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Abstract— The experimental binodal curve, tie line data, plait point data and the tie lines and plit puint,
calculated by liquid models for following six ternary liquid-liquid equilibria systems:
monochlorobenzene-water-acetune,  cycluhexane-water-acetone, ethylacetate-water-acetone,  chloroform-
water-acetone, methylisobutylketone-water-acetone, and n-hexane-water-acetone were reported at 10°C.

Experimental tie line data were correlated o test consistency with Othmer-Tobias equation [i5]
And thuse data were also correlated with the NRTL, the UNIQUAC, and the modified UNIQUAC niodels
respectively and the parameters in each niodel were estinated to predict the value of tie lines by least-squares

methods.

INSTRODUCTION

The measurements and predictions of multicompo-
nen: liquid-liquid equilibria were very important for the
design of solvent extraction processes.

Therefure the various equations represented as the
excess Gibbs free energy function have been generally
used tu solve solvent extraction problems by many
research workers [1-6].

They have attempted to predict more acculately the
compusitions of the splitting phase appearing in those
prucesses.

In addition to their various researches, most of the
date reported in literature for ternary system (solvent
water-acetone) were things that were determined at
highier temperature than room temperature, but the data
that were determined at temperature below it were litle
known.

Therefore the data below room temperature were
reported and predicted in this work.

There are two methods in predicting the multicompo-
nent liquid-liquid equilibria.

One of those methods is to extend to multicormnpo-
nent liquid-liquid equilibria the binary interaction
parameters estimated by using the liquid model from
the vapor-liquid equilbria data and mutual solubility
data of binary systems.

Another is that the parameters in liquid models are

“o whon all correspondence should be addressed.

estimated by using the only experimental tie'line data,
and the compositions of tie line are calculated during
procedure of parameter estimation.

And the liquid models which was used in those re-
searches were based on the concept of local composition
such as the NRTL [19] model, or based on the concept of
Guggenhein’s quasi-chemical theory such as the UNI-
QUAC [17] and the modified UNIQUAC 118 models, or
based on the concept of group contribution such as the
UNIFAC 8] and ASOG [4] models.

On the other hand, there are various minimization
methods in estimation of the parameters in liquid
models and prediction of compuositions of splitting phase
on ternary liquid-liquid equilibria.

One of those methods is the minimization for the
chemical potential difference of each component of split-
ting phase (so called isoactivity method), and it was used
by most research workers.

Another is based on thie concept that the necessary
and sufficient condition of equilibriuru is that the mixing
Gibbs free energy of mixture is minimum on equilib-
rium (so called AG-minimization method), and it was us-
ed by Varhegyi and Eon [2], Sorensen et al. [16], etc.

The two methods are equally excellent, and they
gave the similar results.

[n this work the liquid-liquid equilibria data of the
six ternary systems (sulvent-water-acetone) were provid-
ed at 10°C, and they were correlated with the NRTL, the
UNIQUAC, the modified UNIQUAC models.

And AG-minimization method was used o estimate
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the parameters in the NRTL, the UNIQUAC, and the
muodified UNIQUAC models represented as excess Gibbs
free energy, and the composition of tie lines on ternary
liquid-tiquid equilibria were predicted from the only ex-
periniental tie line data.

EXPERIMENTAL

Binodal curves and tie lines for ternary (sulvent{1)-
water(2)-acetone(3) systems were determined by cloud
point titrator similiar to that described by Haddad and
Edmister {9] at 10°C.

The apparatus was consisted of constant water bath
(£ 0.1C), microburet (0.1 ml minimum scale), sample
bottle (about 200 mil), and clear water jacket as shown in
Fig 1.

Binodal curves were determined by applying me-
thod that was described by Othmer et al. [11].

Binodal curves were boundaries between miscible
and partially miscible range, and were sharpened by tit-
ration liquids.

The results obtained were reported on table 2.

Tie lines between splitting phase on ternary liquid-
liquid equilibria were determined by cross section
methed [12].
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A | Thermometer D : Sample bottle
B : Microburet E : Magnene srirring bar
| ¢:warer jacker I : Magnetic stirrer
L G I Constant temperature water

Fig. 1. Cloud- point titrator for liquid-liquid
equilibria.

September, 1986

et al

Table 1. The physical properties of chemicals

used.
Chemicals Source B.P(C) Density(10T)
A 100.0 0. 9997
B Merck 56.2 0. 8000
C Merck 132.0 1. 1155
D Merck 80.7 0. 7858
E Merck 77.2 0. 9103
F Merck 61.2 1. 4978
G Merck 118.0 0. 8086
H Merck 69.0 0. 6806

(A) water, (B) acetone, (C) monochlorobenzene
(D) cyclohexane, (E) ethylacetate, (F) chloroform
(G) methylisobutylketone, (H) n-hexane,

[t consists in plotting the refractive index of a mix-
ture against concentration of acetone of solvent (1)-water
(2)-acetone (3) system at a constant ratio of the remain-
ing solvent (1)-water (2).

