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Abstract 

A modified three-parameter Wilson equation, proposed for binary partially miscible mixtures, 
is extended to correlate quaternary liquid-liquid equilibria. The proposed form of the modified 
Wilson equation involves binary, ternary and quaternary parameters and gives good calculated 
results comparable to those derived from the modified Hiranuma-Wilson equation, which has 
four parameters for binary partially miscible mixtures. 
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List of symbols 

aij 
bij 
F 
gE 

rl T 
R 
T 
Xi 

v, 

molar energy parameter of Wilson equation for i-:j interaction 
binary parameter of modified Wilson equation for i-j pair 
objective function given by Eq. (8) 
molar excess Gibbs free energy 
number of moles of component i 
total number of components 
universal gas constant 
absolute temperature 
liquid mole fraction of component i 
liquid molar volume of pure component i 
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Greek letters 

)'i 
Aij, Ajki, Ajkti 
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activity coefficient of component i 
binary, ternary and quaternary parameters 

1. Introduction 

Among several forms of the Wilson equation modified for binary partially miscible 
mixtures [1], Nov/tk et al. [2] proposed the following form 

gS/R = - x 1 ln(x I + A12x2) - X 2 ln(x 2 + A21xI)  + b12XlX 2 (1) 

where bl 2 is the empirical parameter, and the binary parameter Aij is expressed in terms 
of molar energy parameter aij and the molar volumes of pure components, V~ and V r 

Aij = (V/V/)exp(- a i / T  ) (2) 

A new ternary extended form of Eq. (1), which is not identical with the ternary 
modification proposed by Nov~ik et al. [3], has shown good applicability in the 
correlation of ternary liquid-liquid equilibria (LLE) [4]. 

In this paper, the ternary modified form of Eq. (1) is further extended for the 
correlation of quaternary LLE. 

2. Proposed model 

The excess molar Gibbs free energy for a quaternary mixture is expressed by 

,* ( 4  I _~ 1 4 
-- E mjk i Xj X k gE/RT= E xiln E A , j x j + - ~  

i=1 \ j = l  k= l,jv~k~i 

j= l  k=l l=l, j~k¢l¢i  "= "= 

= _ x 1 ln(xl + A12 x2 + A13x 3 q- Alax 4 + A231 X2 X3 

+ A2alX2X a + A341x3x a. h- A2341x2x3x4)  - X 2 ln(A21x 1 + x 2 + A23x 3 

+ mz~x 4 d- A132x1x 3 + AI42XI x4 + Aa42X3X 4 + m134.2XlXaX4) 

- x 3 ln(A31x 1 + A32x 2 -F x 3 q- A34x 4 + A123Xl x 2 q- A143x1x4 

+ A 2 4 3 x 2 x  4 + A1243x1X2X4) - -  X 4 ln(A41 xl + A42x 2 + Aa3x 3 + x 4 

+ A124XlX 2 +A134.x1x 3 + A 2 3 4 x 2 x  3 + A 1 2 3 4 x 1 x 2 x 3 ) + b 1 2 x 1 x  2 

+ b l 3 X l X  3 + b l4X1X 4 + b23X2X 3 + b24x2x  4 + b34X3X 4. (3) 

where A,  = 1, Aij ~ Aj~, and Ajk~( = Akji) and Aju~( = Ajl u = Akj . = Auj ~ = Aljki = Azkji ) 
are the ternary and quaternary parameters. Eq. (3) can be derived in the same manner 
as described previously [5]. 
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Table 1 
Binary parameters 

System (1 + 2) Temp./°C aljK azJK b12 Ref. 

