

0.
49

7 
0.

11
3 

0.
05

6 
0.

33
4 

0.
56

3 
0.

02
1 

0.
04

9 

0.
15

5 
0.

17
6 

0.
17

3 
0.

49
6 

0.
30

2 
0.

04
9 

0.
17

2 

0.
08

2 
0.

15
6 

0.
16

2 
0.

60
0 

0.
20

5 
0.

05
8 

0.
17

9 

0.
06

7 
0.

30
1 

0.
51

0 
0.

12
2 

0.
14

5 
0.

10
8 

0.
54

0 

0.
05

5 
0.

14
0 

0.
62

6 
0.

17
9 

0.
12

8 
0.

05
9 

0.
54

7 

0.
31

3 
0.

26
7 

0.
05

4 
0.

36
6 

0.
44

8 
0.

05
1 

0.
06

4 

0.
20

0 
0.

32
1 

0.
26

2 
0.

21
7 

0.
32

7 
0.

07
7 

0.
28

4 

0.
05

5 
0.

14
0 

0.
62

6 
0.

17
9 

0.
12

8 
0.

05
9 

0.
54

7 

0.
39

5 
0.

13
7 

0.
13

3 
0.

33
5 

0.
48

8 
0.

02
7 

0.
12

1 

0.
27

2 
0.

12
8 

0.
35

2 
0.

24
8 

0.
39

3 
0.

03
2 

0.
28

3 

0.
61

9 
0.

16
1 

0.
06

1 
0.

15
9 

0.
63

4 
0.

02
7 

0.
07

4 

0.
13

8 
0.

13
0 

0.
36

5 
0.

36
7 

0.
27

0 
0.

04
0 

0.
30

9 

0.
12

7 
0.

13
3 

0.
19

5 
0.

54
5 

0.
28

9 
0.

04
1 

0.
18

8 

M
et

h
an

ol
 

(1
) 

+
 t

er
t-

bu
ta

n
ol

 
(2

) 
+

 a
ce

to
n

it
ri

le
 

(3
) 

+
 b

en
ze

n
e 

(4
) 

0.
59

1 
0.

16
8 

0.
07

3 
0.

16
8 

0.
59

1 
0.

06
1 

0.
07

5 

0.
06

3 
0.

13
1 

0.
62

8 
0.

17
8 

0.
13

4 
0.

12
6 

0.
49

0 

0.
06

7 
0.

25
2 

0.
49

9 
0.

18
2 

0.
11

8 
0.

20
7 

0.
43

1 

0.
11

0 
0.

37
0 

0.
35

5 
0.

16
5 

0.
15

6 
0.

26
1 

0.
35

2 

0.
06

7 
0.

26
9 

0.
53

7 
0.

12
7 

0.
11

4 
0.

22
9 

0.
47

1 

0.
06

5 
0.

40
4 

0.
13

1 
0.

40
0 

0.
10

5 
0.

28
2 

0.
15

9 

0.
11

1 
0.

39
9 

0.
11

9 
0.

37
1 

0.
16

4 
0.

26
0 

0.
14

5 

0.
12

3 
0.

65
0 

0.
06

4 
0.

16
3 

0.
16

1 
0.

43
3 

0.
11

4 

0.
11

9 
0.

35
8 

0.
35

9 
0.

16
4 

0.
17

1 
0.

24
7 

0.
34

9 

0.
06

4 
0.

11
4 

0.
64

4 
0.

17
8 

0.
14

2 
0.

11
1 

0.
50

4 

0.
05

0 
0.

25
4 

0.
52

9 
0.

16
7 

0.
08

9 
0.

22
1 

0.
46

0 

0.
26

9 
0.

09
5 

0.
18

0 
0.

45
6 

0.
41

6 
0.

04
8 

0.
14

5 

0.
11

3 
0.

50
0 

0.
23

2 
0.

15
5 

0.
14

9 
0.

33
3 

0.
27

8 

0.
38

0 
0.

12
7 

0.
12

6 
0.

36
7 

0.
46

7 
0.

05
8 

0.
11

2 

0.
36

7 
72

3.
1 

1.
30

3 
1.

37
4 

1.
69

4 
2.

