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Abstract

A new local composition model with two adjustable parameters per binary can represent
binary vapour-liquid equilibria with good accuracy. For a ternary mixture the model
includes six binary parameters and three additional ternary parameters in order to fit the
model to ternary liquid—liquid equilibria. An extended form of the model for a quaternary
mixture is proposed to involve further four quaternary parameters. Calculated liquid-liquid
equilibrium results for 12 quaternary systems apparently show the good performance of the
new model.

LIST OF SYMBOLS

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

F objective function as defined by eqn. (23)

gk excess molar Gibbs energy

n; number of moles of component i

nr total number of moles

D exponent

R universal gas contant

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

Auy; binary interaction parameter for i—j pair

uk excess molar energy of mixing

X; liquid-phase mole fraction of component i

Vi vapour-phase mole fraction of component i
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Greek letters

Vi activity coeflicient of component i
Ojkis Ojmii ternary and quaternary coefficients
Ty binary parameter as defined by exp( —Au,;/RT) =exp(—a;;/T)
Tikis Thkli ternary and quaternary parameters
o; segment fraction of component i
&ij» Gi» Gy local segment fractions

Subscripts

calc calculated

com combinatorial

exp experimental

res residual

i,j, k components

INTRODUCTION

The workability of a newly proposed local composition model has been
extensively studied to represent binary coexistence curves over a wide
temperature range for mixtures of small molecules [1] as well as aqueous
polymer mixtures [2] and further to predict ternary vapour-liquid and to
correlate ternary liquid-liquid equilibria (LLE) for many liquid mixtures
[3]. This paper presents an extended form of the new local composition
model for quaternary LLE calculations.

SOLUTION MODEL
A new local composition model, called extended Wilson, has two contri-

butions of the excess Gibbs free energy gF, a combinatorial term expressed
by the modified Flory—Huggins equation and a residual term.

Binary systems

gE=chom+gFeS (1)
E

goom 2 2

RT X1nx1+x21nx2 @

ok

RT;S" = —x In(¢; + $2721) — x; In(¢, + ¢y 712) R

where the modified segment fraction iy, the segment fraction ¢ and the
binary parameter t are defined by
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Yo =x 78 [ 4 xar8) Yo = xpr8 /(1] + x218) (4
G =x111 /(11 + X212) @ = X072 [(Xy 7y + Xo1) (5)
Ty = exp( —ay [T) T2 =exp(—a2/T) (6)

a,, and a;, are the binary energy parameters and the exponent p is taken as
2/3 [4].
The activity coefficient of any component i is derived from

1 (Onrg®
Iny, =—
e RT( on; P.Tun 4 )

Substituting eqns. (2) and (3) into eqn. (7) gives
lpl lpl —1In(¢, + ¢2721) “< _ﬁ)

Iny, = —+1
] (8)

(o))
—In(¢, + ¢1712) — (1 _;'>
)} 9)

The ternary expression of gF includes unlike three-body interaction terms.
E

% = le In% — X1 In(1 711 + G270 + G373 + P2037231)

+¢ l: T21 < T2
L ¢, + ¢2‘521 G2+ 1712

1ny2=1n%3+1 lpz

+é |: Ti2 ( T21
1 ¢, + ¢1T12 b1+ P21

Ternary systems

— X In(1 712+ PaTar + G373 + D1937132)
— X3 In(@1 715+ P23 + D3T3 + D 1P27123) (10)

where 7, =1. The conventional local composition models include only
binary interaction terms and are not useful in the correlation of ternary
LLE data using binary parameters obtained from binary phase equilibrium
data. Equation (10) involves the three adjustable ternary parameters, 7,3,
7132 and 1,3, which are evaluated in fitting the model to ternary phase
equilibrium data.

The activity coefficient of component 1 in a ternary mixture is given by

Iny, = lﬁl % - 111(2 ¢t + ¢2¢3T231>

p n —§ d’jle —20:$173
! ? Ot + Dr03723
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r Tl2“’§¢jtﬂ+(1 —2¢)P3Ti32

+_
s & ? T+ P193T13;
ro Ta—Z @t + (1 —2¢1)¢,T12

+2 b, j (11
r; ; Ot + G171

Quaternary systems

An extended expression of the ternary g® to a quaternary system can be
given by

=Sl ST+ 1 T b+t IIT dbbrin

2,347 6 /577
(12)