Acetic acid+ 1-butanol 115.7-120.3 58.80 -68.03 [6] 
Acetic acid+ n-butyl acetate 117.7-125.2 591.12 - 343.42 [7] 
Acetic acid + chloroform 61.4-118.1 472.71 - 34.81 [7] 
Acetone + acetic acid 35.0 - 242.83 242.83 [8] 
Acetone + 1-butanol 58.1-115.0 311.54 - 54.97 [6] 
Acetone + 2-butanone 56.9-78.5 - 117.21 239.97 [8] 
Acetone + chloroform 35.0 - 31.10 - 217.38 [8] 
Acetone+ 1-propanol 62.9-86.6 106.61 90.01 [9] 
Acetonitrile + benzene 45.0 392.49 - 7.60 [ 10] 
Acetonitrile + ethanol 20.0 306.47 221.38 [ 11 ] 
Acetonitfile + methanol 30.0 21.43 335.80 [ 12] 
Acetonitrile + 1-propanol 55.0 407.39 84.78 [ 13] 
Acetonitrile + 2-propanol 50.0 945.69 - 26.29 [ 14] 
Benzene + cyclobexane 40.0 85.77 67.31 [ 15] 
1-Butanol + 2-butanone 80.7-111.2 31.52 139.17 [ 16] 
1-Butanol + n-butyl acetate 116.8-121.2 96.72 109.66 [6] 
1-Butanol + chloroform 62.6-115.1 426.69 - 76,58 [6] 
Chloroform+toluene 61.6-108.1 -814.25 277,85 [10] 
Ethanol+l -butanol  80.0-115.0 -4 .22  61.83 [12] 
Ethanol + 2-butanone 55.0 289.87 - 8.59 [12] 
Ethanol + chloroform 35.0 878.70 - 195.51 [ 12] 
Ethanol + cyclohexane 25.0 1017.2 262.62 [11] 
Methanol + benzene 35.0 899.85 92.17 [ 12] 
Methanol + ethanol 25.0 41.72 - 45.18 [ l 1 ] 
Methanol + 1-propanol 40.0 75.32 - 28.00 [ 13] 
Methanol + 2-propanol 55.0 627.74 - 451.28 [ 12] 
1-Propanol + 1-butanol 40.0 71.19 - 60.73 [ 13] 
1-Propanol + 2-butanone 79.9-94.8 150.65 36.33 [11] 
1-Propanol + cyclobexane 25.0 866.91 194.53 [ 11 ] 
2- Propanol + cyclohexane 60.0 797.96 142.66 [6] 
Water + acetic acid 100.3-115.2 403.09 3.57 [ 17] 
Water + acetone 25.0 796.10 - 54.01 [ 18] 
Water + ethanol 25.0 440.56 27.73 [ 17] 
Water + l-propanol 94.8-89.3 639.20 814.60 [ 17] 
Acetonit rile + cyclohexane 25.0 -12.37 -74.20 3.7668 [19] 
Methanol + cyclohexane 25.0 1085.1 358.56 0.1498 [20] 
Water+  1-butanol 25.0 571.39 889.65 0.5618 [21] 
Water + 2-butanone 25.0 343.33 354.39 1.5798 [22] 
Water+n-butyl  acetate 25.0 878.25 907.12 1.4855 [21] 
Water+chloroform 25.0 269.45 365.59 4.8870 [233 
Water+toluene 25.0 819.78 862.37 3.9156 [24_7 

T h e  a c t i v i t y  c o e f f i c i e n t  o f  c o m p o n e n t  i in  a q u a t e r n a r y  m i x t u r e  is  d e r i v e d  f r o m  

l n T , =  1 ( S n r #  ~'] 

R T~ On i ,]e,r,,j,,, 
(4) 
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ACETONE 

75 

0.2/- \0.8 

0.41-  ~ - ~  -k 0.6 

0.6 Z/  . / /  .,.bl, -~ 0.4 

0.8 ~ / / / "~0.2 

WATER ~ X X X ),( ) CHLOROFORM 

0.2 

0.4 0.6 

0.6 V v v 0.4 

ACETIC ACID Mole fraction 

Fig. 1. Representation of ternary liquid-liquid equilibria using the modified Wilson model as obtained by 
incorporating ternary parameters: - -  • - - ,  experimental: water + acetone + chloroform [26]; water + acetic 
acid + chloroform [26]. - - - ,  calculated with binary and ternary parameters. 

T h e n ,  In 7 ~ is g i v e n  b y  

l n 7 1  = - In AliX i + A231x2x  3 + A241x2x  4 + A341x3x  4 q- A2341x2x3x4) 
\ i = 1  

1 - A231 x 2 x  3 - A24 t x 2 x  4 - A341 x 3 x  4 - 2A2341 x 2 x 3 x  4 
+ l - - x 1  4 

E A u x  i + A 2 3 1 x 2 x  3 q- A 2 4 1 x 2 x  4 Jr- A 3 4 1 x 3 x  4 -'F A 2 3 4 1 x 2 x 3 x  4 
i=1 

A21 + A132(1 - x x ) x  3 + A142(1 - x l ) x  4 - A 3 4 2 x 3 x  4 + A1342(1 - x l ) x 3 x  # 
- -X2 4- 

E A2ix i  Jr" A 1 3 2 x I x  3 at- A 1 4 2 x I x  4 + A a 4 2 x 3 x  4 n t- A 1 3 4 2 x I x 3 x  4 
i=1 
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As1 + At23(1 - xt)x2 + A143(1 - x l ) x 4 ~  Az43xzx4 + A1243(1 ~ x 1 ) x z x 4 1  
- -  X a  _ T . . . . . . . .  

2 A3ixi + A123xI x2 + AI43X1 X4 + A243X2X4- -[- A1243x1x2x4 / 
i=1 

-- X 4 ( A41 + A124(1 --  X1)X 2 + A134(1 --  x l ) x  3 -- A234x2x 3 + A1234(1 - x 1 )X2X 3 
4. 