03
4 

0.
%

3 
0.

94
4 

0.
92

7 
0.
93
8 

0.
47

7 
57

4.
8 

1.
80

8 
1.

66
0 

1.
54

7 
1.

41
3 

0.
97

7 
0.

95
7 

0.
93

7 
0.

98
1 

0.
55

8 
53

2.
6 

2.
16

1 
2.

06
6 

1.
60

4 
1.

26
5 

0.
98

2 
0.

%
2 

0.
94

4 
0.

98
0 

0.
20

7 
42

3.
8 

1.
49

3 
1.

60
0 

1.
21

6 
1.

87
7 

0.
98

5 
0.

%
9 

0.
93

8 
1.

00
1 

0.
26

6 
47

3.
3 

1.
79

2 
2.

09
5 

1.
11

3 
1.

83
1 

0.
98

5 
0.

96
8 

0.
93

1 
0.

99
9 

0.
43

7 
59

8.
4 

1.
37

6 
1.

18
2 

1.
92

5 
1.

82
8 

0.
97

3 
0.

95
3 

0.
94

0 
0.

98
2 

0.
31

2 
51

2.
8 

1.
35

3 
1.

28
0 

1.
50

2 
1.

90
5 

0.
97

6 
0.

95
9 

0.
93

5 
0.

99
1 

0.
26

6 
47

3.
3 

1.
79

2 
2.

09
5 

1.
11

3 
1.

83
1 

0.
98

5 
0.

96
8 

0.
93

1 
0.

99
9 

0.
36

4 
68

9.
7 

1.
36

0 
1.

39
4 

1.
67

6 
1.

92
0 

0.
96

6 
0.

94
6 

0.
92

5 
0.

98
4 

0.
29

2 
63

2.
0 

1.
46

3 
1.

62
9 

1.
35

1 
1.

92
0 

0.
97

0 
0.

95
1 

0.
92

0 
0.

99
0 

0.
26

5 
67

0.
8 

1.
09

3 
1.

15
4 

2.
18

2 
2.

88
5 

0.
96

3 
0.

94
6 

0.
92

9 
0.

99
1 

0.
38

1 
57

7.
4 

1.
82

2 
1.

84
3 

1.
31

0 
1.

54
2 

0.
97

6 
0.

95
7 

0.
92

8 
0.

98
7 

0.
48

2 
58

1.
8 

2.
13

7 
1.

86
1 

1.
51

6 
1.

31
5 

0.
97

7 
0.

95
7 

0.
93

6 
0.

98
1 

0.
27

3 
69
1.
0 

1.
09

8 
0.

83
4 

1.
89

9 
2.

89
4 

0.
%

2 
0.

94
7 

0.
92

6 
0.

98
9 

0.
24

1 
52

2.
7 

1.
80

2 
1.

70
8 

1.
11

0 
1.

84
1 

0.
98

1 
0.

96
7 

0.
92

5 
0.

99
8 

0.
24

4 
51

5.
8 

1.
47

0 
1.

44
0 

1.
19

4 
1.

79
4 

0.
97

9 
0.

%
7 

0.
92

8 
0.

99
5 

0.
23

1 
51

5.
9 

1.
18

1 
1.

23
5 

1.
37

5 
1.

87
i 

0.
97

7 
0.

96
6 

0.
93

0 
0.

99
4 

0.
18

6 
50

5.
3 

1.
39

2 
1.

46
4 

1.
18

7 
1.

92
7 

0.
98

0 
0.

96
8 

0.
92

7 
0.

99
9 

0.
45

4 
51

9.
0 

1.
35

7 
1.

23
1 

1.
71

5 
1.

50
7 

0.
98

0 
0.

96
7 

0.
94

3 
0.

98
2 

0.
43

1 
52

7.
1 

1.
25

8 
1.

16
5 

1.
74

7 
1.

56
8 

0.
97

8 
0.

%
5 

0.
94

2 
0.

98
2 

0.
29

2 
45

2.
3 

0.
95

6 
1.

02
7 

2.
20

6 
2.

08
7 

0.
97

7 
0.

%
9 

0.
94

8 
0.