Where Tkl = Tk_]l 7/: 0 and T_l/l = Tjij _]ll = 0 T_]klt = Ylki — Tk_]ll = Tkljt leki =
Ty 70 and 1 = Ty = Taus = 0. The expanded form of gE, i

gres
RT

= —x1In(¢1 + G271 + P3731 + PaTar + P2P3T231 + P2PaToa1 + P3PaTann
+ 02P3PaT301) — X2 (D1 Ti2 + P2 + G372+ PaTar + D1 P3Tine
+ ¢19aTi2 + D3PaTasr + $1P3PaTiz) — X3 In(@1713 + G273 + @3
+ Gata3 + P102T123 + P1PaTiaz + P204T203 + P1D2P4T1243)
— X IN(P1T1a + G2Toa + P3Taa+ Pat Pr1aTiza+ P1P37154
+ $203T234 + 192037 1234) (13)

Equation (13) is derived in the following way. The excess energy of mixing
uE for a quaternary mixture may be given by

= ZZ xi¢jt + ZZZ X ¢jkl(Aujl + Aukt)

J#i JEkFI

+ ZZZZ X G Aty + Ath; + Duyy) (14)

Jaekaelaez

where the local segment fractions, ¢, ¢u; and ¢, are defined by

b= il (15)
Z Gt + 3 ZZ kz¢, ¢kT,,Tk; += ZZZ 5,k1; ¢,¢k¢1 i ThiTli
j#k#t j#k#l#t
Z Z ki ¢j o TjiThi
¢jk1 j#k#t (16)

Z¢ksz+ ZZ Ojni P Pic T, Tk1+ ZZZ icti P Pre Dr T Thei T

j#k#l j#k#l#t
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z ZZZ ¢j¢k¢1 A Trt Tl
d,jkh_ = Jaekaelaez (17)

Zd’k‘fk;‘i' ZZ Oui; i T; Tkz+ ZZZ Ot Dy Pre 1T Thi T

j# #i J¢k¢1 #i
where 5jk, and d,; are ternary and quaternary coefficients.
An expression for the excess molar Helmholtz energy a® is derived from
the relation

d@®T)

ayn " (18)
Integration of eqn. (18) from 1/7, to 1/T yields

aE /T 1

— = J u® d<—) + constant of integration 19

T /T T

As 1/T;—0, we adopt the modified Flory—Huggins equation as a
boundary condition of eqn. (19). At low pressures we can take it that
a®~g® [5]. Then we can obtain eqn. (12) by taking t;; = dy,7;7; and
Tieti = Opeti Vi Tri Vi

Substituting eqn. (12) into eqn. (7) yields the activity coefficient of
component 1.

Iny, =In ‘w_l +1- w - 111(2 d’jtjl + GrP3Toz + D2 PaTogy + D3 PaTay + ¢2¢3¢472341)
J

{d,l 1- ? ¢jTﬂ —= 22 P37231 T 2 PaToar + D3P4T5a1) — 302P304T254;
—r 4=

r Z DT+ D203Ta31 + D204Toa1 + D304Taas + 203 PaTraa
¢ T2 — Z 4’; 2 (201 — D713 — (20 — 1)PaT1a0 — 20347340 — (3¢, — )34 71342

"2 E OiTo+ 103710+ D1 DaTign + G304T300 + G1P3PaTi342

. ¢, 113~ T 013 — (261 — DaT12s — (261 — DaTiss = 202047243 — (361 — ¢2h4T124
rs E G+ G171+ D1 PaTias + G2PaTons + G1 D247 243
¢ Tia — Z ¢JT,4 (2d1 — Dati20 — (2¢, — 1)4’3"'134 = 202037234 — (3¢, — 1)¢2¢371234}
’4 E DT+ D1P2T12a + Pr1P3T13g + D203To3s + D1 020371234

(20)

The expression of In y, is given by changing the subscripts as follows: 1 — 2,
23,354 and 4— 1. Analogously the expressions for In y; and In y, are
obtained by cyclic advancement of the subscripts.

CALCULATED RESULTS
Binary systems

Vapour-liquid equilibrium data for binary systems constituting quater-
nary systems were reduced using a computer program based on the maxi-
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TABLE 1

Values of molecular structural size parameters for pure compounds

Compound r Compound r
Acetone 2.5739 Ethanol 2.1055
Acetonitrile 1.8701 n-Heptane 5.1742
Acetic acid 2.2024 Methanol 1.4311
Benzene 3.1878 n-Octane 5.8486
1-Butanol 3.4543 1-Propanol 2.7791
2-Butanone 3.2479 2-Propanol 2.7791
n-Butyl acetate 4.8274 Toluene 3.9228
Chloroform 2.8700 Water 0.9200
Cyclohexane 4.0464

mum likelihood principle. The fugacity coefficients were usually calculated
using the truncated volume-explicit virial equation and those for acetic acid
containing mixtures were estimated using a chemical theory of vapour
imperfections; the Poynting correction was also taken into account [6]. The
energy parameters for partially miscible systems were obtained by solving
the equations of isoactivity for the components (eqn. (21)) and eqn. (22) in
equilibrated phases.
(xay)' = (xy)" (21)
Yxi=1 and Y xI'=1 (22)
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 the values of the energy parameters obtained from binary

phase equilibrium data reduction. All values of r were taken from Gmehling
et al. [7-9, 11-13, 17-23].

