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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.

Keywords: Binary system; LLE; Modified Wilson equation; Quaternary system; Ternary sys-
tem; VLE

List of symbols

a; molar energy parameter of Wilson equation for i—j interaction
b;; binary parameter of modified Wilson equation for i—j pair

F objective function given by Eq. (8)

gt molar excess Gibbs free energy

n; number of moles of component i

ny total number of components

R universal gas constant

T absolute temperature

X; liquid mole fraction of component i

v liquid molar volume of pure component i
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Greek letters

V; activity coefficient of component i

A;jp Ajin Ay binary, ternary and quaternary parameters

1. Introduction
Among several forms of the Wilson equation modified for binary partially miscible
mixtures [1], Novak et al. [2] proposed the following form
go /R = —x,In(x; + A3 x;) = X, In(xy + Ay x;) + by, X, (1)
where b, , is the empirical parameter, and the binary parameter A ;is expressed in terms
of molar energy parameter a;; and the molar volumes of pure components, V; and V.
Ay =(V/V))exp(—a/T) )

A new ternary extended form of Eq. (1), which is not identical with the ternary
modification proposed by Novak 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

gE/RT= - Z (Z AU 1+ Z Z Ajkl j

; 1k=1,j#k#i

L) A,k,,x,xkx,)+2z > by,

_’lk 11=1,j#k#l#1 i=1j=1

==x 0000, + A X, + Apaxy + Apa X+ Agsy Xy x5
F Aga1 X2 Xg + Agay X3 Xy + Mgy X2 X3Xe)— X, In(Ag Xy + X5 + Apy X,
T A Xa + Ay X X3+ Ay Xy Xa + Aggp X3 X + Ayzgn Xy X3 %,)
= x3I0(Ag; %y + Ay Xy X3+ AggXy + Apa X X + AasXy X,
T Aga3Xa Xg + Ayaa3 Xy X3 Xa) — X In(Agy Xy + Agy X + Agsxs + x4
T A2 X1 Xy + Ap3a X X3+ Ay3aXo X3 + Ayp3a%y X X3) +b15X, X,
F b X X3+ biyx1 X, +by3%X, X3+ by X%, + by X3, 3)

where A;; =1, A # Ay and A (= Ay ) and A gy (= Ay = A = A = A = Ayjp)

jir jki kji
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 alZ/K a“/K b12 Ref.
Acetic acid + 1-butanol 115.7-120.3 58.80 ~68.03 [6]
Acetic acid + n-butyl acetate 117.7-1252  591.12 —343.42 M
Acetic acid + chloroform 61.4-118.1 472,71 — 3481 [N
Acetone + acetic acid 35.0 —242.83 242.83 8]
Acetone + 1-butanol 58.1-1150  311.54 ~5497 [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]
Acetonitrile + 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 +cyclohexane 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]
Chioroform + toluene 61.6-108.1 —-814.25 277.85 [10]
Ethanol + 1-butanol 80.0-115.0 —422 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 350 899.85 92.17 [12]
Methanol +ethanol 25.0 41.72 —45.18 [11]
Methanol + 1-propanol 40.0 75.32 —28.00 [13]
Methanol + 2-propanol 550 627.74 —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 + cyclohexane 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 250 796.10 —54.01 [18]
Water +ethanol 25.0 440.56 27.73 [17]
Water + 1-propanol 94.8-89.3 639.20 814.60 [17]
Acetonitrile + cyclohexane 250 —12.37 —7420 3.7668 [19]
Methanol + cyclohexane 250 1085.1 358.56 0.1498 [20]
Water + 1-butanol 25.0 571.39 889.65 0.5618 [21]
Water + 2-butanone 25.0 34333 354.39 1.5798 [22]
Water + n-butyl acetate 250 878.25 907.12 1.4855 [21]
Water +chloroform 25.0 269.45 365.59 4.8870 [23]
Water +toluene 250 819.78 862.37 39156 [24]

The activity coefficient of component i in a quaternary mixture is derived from

1 (dngg®
Iny,=—[—-L 4
ny, RT( on, )r.r,..,—,.. )
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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.

