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Abstract

A new local composition model with two adjustable parameters has been shown to be able
to represent binary vapour-liquid equilibria and to predict ternary vapour-liquid equilibria
with good accuracy using only binary parameters. The model has been extended to include
an additional three ternary parameters per ternary in order to fit the model to ternary
liquid-liquid equilibria. Calculated liquid-liquid equilibria for 19 ternary systems demon-
straie ciearly ihe better fit of the new modei compared with those derived from the modified
forms of the Wilson equation suggested by Hiranuma (see Nagata and Watanabe, Fluid
Phase Equilibria, 72 (1992) 1-14 and Higashiuchi et al., Sekyu Gakkaishi, 33 (1990) 62-66).
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1. List of symbols

a; binary interaction parameter related to Au; and 1
a® excess molar Helmholtz energy

F objective function as defined by Eq. (15)

gk excess molar Gibbs energy

n; number of moles of component i

nr total number of moles
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D exponent

R universal gas constant

r; molecular structural size parameter of component i
T absolute temperature

Auy; binary interaction parameter for [—j pair

ut excess molar energy of mixing

x; liquid-phase mole fraction of component i

¥i vapour-phase mole fraction of component i

1.1. Greek letters

Vi activity coefficient of component i
Ojni ternary coefficient
Ty binary parameter as defined by exp(—Au,;/RT) = exp(—a,;(T)

T ternary parameter

®, segment fraction of component i
@, ©;; local segment fractions
¥, modified segment fraction of component i

1.2. Subscripts

calc calculated
exp experimental
ij, k components

2. Introduction

In a previous paper [1], the following model for the excess molar gibbs free
energy function with the modified Flory-Higgins term was used to correlate
binodal coexistence curves of liquid-liquid equilibria over a wide temperature
range

g ¥ ¥
ﬁ = x1 ln x_l] + x2 ln _xf - x] 1n(¢)1 + ¢2T21) - x2 1n(®2 + Ql le) (1)

where ® is the segment fraction, t the binary parameter and ¥ the modified
segment fraction as defined by

E

Ty = exp( —ay /T) Tp = exp( —a/T) 2
W, = x,r{[(x, 75 + x,1%) W, = x,r5[(x, 7 + x,7%) 3

The exponent p is taken as 2/3 or 3/4 [2-5]. If p is equal to unity, Eq. (1) reduces
to the original Wilson equation. We call Eq. (1) the extended Wilson model. Many
modified forms of the Wilson equation have been proposed for partially miscible
mixtures [6]. Most of these modifications have three to four binary parameters per
binary. Once the exponent p is fixed, Eq. (1) includes only two parameters. It is
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generally observed that existing local composition models, which have only binary
parameters obtained from binary phase equilibrium data reduction, can predict
ternary vapour—liquid equilibria (VLE) with sufficient accuracy and are unable to
predict accurately ternary liquid—liquid equilibria (LLE) for many systems. These
observations suggest that additional parameters may be introduced in pertinent
expressions for the excess molar Gibbs free energy function of ternary systems in
order to obtain good correlation of ternary LLE.

In this work, we show that the model can adequately predict ternary VLE
and present an extended form of Eq. (1) for ternary LLE calculations, demonstrat-
ing the good workability of the proposed model in the correlation of ternary
LLE for 19 systems in comparison with the calculated results obtained from the
modified forms of the Wilson equation by Hiranuma, in ref. 7, and Higashiuchi
et al. [8].

3. Proposed model

The activity coefficient of any component i is derived from

1 [oncgt
Iny =—— ( - ) 4)
RT \ 0n, P.Tomjcj +1y

Substituting Eq. (1) into Eq. (4) yields

¥, ¥,
Iny, = 1n—+1—x——1n(®1+®2‘521)_<1 )
1
T21 T12
+@ 5
2|:(I)1 —}—(1)2121 (q)z‘f‘q)ﬂlz)] )
¥, ¥,
lnyz—ln——-—i-l—x——ln((D2+(I)1112)—<1 )
2
T r T
cof g (o= )] .
1|:q)2'|'q)1"-'12 r\® + @,7 ()