Ternary systems

The three ternary parameters for each of the tie-lines were sought by
minimizing the following objective function

0.5
F= IOOI:Z min Z Z (xijk,exp - xijk,calc)2/6M] (23)
k JoJ

where i =1, 2, 3 (components), j = 1,2 (phases), k =1, 2,... M (tie-lines)
and min indicates minimum values. Table 3 denotes the values of ternary
parameters and the root-mean-squared deviation between experimental and
calculated tie-line values for 27 systems. Figures 1-5 illustrate the calculated
and experimental results for ternary systems making up five quaternary
systems, showing that the present model can correlate many ternary LLE
satisfactorily.
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TABLE 2 (continued)

No. System (1 + 2) Temp./°C Number Energy Root-mean-squared Ref.
of data  parameters deviations
points
a;,/K ay /K 6P/mmHg 8T/K  6x/10° Sy /10°
24 Cyclohexane + toluene 25.0 10 92.59 58.18  0.12 0.00 0.0 17
25 Ethanol + 1-butanol 80.0-115.0 12 226.99 —83.81 0.52 0.04 0.7 5.1 21
26 Ethanol + 2-butanone 55.0 14 25.19 253.39 1.77 0.06 0.8 7.5 21
27 Ethanol + cyclohexane 20.0 7 148.31 1061.81 0.31 0.00 0.0 13
28 n-Heptane + toluene 25.0 27 94.84 5136 0.17 0.00 04 2.6 18
25 Methanol + benzene 35.0 9 11.93 91143 0.70 0.02 1.0 4.2 21
30 Methanol + ethanol 25.0 11 270.85 —118.18 0.57 0.01 0.3 3.0 13
31 Methanol + 1-propanol 30.0 9 285.60  —37.46 0.37 0.01 0.0 21
32 Methanol + 2-propanol 55.0 20 —125.79 119.60 1.79 0.07 0.9 39 21
33 Methanol + toluene 45.0 11 —44.01 94568 1.94 0.00 0.9 3.5 13
34 1-Propanol + 1-butanol 40.0 13 —76.35 83.90 0.07 0.00 0.0 22
35 1-Propanol + water 30.0 13 45543 340.83 1.14 0.00 22 8.9 11
36 Toluene + n-octane 110.9-124.1 16 —38.38 131.07 1.62 0.09 0.6 4.1 18
37 Water + acetic acid 100.3-1152 11 -107.51 330.17 0.82 0.05 0.8 5.3 23
38 Water + ethanol 25.0 10 65.54 327.07 0.75 0.00 1.2 6.0 23
39 Acetonitrile + cyclohexane 25.0 MS? 611.26 1320.1 24
40 Methanol 4 cyclohexane 25.0 MS 157.62 1141.5 16
4] Methanol + n-heptane 25.0 MS 67.37 1049.1 25
42 Methanol + n-octane 25.0 MS 51.15 1096.6 25
43 Water + 1-butanol 25.0 MS 600.15 455.22 26
44 Water + 1-butanol 25.0 MS 605.20 444 85 27
45 Water + 2-butanone 25.0 MS 195.42 700.96 27
46 Water + n-butyl acetate 25.0 MS 837.00 1224.9 26
47 Water + chloroform 25.0 MS 1398.0 1901.7 28

2 MS, mutual solubility.

8¢
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TABLE 3
Calculated results of ternary liquid-liquid equilibria at 25°C