98
8 

0.
23

3 
52

1.
7 

1.
20

9 
1.

22
1 

1.
36

2 
1.

92
0 

0.
97

6 
0.

%
5 

0.
93

0 
0.

99
4 

0.
24

3 
52

2.
6 

1.
88

0 
1.

72
9 

1.
09

3 
1.

85
6 

0.
98

1 
0.

%
7 

0.
92

5 
0.

99
8 

0.
23

0 
50

3.
2 

1.
45

1 
1.

49
0 

1.
17

1 
1.

80
1 

0.
98

0 
0.

96
8 

0.
92

8 
0.

99
7 

0.
39

1 
69

5.
7 

1.
71

9 
1.

17
1 

1.
49

4 
1.

52
5 

0.
%

7 
0.

94
8 

0.
92

3 
0.

98
2 

0.
24

0 
4%

.3
 

1.
05

5 
1.

12
3 

1.
60

7 
1.

98
7 

0.
97

6 
0.

%
7 

01
93

5 
0.

99
2 

0.
36

3 
70

8.
9 

1.
38

9 
1.

07
7 

1.
68

0 
1.

79
5 

0.
%

5 
0.

94
7 

0.
92

4 
0.

98
3 



I. Nagata/Thermochim. Acta 214 (1993) 349-359 353 

DATA ANALYSIS 

The experimental results were analysed using the UNIQUAC associated- 
solution model. We assume that in a quaternary mixture including two 
alcohols (A and B), acetonitrile (C) and benzene (D), many chemical 
complexes are formed according to the association and multi-solvation of 
alcohol molecules and the solvation between the terminal hydroxy groups 
of alcohol polymers and copolymers and acetonitrile or benzene. Their 
general formulae are Ai, Bi, (AiBi)k, (BiAj)k, Ai(BjA,),, Bi(AjBk)[, AiC, 
AiD, BC, BiD, (AiBj),C, (AiBj),D, (B,Aj),C, (BiAj),D, Ai(B,Ak)C, 
A,(BjAk)lD, Bi(AjBk),C and Bi(AjB,),D. The equilibrium constants for 
chemical-complex-forming reactions are assumed to be independent of the 
degrees of homo-association and hetero-association and are defined as 

@ i &+I KA=------ 
@A,@)A, i + 1 

=K:exp[ -2 (‘,-$)I 

Q, i &+I Kg=-- 
QB,@)B, i + 1 

= Kgexp[ -$ ($-A)] 

for Aj + A, = A,+1 

for Bi + Bl= Bi+1 

@ 
KAB = 

AB,AkBf rA,B,AkrBl 

@ A,B,A$B, rA,B,AkB!rArB 

for AiBjAk + B, = AiBjAkBI 

= K&exp[ -% (i-h)] 

= K:,exp[ -% (b-$-)1 

= K:,exp[ -$ ($-$-)I 

for Ai + C, = A,C 

(3) 

(4) 

(5) 

(6) 

for B, + Cl = BiC 

(7) 

KAn and KB, are defined similarly as in eqns. (6) and (7), respectively. 
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The activity coefficients of methanol (A) and acetonitrile (C) are 
expressed by 

K 

where 2 is the coordination number set as 10, and the segment fraction Qr , 
the surface fraction 8, the binary adjustable parameter rIJ related to the 
energy parameter a,,, the pure-alcohol monomer segment fraction a):: and 
the true molar volume VT for pure alcohol I are given by 

(11) 

tlJ = exp( -a,,/T) (12) 
@i = [2Ki + 1 - (1 + 4K,)Y2K; (13) 

v; = r,l(l - @I$*) (14) 

The activity coefficients of the butanols (B) and benzene (D) are easily 
derived by changing the subscript A to B in eqn. (3) and C to D in eqn. 
(4). The monomer segment fractions in the mixture, @A,, <PB,, Qc,, and 
mD,, are obtained from simultaneous solution of eqns. (15)-(H): 

@A = (1 + rAKAC@C, + rAKAD%&A + 
rA KABsASB 

(l - rAr~~~~~A~)z 
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x (2 + rAKAB&(2 - rArBK2ABSA&~ + rBKABSA 