Then, Iny, is given by

4
Iny, =— ln( Z Apxi+ Ay xoxy + Mgy Xaxy + Mgy X3 Xy + Ayzar X2 X3%,)

i=1

1= Ayy  Xax3 = Apy 1 XX — Ay X3Xs —2A,5,, X, X3,

+1-x|—
Z ApXit Ay X, X3+ Mg Xox + Mgy X3Xg + Agay X, X3 %,

i=1

Ay + A (T =x)X3+ A5 (1 =X )xs — Aggn X3 Xy + Ayl — X ) x5,
2 4
Z AgiXi + Apsax X3+ A% X0 + AggyX3Xy + Aj34,X X3X,

i=1
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Agy + A (T=x)x, + Ay (L =% )x, — Ay g3 Xy Xy + Ajppaa(1 — X)X %,
4
Z AgiXi + Appaxy X, A ax X+ AggsXoxy + A3 XXX,
i=1

x Ay + AL (L=X)% + A 51— X )X3 — Ay Xo X3+ Ayys,(1 — X)X, %5
—Xa )

Z Agxi+ ApgaX Xy + A p3a X1 X5+ ApagXp X3+ Aj 3% X5 X5

i=1

+b (1= )%, + by3(1—X1)x3 + b1y (1 — X1) x4 — by3 Xy %3 — byyxa Xy — byax3x,

)

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 [ 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

(xi)’i)l = (xi)’.')“ (6)
with

Y xi=1 and Zﬁ:l (7

i

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

ACETONE
- 0.2
¥ % 1-BUTANOL
= 0.8
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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WATER 0.8 0.6 0.4

0.6 0.4 0.2
7AY s

0.4

A/ \ \/
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+ l1-butanol  [26];
water + ethanol + chloroform [26]; water + 1-butanol + chloroform [26]. ——, calculated with binary and

ternary parameters.

AV4 AV AV4 AVA
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+ 1-butanol +n-butyl acetate [26]. ——, calculated with binary and
ternary parameters.



78 I. Nagata/Thermochimica Acta 268 (1995 ) 69-82

CYCLOHEXANE
02 0.8

04 0.6

0.2 0.4 0.6 08
METHANOL Mole fraction ACETONITRILE

Fig. 5. Representation of ternary liquid-liquid equilibria using the modified Wilson model as obtained by
incorporating ternary parameters: —®—, experimental: cyclohexane + benzene + acetonitrile [26]; cyc-
lohexane + benzene + methanol [26]; cyclohexane + acetonitrile + methanol [28). ——, calculated with
binary and ternary parameters.

CYCLOHEXANE
2 0.8

0.4 0.6

0.2 0.4 0.6 0.8
METHANOL Mole fraction ACETONITRILE

Fig. 6. Representation of ternary liquid-liquid equilibria using the modified Wilson model as obtained by
incorporating ternary parameters: — @ —, experimental: cyclohexane + 2-propanol + acetonitrile [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
1/2
F= I:Z min }, Z(xijk_calc. - xijk.exptl.)2/6M]_ (8)
k ij
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.[15].

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.

Acknowledgement

The author thanks Mr. K. Chikazawa for help.

References

[1] J.P. Novak, J. Matous and J. Pick, Liquid-Liquid Equilibria, Elsevier, Amsterdam, 1987.

[2] 1.P. Novak, P. Voiika, J. Suska, J. Matous$ and J. Pick, Collect. Czech. Chem. Commun., 39 (1974)
35803592, 3593-3598.

[3] 1. Novak, J. Matous, K. Ri¢na and V. Kubigek, Collect. Czech. Chem. Commun., 54 (1989) 586-601.

[4] 1. Nagata, Thermochim. Acta, 249 (1994) 75-87.

[5] 1. Nagata and T. Watanabe, Thermochim. Acta, 208 (1992) 43-59.

[6] 1. Gmehling, U. Onken and W. Arlt, Vapor-Liquid Equilibrium Data Collection, Organic Hydroxy
Compounds: Alcohols and Phenols, DECHEMA Chemistry Data Ser., Vol. [. Part 2b, DECHEMA,
Frankfurt am Main, Germany, 1978.

[7] 1. Gmehling, U. Onken and P. Grenzhauser, Vapor-Liquid Equilibrium Data Collection, Carboxylic
Acids, Anhydrides, Esters, DECHEMA Chemistry Data Ser., Vol. 1, Part 5, DECHEMA, Frankfurt
am Main, Germany, 1982.



82 I. Nagata/Thermochimica Acta 268 (1995 ) 69-82

[8] J. Gmehling, U. Onken and W. Arlt, Vapor-Liquid Equilibrium Data Collection, Aldehydes and
Ketones, DECHEMA Chemistry Data Ser., Vol. I, Parts 3 + 4, DECHEMA, Framkfurt am Main,
Germany, 1979.

[9] N. Giiltekin, J. Chem. Eng. Data, 34 (1989) 168-171.