39

No. System (1+2+3) Number of Ternary Root-mean squared  Ref.
tie-lines parameters deviations/mol%
I Ir®
1 Acetonitrile + 6 Ty = —02230 347 042 29
benzene + Tip= 0.1971
cyclohexane T3 = —0.3483
2 Acetonitrile + 13 ;= 0.0700 2.80 0.96 30
ethanol + Ty = —0.1781
cyclohexane T3 = —0.3244
3 Acetonitrile + 7 T3 = —0.1882 252 0.63 31
methanol + T3 = —0.1468
cyclohexane Ti3= 0.7452
4 Acetonitrile + 7 T, = 0.1804 193  0.47 15
1-propanol + T3 = —0.3347
cyclohexane T3 = —0.0198
5 Acetonitrile + 8 T, = 01221 1.10 0.39 32
2-propanol + T3, = —0.4110
cyclohexane T3 = —0.0131
6 Methanol + 6 T, = —0.0326 292 0.19 29
benzene + T3, = 1.8312
cyclohexane Tip3 = —1.1439
7 Methanol + 6 ;= 01029 6.66 0.68 25
benzene + T3 = 0.5299
n-octane T123= 09193
8 Methanol + 11 T = 00033 1.08 021 33
cyclohexane + T3 =0.0640
n-heptane T3= 0.1258
9 Methanol + 9 T, = 00188 097 0.28 34
cyclohexane + T3 = 1.2158
n-octane T123 = — 1.2607
10 Methanol + 7 Ty = —0.1638 493 0.16 29
ethanol + T = 0.2032
cyclohexane Tio3 = —0.9081
11 Methanol + 4 75, = —0.6076  1.81  0.39 35
1-propanol + T132=2.3300
cyclohexane 7123 = —1.8886
12 Methanol + 7 1,5, = —0.1014 282 0.52 29
2-propanol + T132= 0.6728
cyclohexane T3 = —0.8117
13 Methanol + 7 T3, = 0.0329 337 0.16 29
toluene + Ti;2= 1.4390
cyclohexane Tia3 = —0.4582
14 Methanol + 7 Toy = —0.0222 345 0.43 25
toluene + T3z =1.6601
n-heptane T3 = —0.4383
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TABLE 3 (continued)

No. System (1 4+2+3) Number of Ternary Root-mean squared  Ref.
tie-lines parameters deviations/mol%
I® e

15 Methanol + 7 T, = 00038 285 0.38 25
touene + Ti;2= 0.5362
n-octane Ti3= 0.6636

16 Water + 5 T3 = 0.4667 260 0.35 29
acetic acid + T3, = 0.2333
1-butanol Tisa= 0.1733

17 Water + 15 o= 04116 295 046 29
acetic acid + T3, = —1.1518
n-butyl acetate Ty = —3.0218

18 Water + 8 T3 = —0.3273 620  1.35 29
acetic acid + 713, = —0.8205
chloroform Tia3 = —0.4460

19 Water + 5 T3 = 0.6659 3.83 0.49 29
acetone + 7132 = —0.0206
1-butanol T3 = 0.4098

20 Water + 7 T, = 01169 340 030 29
acetone + Ta= 0.5530
2-butanone T3= 07439

21 Water + 8 T, = —0.0924 7.18 0.51 29
acetone + 7,50 = —0.8576
chloroform Tia3 = —2.6484

22 Water + 4 T, = 0.0284 215 0.35 36
1-butanol + T3 = 0.3491
n-butyl acetate Ti;3= 0.6098

23 Water + 4 T3 = —0.0343 743  0.07 29
2-butanone + Ti32= 29113
1-butanol Ti23 = —0.6413

24 Water + 10 T, = —0.1376 254 0.26 36
ethanol + Ti13= 4.5339
1-butanol Ty = — 1.1491

25 Water + 3 1,3, = 0.3667 266 0.15 36
ethanol + Ti3p=  2.1111
2-butanone T3 = 0.0956

26 Water + 9 T3 = 0.0045 211 (.48 29
1-propanol + Ti32= 1.5244
1-butanol Ti23 = —0.8945

27 Water + 3 T,y = 03434 415 0.11 29
1-propanol + T2 = 1.8925
2-butanone Tia= 0.7244

2 1, Predicted results based on binary parameters. ° II, Correlated results based on binary and
ternary parameters.
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0.2 0.4 0.6 0.8

n-Heptane Cyclohexane

Mole fraction

Fig. 1. Representation of ternary liquid-liquid equilibria using the extended Wilson model
as obtained by incorporating ternary parameters. ®- - — @, Experimental: methanol +
tolune + cyclohexane [29]; methanol + toluene + n-heptane [25]; methanol + cyclohexane +
n-heptane [33]. ——, Calculated.

02  Cyclohexane 08 0.6

Methanol 0.2 04 0.6 0.8 Acetonitrile

Mole fraction

Fig. 2. Representation of ternary liquid-liquid equilibria using the extended Wilson model
as obtained by incorporating ternary parameters. @ — - — @, Experimental: cyclohexane + 1-
propanol + acetonitrile [15]; cyclohexane + 1-propanol + methanol [35]; cyclohexane +
acetonitrile + methanol [31]. ——, Calculated.
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0.4 02 Water 0.8 0.6

n-Butyl acetate %2 04 06 08 1-Butanol

Mole fraction

Fig. 3. Representation of ternary liquid—liquid equilibria using the extended Wilson model
as obtained by incorporating ternary parameters. @ — - — @, Experimental: water 4 acetic
acid + 1-butanol [29]; water + acetic acid + n-butyl acetate [29]; water + 1-butanol + n-butyl
acetate [29]. ——, Calculated.