+ &,[(rAKAc + rBKBc) + wBKABKBdb(2 - rAr~KidGJ;3) 

+ rArBKABKdLl 

+ &,,[(rAKAD + rBKBD) + rArBKABKBDSB(2 - rArBKLJASB) 

+ wBKABKADS.=,I) 

@c= Qc, { 1 + rCKACSA + rcKBcS, + 
wBrCGBSASj3 

(1 - rAdCiB&SB) 

~ + K&A + K&s 11 
aD = a,-,, 

{ 
1 + rDKADSA + rDKBD& + 

rArBrDKh%SB 

Cl- rArBKLSASB) 

x Km Km 
[ 
-+- 
rB KAB rh KAB 

+ Km& + Km% I) 
where the sums SA, $, S, and &, are written 

$4 = @A,/(1 - K&k,)* 

SB = %,/(l - K3%J2 

S, = @,,/(l - K&Q,> 

Sl3 = %,/(l - &3@l3,) 

The true molar volume of the mixture V is described as 

> 
~..&&&& 

(1 - rA%K:BSA&d 

+ %’ 1 + YcKAcsA + r,K,,& 
k 

1 
- 
rAKAB 

+ sB > 1 KBC c1 
wi&!~~B&~B 

- rAb&SA&) 

[( 1 
+ wkdbKiBsA& - 

(16) 

(17) 

t 18) 

(19) 

(20) 

(21) 

(221 

(23) 

The molecular structural parametes of the pure components, r and q, 

were calculated using the method of Vera et al. 1191. The association 
constants for alcohols at 50°C are: 173.9 for methanol; 50.6 for isobutanol; 
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and 23.1 for tert-butanol [20]. The molar enthalpy of the hydrogen bond 
for alcohols was taken as -23.2 kJ mol-’ [21]. The solvation constants at 
50°C and enthalpies of complex formation taken from previous papers [6, 
22-241 are: KAB = 80 and h,, = -23.2 kJ mol-l for methanol + 
isobutanol; KAc = 30 and hAC = - 17 kJ mol-’ for methanol + acetonitrile; 
K,, = 4 and h,, = -8.3 kJ mol-’ for methanol + benzene; I&c = 30 and 
h,, = -17 kJ mol-’ for isobutanol + acetonitrile; KBD = 2 and h,, = 
-8.3 kJ mol-’ for isobutanol + benzene; K,, = 55 and h,, = -23.2 
kJ mol-’ for methanol + tert-butanol; I& = 15 and h,, = -17 kJ mol-’ 
for tert-butanol + acetonitrile; K,b = 2.5 and h,, = -8.3 kJ mol-’ for tert- 

butanol + benzene. All the h values were assumed to be temperature 
independent and to fix the temperature dependence of the equilibrium 
constants through the van? Hoff relation. Table 2 gives the vapour 
pressures, liquid molar volumes, second virial coefficients and structural 
parameters for the pure components and the cross second virial 
coefficients used in data analysis. 

The binary energy parameters of the model were determined as 
described by Prausnitz et al. [25] using a computer program which 
minimizes the objective function 

where an asterisk represents the most probable calculated value and the 
standard deviations of the measured variables were set as o, = 1 Torr, 
a, = 0.05 K, o, = 0.001 and oy = 0.003. Table 3 shows the binary 

TABLE 2 

Vapour pressures Ps, liquid molar volumes t$, second virial coefficients B,, and molecular 
structural parameters r and q for the pure components and cross section virial coefficients 
B,, at 60°C 

Methanol Isobutanol tert-Butanol Acetonitrile Benzene 

P: (Torr) 629.8 93.0 289.8 368.0 391.5 
v,” (cm’ mall’) 41.3 97.7 100.2 55.6 93.3 
B,, (cm’ mol-‘) -1305 -2455 - 1397 -3475 -1110 
r 1.15 2.77 2.77 1.50 2.56 
4 1.12 2.42 2.42 1.40 2.05 

Mixture B,, (cm” mol-‘) Mixture B,, (cm3 mol-‘) 

Methanol + isobutanol 
Methanol + acetonitrile 
Methanol + benzene 
Isobutanol + acetonitrile 
Isobutanol + benzene 

- 1453 
-1691 

-420 
-2007 

-907 

Acetonitrile + benzene - 1057 
Methanol + tert-butanol -1463 
tert-Butanol + acetonitrile -2017 
tert-Butanol + benzene -893 
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calculated results. Table 4 shows the deviations between the experimental 
and predicted values of quaternary VLE together with those for other 
systems [l-5], indicating that agreement is good. 