E A4ixi "q'- A124XIX2 q- Ala4XIX3 Jr- A234X2X 3 q- A1234XIX2X3 
i=1 

+ b12(1 - x 1 )x2 q- bt'3(1 - x 1 )xs + b14(1 - x 1)x4 - b23x2x 3 - b24x2x 4 - bs4x3x 4 
(5) 

3. Calculated results 

3.1. Binary systems 

Table 1 gives the binary parameters taken from vapor-liquid equilibrium data 
[6-18] and calculated from mutual solubility data 1-19-24]. Each set of the three binary 
parameters for partially miscible mixtures was solved by use of the following thermo- 
dynamic equation for each component of two equilibrium liquid phases 

( X i ~i)I = (X i ]) i)ll (6) 

with 

Z x l i = l  and Exli ' = 1  (7) 
i i 

The binary parameters, which predicted LLE did not deviate largely from the experi- 
mental ternary tie-lines, were selected. 

ACETONE 
0.8 0.2 

WATER X X 1-BUTANOL 

0.2 v 

1-PROPANOL Mole fraction 

Fig. 2. Representation of ternary liquid-liquid equilibria using the modified Wilson model as obtained by 
incorporating ternary parameters: - -  • - - ,  experimental: water + acetone + 1-butanol [26]; water + 1-pro- 
panol + 1-butanol [26]. - - - ,  calculated with binary and ternary parameters. 
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0.6 0.4 0.2 WATER 0.8 0,6 0.4 
/ \  - A ,~ ,  I 

0.4 // 
0 . 6 ~  02 0.4 

0.6 

0.8 

0.2 0.4 0.6 0.8 
CHLOROFORM Mole fraction 1-BUTANOL 

Fig. 3. Representation of ternary liquid-liquid equilibria using the modified Wilson model as obtained by 
incorporating ternary parameters: - - • - - ,  experimental: water +ethanol+ 1-butanol [26]; 
water + ethanol + chloroform I26]; water + 1-butanol + chloroform [26]. - - - ,  calculated with binary and 
ternary parameters. 

WATER 
0.4 0.2 0.8 0.6 

d '  - 

0.6 • / 0.4 

• / '  0,2 

V \I V V 
0.2 0.4 0.6 0.8 

N-BUTYL ACETATE Mole fraction 1-BUTANOL 

Fig. 4. Representation of ternary liquid-liquid equilibria using the modified Wilson model as obtained by 
incorporating ternary parameters: - -  • - - ,  experimental: water + acetic acid + 1-butanol [26]; water + acetic 
acid+n-butyl acetate [26]; water+l-butanol+n-butyl acetate [26]. - - ,  calculated with binary and 
ternary parameters. 
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CYCLOHEXANE 
0.4 0.2 0.8 0.6 

0.6 0.4 

0.2 0.4 0.6 0.8 
METHANOL Mole fraction ACETONITRILE 

Fig. 5. Representation of ternary liquid-liquid equilibria using the modified Wilson model as obtained by 
incorporating ternary parameters: - - e - - ,  experimental: cyclohexane+benzene+acetonitrile [26]; cyc- 
!ohexane+benzene+methanol [26]; cyclohexane+acetonitrile+methanol [28]. - - - ,  calculated with 
binary and ternary parameters. 
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Fig. 6. Representation of ternary liquid-liquid equilibria using the modified Wilson model as obtained by 
incorporating ternary parameters: - - • - - ,  experimental: cyclohexane + 2-propanol + acetonitrile 1-30]; cyc- 
lohexane + 2-propanol + methanol [26]; cyclohexane + acetonitrile + methanol [28]. - - ,  calculated with 
binary and ternary parameters. 
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3.2. Ternary systems 

Table 2 shows the ternary calculated results. The ternary parameters were obtained 
by minimizing the objective function 

F=I~kmin~i~j(Xijk.catc.--Xljk.exptl.)2/6M]U 2 (8) 

where i = 1, 2 (phases), j = 1, 2, 3 (components), and k = 1, 2, 3... M (tie-lines) and min 
means minimum values. A simplex method was used for the parameter determination 
procedure [25]. Figs. 1-6 show the calculated and experimental LLE for the ternary 
mixtures making up the six quaternary mixtures. 

3.3. Quaternary systems 

Table 3 gives the calculated results for ten quaternary systems. The quaternary 
parameters were sought in the way similar to that used in ternary parameter determina- 
tion. The calculated results demonstrate the proposed model has a good performance 
in the correlation of LLE, which is nearly comparable with that of the previous 
approach based on the binary four-parameter Hiranuma-Wilson Eq. [1- 5]. 

4. Conclusion 

The presented model has a correlation ability comparable with that of the previous 
four-parameter Hiranuma-Wilson equation for binary partially miscible mixtures, 
especially for the six quaternary aqueous mixtures studied. 
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