1-Propanol
0.6 -~ =~ 0.4

2-Butanone Water

>

04 AV2 V4 0.6
Acetone

Mole fraction

Fig. 4. Representation of ternary liquid-liquid equilibria using the extended Wilson model
as obtained by incorporating ternary parameters. @ — - — @, Experimental: 2-butanone + 1-
propanol + water [29]; water + acetone + 2-butanone [29]. ——, Calculated.
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TABLE 4
Calculated results of Quarternary liquid-liquid equilibria at 25°C
No. System (1+2+3+4) Number Ternary Root-mean squared Ref.
of tie-lines parameters deviations/mol%
I ) | g
1 Cyclohexane + 13 T34 = 0.7290 135 0.63 32
benzene + Ty342 = —4.9561
acetonitrile + T1243 = —0.4246
methanol Tia = 1.5906
2 Cyclohexane + 15 Ty3a = —2.3805 1.18  0.70 32
ethanol + Tiaa2 = —3.2021
acetonitrile + 71243 = —0.0193
methanol Tya= 4.7852
3 Cyclohexane + 16 Tyaqr = 1.0322 1.03  0.63 32
l-propanol + T2 = 0.7249
acetonitrile + Tiza3= 0.7410
methanol Ty234 = —0.2943
4 Cyclohexane + 14 Ty = —1.6528 0.71 0.63 32
2-propanol + Tyaap = —4.5771
acetonitrile + Tizas= 0.4362
methanol Ty;aa= 1.6517
5 Methanol + 23 Ty341 = —0.1246 355 1.28 34
benzene + 19°¢ T13a2= 0.1343 0.78 ¢
cyclohexane + T3 = 0.8600
n-octane 71034 = —0.8062
6 Methanol + 24 T = 0.0120 259 075 34
toluene + 22¢ T2 = 2.1378
cyclohexane + Ty243 = —3.2889
n-octane Tiaza = —0.2477
7 Methanol + 21 Ty = 0.1578 330  0.66 33
toluene + 16 ¢ Tz = 0.0779 0.84°
cyclohexane + Tya43 = —0.7104
n-heptane Ti234 = —0.0980
8 Water+ 40 Tyaq1 = —0.6230 0.81 0.73 26
acetic acid + Ty = 1.0451
1-butanol + Tig3 = 0.9510
n-butyl acetate T1234 = —0.3086
9 Water + 32 Ty341 = —0.1030 1.31  0.60 29
acetone + Ti342 = —1.6472
acetic acid + Ti243 = 10.5587
chloroform Tya3a = —3.3536
10  Water + 26 T = 13781 0.66 0.66 36
acetone + Tyiqp = —1.2218
I-propanol + Tz = 2.0552
I-butanol T34 = 0.3746
11 Water + 19 Ty = 1.5054 212 0.76 29
acetone + 16° Tiaa2 = 0.3085 0.42¢
1-propanol + Tiaa3 = —0.1478
2-butanone Tizaa= 1.5508
12 Water + 1 Tyaqr = —0.9054 144 0.39 36
ethanol + 10°¢ Tiap= 0.6989 046°
2-butanone + Tyaa3 = 0.6998
1-butanol Tipaa = 0.2198

1, Predicted results based on binary and ternary parameters alone.  II, Correlated results based on
binary, ternary and quaternary parameters. ° Rejected tie-lines for which the calculations did not show

phase separation.
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0.4 0.2 Water 08

1-Butanol 02 04 06 08 2-Butanone
Mole fraction
Fig. 5. Representation of ternary liquid-liquid equilibria using the extended Wilson
model as obtained by incorporating ternary parameters. @ — - — @, Experimental: water +

ethanol + 2-butanone [36]; water + ethanol + 1-butanol [29]; water + 2-butanone + 1-
butanol [36]. ——, Calculated.

Quaternary systems

Table 4 gives the quaternary calculated results. These results indicate that
the model with binary and ternary parameters was unable to reproduce
phase separation for some experimental tie-lines as shown in systems no.
5-7, 11 and 12; by introducing additional quaternary parameters the model
can represent all the tie-lines of 12 quaternary systems studied here with
good accuracy.

CONCLUSION

The proposed model can correlate accurately the experimental tie-line
data of the 12 quaternary systems studied.
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