REFERENCES 

1 I. Nagata, Thermchim. Acta, 157 (1990) 95. 
2 I. Nagata, Phys. Chem. Liq., 21 (1990) 137. 
3 I. Nagata, J. Chem. Thermodyn., 22 (1990) 501. 
4 I. Nagata, J. Chem. Thermodyn., 23 (1991) 293. 
5 I. Nagata, Y. Fukushima and K. Miyazaki, Fluid Phase Equilibria, 71 (1992) 17. 
6 I. Nagata, Fluid Phase Equilibria, 19 (1985) 153. 
7 I. Nagata and K. Ohtsubo, Thermochim. Acta, 102 (1986) 185. 
8 J. Gmehling, U. Onken and W. Arlt, Vapor-Liquid Equilibrium Data Collection, 

Organic Hydroxy Compounds: Alcohols (Supplement l), Vol. I, Part 2c, DECHEMA 
Chemistry Data Ser., DECHEMA, Frankfurt am Main, Germany 1982, p. 130, 134. 

9 I. Nagata, K. Katch and J. Koyabu, Thermochim. Acta, 47 (1981) 225. 
10 J. Gmehling and U. Onken, Vapor-Liquid Equilibrium Data Collection, Organic 

Hydroxy Compounds: Alcohols, Vol. I, Part 2a, DECHEMA Chemistry Data Ser, 
DECHEMA, Frankfurt am Main, Germany, 1977, p. 217. 

11 I. Nagata, Thermochim. Acta, 126 (1988) 107. 
12 J. Gmehling, U. Onken and W. Arlt, Vapor-Liquid Equilibrium Data Collection, 

Organic Hydroxy Compounds: Alcohols and Phenols, Vol. I, Part 2b, DECHEMA 
Chemistry Data Ser., DECHEMA, Frankfurt am Main, Germany, 1978, p. 256, 283. 

13 I. Nagata, J. Chem. Thermodyn., 21 (1989) 225. 
14 J. Gmehling, U. Onken and W. Arlt, Vapor-Liquid Equilibrium Data Collection, 

Aromatic Hydrocarbons, Vol. I, Part 7, DECHEMA Chemistry Data Ser., Frankfurt 
am Main, Germany, 1980, p. 122. 

15 J.A. Riddick, W.B. Bunger and T.K. Sakano, Organic Solvents, 4th edn., Wiley- 
Interscience, New York, 1986, p. 135, 190, 202, 204, 582. 

16 I. Nagata, J. Chem. Eng. Data, 30 (1985) 201. 
17 C.F. Spencer and R.P. Danner, J. Chem. Eng. Data, 17 (1972) 236. 
18 J.G. Hayden and J.P. O’Connell, Ind. Eng. Chem. Proc. Des. Dev., 14 (1975) 209. 
19 J.H. Vera, S.G. Sayegh and G.A. Ratcliff, Fluid Phase Equilibria, 1 (1977) 113. 
20 V. Brandani, Fluid Phase Equilibria, 12 (1983) 87. 
21 R.H. Stokes and C. Burfitt, J. Chem. Thermodyn., 5 (1973) 623. 
22 I. Nagata, Thermochem. Acta, 126 (1988) 107. 
23 I. Nagata, J. Chem. Thermodyn., 21 (1989) 225. 
24 I. Nagata, Fluid Phase Equilibria, 65 (1991) 239. 
25 J.M. Prausnitz, T.F. Anderson, E.A. Grens, C.A. Eckert, R. Hsieh, and J.P. 

O’Connell, Computer Calculations for Multicomponent Vapor-Liquid and Liquid- 
Liquid Equilibria, Prentice-Hall, Englewood Cliffs, NJ, 1980, Chapters 3, 4, 6 and 
Appendices C and D. 