We propose an extended ternary expression of Eq. (1) by taking into account the
unlike three-body interaction contribution as defined by
g" ¥,
E-. = Z x; In ; —x; In(@; 7)) + @, 75; + Py73; + P, P3723)
— X In(@; 715 + @755 + P375 + @ D3743,)
— X3 In(@; 743 + @753 + ©3733 + P P,7y23) @)

where 7; =1 and t;; # ;.
Equation (7) is derived in the following manner.
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The excess energy of mixing 4F for a ternary mixture may be given by
u® = x, @, Ay, + x; @y Auyy + X1 @z31 (Auyy + Auyy)
+ X3P Aup; + X, @3y Aus, + x, @y 35(Auyy + Augy)
+ X3D13Au;3 + x30p3Auyy + x5 @3 (Any; + Auyy) (¥
where the local segment fractions ®,, and ®,,, are defined by

D1y
®,, = 9
A E Dy 1h1 + Oy 375731023

D, D475 75, 0,3,
E @y 1iy + Py P37, T3, 653

(D231 = (10)

The other ®;; and @, terms are similarly defined and d; 1s a ternary coefficient.
An expressmn for the excess molar Helmholtz energy a® is derived from the
relation

d(a®/T)
d(1/T)

=u® (11

Integration of eqn. (11) from 1/7, to 1/T yields

aE 17 1
— = J uE d(—) + constant of integration (12)
T 1T, T

As 1/T,—0, we adopt the modified Flory—Huggins equation as a boundary
condition of Eq. (12). At low pressures, we may allow that a® =~ g [9]. Then we
obtain Eq. (7) by taking 1;; = 03,774

Substituting Eq. (7) into Eq. (4) yields the activity coefficient of component 1

¥
lny,=lnx—l+1———ln<z(b 1+q)2¢31:231)
1

X1

- Z q) T - 2q)2q)31:231
(I)
oz CD T+ O, P57y

12 ; Q15 + (O3 — 20, P3)745,

+2
roo ; Q1 + O, 0373,
r Z ®;1;3 + (O, — 20, D,)7,54

+ — (1)3 (13)
ry §2 Dit;3 + O 0,705
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4. Calculated results
4.1. Binary systems

In this work, the exponent p is set as 2/3. VLE data for binary systems
constituting ternary systems were reduced using a computer program based on the
maximum likelihood principle. The fugacity coefficients were usually calculated
using the truncated volume-explicit virial equation; those for acetic-acid-containing
mixtures were estimated using a chemical theory of vapour imperfections and the
Poynting correction was also taken into account [10]. The energy parameters for
partially miscible systems were obtained by solving the equations of isoactivity for
the components in equilibrated phases

(xt?’i)l = (xiyi)n (14)

where the superscripts I and II indicate two liquid phases.

Table 1 shows the values of pure component molecular size parameters r and
Table 2 gives results of binary phase equilibrium data reduction. All the values of
r were taken from Gmehling et al. {11-16, 19-21, 24].

4.2. Ternary systems
Table 3 lists the ternary predicted VLE results using only binary parameters,

showing that agreement is good. The three ternary parameters for each tie-line were
sought by minimizing the objective function

0.5
F= 100|:Z min Z Z (xt_'jk,exp - xUk,calc)2/6M:| (15)
k P

where i =1, 2, 3 (components), j =1, 2 (phases), k =1, 2, ... M (tie-lines) and min
indicates minimum values. Table 4 lists the values of the ternary parameters and the

Table 1

Values of molecular structural size parameters for pure compounds

Compound r Compound r
Acetone 2.5739 Methanol 1.4311
Acetonitrile 1.8701 Methyl acetate 2.8042
Benzene 3.1878 Nitromethane 2.0086
2-Butanone 3.2479 n-Octane 5.8486
Chloroform 2.8700 1-Propanol 2.7791
Cyclohexane 4.0464 2-Propanol 2.7791
Ethanol 2.1055 Tetrachloromethane 3.3900
Ethyl acetate 3.4787 Tetrahydrofuran 2.9415
Ethyl ether 3.3949 Toluene 3.9228
n-Heptane 5.1742 Water 0.9200

n-Hexane 4.4998
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Table 2

Calculated results of binary phase equilibrium data reduction

No. System (1 + 2) Temp./ Number Energy Root-mean-squared Ref.