[10] J. Gmehling, U. Onkenand W. Arlt, Vapor-Liquid Equilibrium Data Collection, Aromatic Hydrocar-
bons, DECHEMA Chemistry Data Ser., Vol. I, Part 7, DECHEMA, Frankfurt am Main, Germany,
1980.

[11] J. Gmehling, U. Onken and W. Arlt, Vapor-Liquid Equilibrium Data Collection, Organic Hydroxy
Compounds: Alcohols (Suppl. 1), DECHEMA Chemistry Data Ser., Vol. I, Part 2c, DECHEMA,
Frankfurt am Main, Germany, 1982.

[12] J. Gmehling and U. Onken, Vapor-Liquid Equilibrium Data Collection, Organic Hydroxy Com-
pounds: Alcohols, DECHEMA Chemistry Data Ser., Vol. I, Part 2a, DECHEMA, Frankfurt am Main,
Germany, 1977.

[13] J. Gmehling, U. Onken and J.R. Rarey-Nies, Vapor-Liquid Equilibrium Data Collection, Organic
Hydroxy Compounds: Alcohols (Suppl. 3), DECHEMA Chemistry Data Ser., Vol. I, Part 2e, DE-
CHEMA, Frankfurt am Main, Germany, 1988.

[14] 1. Nagata and K. Katoh, Thermochim. Acta, 39 (1980) 45-62.

[15] J. Gmehling, U. Onken and W. Arlt, Vapor-Liquid Equilibrium Data Collection, Aliphatic Hydrocar-
bons C,—~C;, DECHEMA Chemistry Data Ser., Vol. I, Part 6a, DECHEMA, Frankfurt am Main,
Germany, 1980.

[16] J. Gmehling, U. Onken and U. Weidlich, Vapor-Liquid Equilibrium Data Collection, Organic
Hydroxy Compounds: Alcohols and Phenols (Suppl. 2), DECHEMA Chemistry Data Ser., Vol. 1,
Part 2c, DECHEMA, Frankfurt am Main, Germany, 1988.

[17] J. Gmehling, U. Onken and W. Arlt, Vapor-Liquid Equilibrium Data Collection, Aqueous—Organic
Systems (Suppl. 1), DECHEMA Chemistry Data Ser., Vol. I, Part 1a, DECHEMA, Frankfurt am
Main, Germany, 1981.

[18] J. Gmehling and U. Onken, Vapor-Liquid Equilibrium Data Collection, Aqueous—Organic Systems,
DECHEMA Chemistry Data Ser., Vol. I, Part 1, DECHEMA, Frankfurt am Main, Germany, 1977.

[19] I. Nagata and T. Ohta, J. Chem. Eng. Data, 28 (1983) 256-259.

[20] I. Nagata, Fluid Phase Equilibria, 18 (1984) 83-92.

[21] F. Ruiz, D. Prats, V. Gomis and P. Varo, Fluid Phase Equilibria, 18 (1984) 171-183.

[22] F. Ruiz and D. Prats, Fluid Phase Equilibria, 10 (1983) 95-114.

[23] J.M. S¢rense and W. Arlt, Liquid-Liquid Equilibrium Data Collection, Binary Systems, DECHEMA
Chemistry Data Ser., Vol. V, Part 1, DECHEMA, Frankfurt am Main, Germany, 1979.

[24] F. Ruiz and V. Gomis, J. Chem. Eng. Data, 30 (1985) 412-416.

[25] J.A. Nelder and R. Mead, Comput. J., 7 (1965) 308-313.

[26] E.A. Macedo and P. Rasmussen, Liquid-Liquid Equilibrium Data Collection, Suppl. 1, DECHEMA
Chemistry Data Ser., Vol. V, Part 4, DECHEMA, frankfurt am Main, Germany, 1987.

[27] 1. Nagata, Fluid Phase Equilibria, 26 (1986) 59-68.

[28] I Nagata, Thermochim. Acta, 114 (1987) 227-238.

[29] I. Nagata, Thermochim. Acta, 119 (1987) 357-368.

[30] I. Nagata, Thermochim. Acta, 127 (1988) 109-118.

[31] I. Nagata, Thermochim. Acta, 127 (1988) 337-346.

[32] F. Ruiz, D. Prats and V. Gomis, An. Quim., 82 (1986) 393-398.

[33] I. Nagata, Thermochim. Acta, 214 (1993) 339-348.

[34] F. Ruiz, D. Prats and V. Gomis, J. Chem. Eng. Data, 29 (1984) 147-151.