°C of data  parameters/K deviations
points
a,, ay, oP/ 8T/ ox 3%
mmHg K x10*  x10°

1 Acetone+ 25.0 23 172.32 585.73 0.23 001 03 25 11
cyclohexane

2 Acetone+ 45.0 11 225.32 —43.01 155 0.07 03 25 12
methanol

3 Acetone+ 40.0 15 —62.49 8271 1.95 0.08 04 4.1 11
methylacetate

4 Acetone+ 250 13 636.64 —2835 1.14 0.00 19 10.0 13
water

5 Acetonitrile + 45.0 11 —34.42 385.51 1.09 003 08 6.8 14
benzene

6 Benzene+ 25.0 11 42.69 103.70 091 0.00 0.1 0.9 15
cyclohexane

7 Benzene+ 45.0 15 162.04 55.18 0.70 001 04 29 16
n-heptane

8 Benzene+ 45.0 12 330.56 80.79 047 001 02 2.5 14
nitromethane

9 Benzene-+ 65.0 26 204.22 11.76 147 0.04 06 4.4 16
n-octane

10 Benzene+ 45.0 11 554.44 11274  0.63 001 06 5.1 12
1-propanol

11 2-Butanone+ 25.0 10 —138.98 279.82 1.04 000 03 2.5 17
benzene

12 2-Butanone+ 25.0 12 295.86 —12.06 0.59 0.00 0.6 33 18
ethanol

13 Chloroform+ 50.0 19 —39.54 -36.99 093 003 04 3.2 19
benzene

14 Cyclohexane+ 50.0 9 831.00 106.01 149 0.05 0.7 6.6 20
2-propanol

15 Cyclohexane + 25.0 10 92.59 58.18 0.12 0.00 0.0 15
toluene

16 Ethanol+ 25.0 11 51.90 878.85 0.48 0.00 0.5 4.6 21
benzene

17 Ethanol + 45.0 12 66.00 77898 0.51 0.02 0.5 32 12
benzene

18 Ethyl acetate + 70.0 15 308.66 —7.01 0.40 0.02 0.5 2.6 12
ethanol

19 Ethyl ether+ 25.0 14 15.02 103.11  0.86 0.00 04 20
cyclohexane

20 Ethyl ether+ 30.0 10 620.16 —176.60 0.69 0.04 09 6.5 21
methanol

21 n-Heptane + 25.0 27 95.84 5136  0.17 0.00 04 2.6 16
toluene

22 n-Hexane + 71.2- 25 267.11 —105.97 2.22 0.13 1.8 49 15
toluene 102.1

23 Methanol+ 25.0 9 —13.22 1028.57 1.32 0.00 08 9.0 12
benzene

24 Methanol + 55.0 9 0.20 906.51 0.56 003 1.0 5.1 12
benzene

25 Methanol + 55.0 20 —125.79 119.60 1.79 0.07 09 3.9 12

2-propanol
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Table 2 (continued)
No. System (1 + 2) Temp./ Number Energy Root-mean-squared Ref.
°C of data  parameters/K deviations
points
a,, ay, oP/ oT| ox oy
mmHg K x10®°  x10°

26 Methanol + 55.0 6 —6.9 111317  0.56 0.04 15 6.7 12
tetrachloromethane

27 Methanol + 25.0 19 —-177.97 43393 038 001 0.0 21
tetrahydrofuran

28 Methanol + 45.0 11 —44.01 945.68 1.94 000 09 35 22
toluene

29 Methanol + 399 10 122.19 9444 1.04 003 02 2.3 13
water

30 Methy! acetate + 50.0 17 113.51 1227 1.04 0.04 0.7 4.3 19
benzene

31 Methyl acetate+ 50.0 16 -271.77 77.68 0.83 004 05 3.5 14
chloroform

32 Methyl acetate + 35.0 8 234.20 369.26  1.01 004 07 7.6 21
cyclohexane

33 Methyl acetate + 30.0 7 390.36 —40.28 234 007 0.7 9.6 12
methanol

34 1-Propanol + 30.0 13 455.43 340.83 1.14 000 22 8.9 13
water

35 Tetrachlorome- 40.0 8 166.02 —-100.05 0.46 001 02 1.9 14
thane + benzene

36 Tetrahydrofuran+ 25.0 19 —64.83 28464 0.78 000 0.1 23
cyclohexane

37 Toluene + 111.9- 16 —38.38 131.07 1.62 009 0.6 4.1 16
n-octane 124.1

38 Water+ 250 10 65.54 327.07 0.75 000 12 6.0 24
ethanol

39 Acetonitrile + 45.0 MS= 414.77 1138.0 25
n-heptane

40 Methanol + 25.0 MS 157.62 1141.5 26
cyclohexane

41 Methanol + 250 MS 157.80 1140.4 27
cyclohexane

42 Methanol + 25.0 MS 67.37 1049.1 28
n-heptane

43 Methanol + 25.0 MS 67.33 1033.6 29
n-hexane

44 Methanol + 250 MS 51.15 1096.6 28
n-octane

45 Nitromethane + 250 MS 804.26 1358.3 30
cyclohexane

46 Water + 25.0 MS 1569.9 2026.5 29
benzene

47 Water + 37.8 MS 1315.2 1661.3 31
benzene

48 Water + 45.0 MS 1640.0 1958.0 29
benzene

49 Water+ 70.0 MS 621.26 843.18 32
ethyl acetate

50 Water+ 30.0 MS 338.35 692.42 32

methyl acetate

* MS means mutual solubility.



124

1. Nagata, M. Notoh{Thermochimica Acta 242 (1994) 117-130

Table 3
Predicted results for ternary vapour—liquid equilibria
No. Component (1 + 2+ 3) Temp/°C Number  Absolute arith. mean dev. Ref.
of data
points dy 6P/ (OP[P)|%
x 103 mmHg
1 Acetonitrile + 45.0 51 44 3.29 1.12 16
benzene + 39
n-heptane 6.0
2 Ethanol + 25.0 33 3.8 0.79 0.72 18
2-butanone + 3.2
benzene 3.9
3 Methanol + 55.0 8 2.8 1.98 0.29 12
tetrachloromethane + 1.6
benzene 1.5
4 Methyl acetate + 50.0 66 4.0 2.47 0.57 19
chloroform + 29
benzene 31
Table 4
Calculated results of ternary liquid—-liquid equilibria
No. System (1 +2+3) Temp/°C Number Ternary Root-mean squared  Ref.
of tie-lines parameters deviations/(mol%)
I e Iii ¢
1 Acetonitrile + 45.0 7,3, = —0.1830 0.54 0.56 408 32
benzene + T133=1.0607
n-heptane Typ3 = —0.7142
2 Nitromethane + 25.0 T3 =—02994 0.89 0.85 346 32
benzene + T13o=0.1986
cyclohexane T)53 = —0.8595
3 Methanol + 25.0 T = —0.3199 026 0.38 221 32
ethyl ether + T13,= 9.9814
cyclohexane 7,53 = —2.2674
4 Methanol + 25.0 7,4 = —0.2823 024 0.27 052 32
methyl acetate + Ty3p = —2.2222
cyclohexane 7153 = —1.5706
5 Methanol + 25.0 T,y = 03252 017 032 073 32
tetrahydrofuran + T3, = —0.3213
cyclohexane T3 = 0.2662
6 Methanol + 25.0 T, = —0.0326 0.19 0.30 201 33
benzene + T,32= 1.8312
cyclohexane T)53 = —1.1439
7 Methanol + 25.0 7,5 = 00329 0.16 0.23 1.04 33
toluene + T132=1.4390
cyclohexane Tya3 = —0.4582
8  Methanol + 25.0 Ty = —02472 033 038 256 33
acetone + 7132 = 0.8951
cyclohexane 7,23 = —1.2003
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Table 4 (continued)

No. System (1+2+3) Temp/°C Number Ternary

of tie-lines parameters

Root-mean squared  Ref.
deviations/(mol%)

12 e I«

9 Methanol + 25.0 7 1, = —0.1014 052 0.51 597 133
2-propanol + T;32= 0.6728
cyclohexane 7123 = —0.8117

10 Methanol + 25.0 8 T, = 0.0114 040 044 201 28
benzene + Ty3p = 2.4523
n-heptane T3 = —1.1215

11 Methanol + 250 6 Tm = 0.1029 068 0.66 446 28
benzene + T3 = 0.5299
n-octane T3= 09193

12 Methanol + 25.0 4 T3 = —0.0591 0.85 0.91 236 34
toluene + T3 = 3.2776
n-hexane 1,03 = —0.1701

13 Methanol + 25.0 7 T, = —00222 043 0.38 1.71 28
toluene + Ty = 1.6601
n-heptane T3 = —0.4383

14 Methanol + 25.0 7 7,5 = 0.0038 038 0.34 292 28
toluene + T3 = 0.5362
n-octane T3= 0.6636

15 Water + 70.0 6 T,y = 0.1091 0.17 031¢ 972 32
ethanol + Tip= 1.3254 0.42°
ethyl acetate Ty = —0.7723

16 Water + 30.0 4 75 = —0.4003 021 035 6.63 32
acetone + Ti3,=  9.3329 0.33
methyl acetate © Ty = —2.0351

17 Water + 25.0 12 T, = —0.1403  0.89 091 553 32
ethanol + T13p = —0.2445 1.80
benzene T3 = —0.8048

18 Water + 37.8 6 75 =—02080 025 072 1085 32
1-propanol + T35 = 0.6805 0.52
benzene Tia3 = —0.7939

19 Water + 45.0 13 T3 = —0.1103  0.76 0.82 8.97 32
methanol+ 1,3, = —0.5431 0.60
benzene Ty03 = —0.9908

*This work. ® Modified form of Hiranuma-Wilson equation [7]. ¢ Higashiuchi et al. [8]. 9a,;=1.5.
¢ay3=3.0.

root-mean-squared deviation between experimental and calculated tie-line values
for 19 systems of type I, together with the results obtained from the modified
Hiranuma—-Wilson model [7] and those of Higashiuchi et al. [8]. The present results
are comparable with those of the modified Hiranuma—Wilson model and give much
better results than the method of Higashiuchi et al. Figures 1-3 illustrate the
calculated and experimental results for selected systems. As shown in Table 3



126 1. Nagata, M. Notoh{Thermochimica Acta 242 (1994) 117~ 130
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0.2 0.4

ACETONITRILE Mole fract. n N-HEPTANE

ETHYL ETHER

0.8 .
A 7~ 7 0
T
,_/“‘ ——————— S
&;—t_‘—f_::«—v—: ————— = —dg
0.2 .4 [ .8
METHANOL Mole fraction CYCLOHEXANE

METHYL ACETATE

0.8/\

METHANOL Mole fraction CYCLOHEXANE

TETRAHYDROFURAN

METHANOL Mole fraction CYCLOHEXANE

Fig. 1. Experimental and calculated liquid-liquid equilibria for acetonitrile + benzene + n-heptane at
45°C [32], methanol + ethyl ether + cyclohexane at 25°C [32], methanol + methyl acetate + cyclohexane
at 25°C [32] and methanol + tetrahydrofuran + cyclohexane at 25°C [32]: @ — - — @, experimental
tie-line; — — —, calculated with binary parameters; ——, calculated with binary and ternary parameters.
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BENZENE

. 0.4 0.6 .
METHANOL Mole fraction N-—OCTANE

TOLUENE 0.2
0.3 .
N N N
\/ "y >\
0.2 0.4 0.6 8.8
METHANOL Mole fraction N-HEXANE
TOLUENE
0.8
. . .6 .8
METHANOL Mole fraclion CYCLOHEXANE

Fig. 2. Experimental and calculated liquid-liquid equilibria for methanol + benzene + n-octane at 25°C
(28], methanol + toluene + n-hexane at 25°C [34] and methanol 4+ toluene + cyclohexane at 25°C [33]:
®— - — @, experimental tie-line; — — ~, calculated with binary parameters; ——, calculated with
binary and ternary parameters.

and Fig. 1, the present model can predict well the ternary phase equilibria of
the partially miscible acetonitrile + benzene + n-heptane system using binary
parameters alone.
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METHANOL

. 0. 0.6
WATER Mole f(ractlon BENZENE
ETHANOL
0.1 ZAN 0.6

WATER Mole fraction BENZENE

Fig. 3. Experimental and calculated liquid-liquid equilibria for water + methanol + benzene at 45°C
[32] and water + ethanol + benzene at 25°C [32]: @ — — — @, experimental tie-line; — — —, calculated
with binary parameters; ——, calculated with binary and ternary parameters.

5. Conclusion

The model presented, with two adjustable parameters per binary, reproduces well
binary VLE data and accurately predicts ternary VLE using only binary informa-
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tion, and is able accurately to correlate ternary LLE data for 19 systems, using
three additional ternary parameters.
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