That is, a series of mixture that a constant ratios of
the sclvent and water fixed to (a) 70:30, (b) 50:50, (c)
30:70, were prepared, and acetone was increasingly
added to each point.

The mixtures were allowed to settle for about 3-4
hours to reach liquid-liquid equilibria after vigorous agi-
tation during about 10 min.

The mixtures were respectively seperated to two
phases and saniples of each phase were withdrawn from
whether the upper phase or the lower phase with syr-
inge, and refractive indices were measured and were
pletied according to concentration of acetune.

{1 this work the samples were withidrawn from lower
phase.

Refractive indices were measured with an Abbé re-
fractormeter calibrated to 0.001 and the accuracy of
composition neasurements was estimated to be within
+ 0.005 weight fraction.

If arbitrary values of the refractive indices were
chosen froni the above diagram, they would indicate
concentrations of acetone for the three fixed points ((a),
(b), (o).

Concentrations of acetone taken from the diagram
were again plotted according to path between acetone
and three fixed points in triangular courdinates repre-
senting binodal curves.

Since the comiposition of equilibrium phases on the
tie line is constant, their refractive index values must
also be constant.

Hence, three puints representing the constant refrac-
tive indices were connected and intersected with
binodal curve, and their points were the compuositions of
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Table 2. Experimental binodal curve data for ternary solvent (1)- water(2)- acetone(3) system at

10C. (Wt. %)

Solvent

Solvent Water Acetone Solvent Water Acetone Water Acetone
(A) (B) (C)
100. 00 0. 00 100. 00 0.00 96. 86 3. 14
83.25 0. 36 16.39 79. 87 0.43 20. 60 88.13 3.88 7.99
71.76 0.78 27.46 67. 46 0.67 31.87 78.63 5.19 16.78
62. 66 1. 36 35. 98 53. 46 1. 19 40. 34 66. 28 7.37 26. 35
53. 04 2.38 44. 57 44. 04 2.63 53. 33 57.52 10.01 32.47
45. 65 3.56 50. 80 32.13 5.02 62. 86 50.03 13.68 36.29
35.20 6. 25 58. 55 12. 27 14.91 72.82 38.48 23.20 38.32
23.56 12. 85 63. 59 6. 62 21.30 72.07 32.12 30. 20 37.63
16. 51 20. 52 62. 97 3.09 29. 56 67.35 27.06 36.32 36.62
11.80 28.31 60. 61 1.08 40. 12 58. 80 21.30 44. 22 34.48
6.21 37.08 56. 71 0.43 49. 17 50. 40 16. 28 52.90 30.82
1.21 58. 56 40. 24 0.14 61. 37 38.49 12.71 62.11 25.18
0.61 65. 91 33.48 0.08 70.59 29.33 10. 12 73.65 16. 23
0.28 73.71 26.00 0.04 82.30 17. 66 8.49 83. 47 8.04
0.15 99. 85 0.00 100. 00 7.85 92.15
Solvent Water Acetone Solvent Water Acetone Solvent Water Acetone
(D) (E) (F)
99. 98 0.02 97.97 2.03 100. 00 0.00
88.07 0.33 11. 60 83.30 2.89 13.81 86. 36 0.25 13.39
67.57 1.24 31.19 72.29 3.74 23.97 71.66 0.56 27.78
59.81 1. 80 38.39 59.85 5. 42 34.73 54. 11 0.79 45. 10
49.93 3.00 47.07 44.41 9.57 46.02 42.62 2.02 53. 36
41.39 4. 67 53. 95 33.84 15. 63 50. 52 27.38 5.22 67. 40
29.40 9. 39 61.21 30.70 18. 39 50.91 16. 68 9.83 73.49
22.32 15. 10 62. 58 27.60 21.50 50. 90 10.96 13.57 75.47
16. 50 22.37 61.13 20. 53 30. 12 49. 35 6. 10 20.00 73.90
8.16 36. 17 55. 67 13. 06 41.01 45.93 2.27 29. 39 68. 34
4.02 47.91 48.07 8.24 50.98 40.78 1.18 35.98 62. 84
2.26 58. 21 39.53 4.35 66. 43 29.22 0.94 48.18 50. 88
1.33 73.18 25.49 3.36 75. 50 21. 14 0.53 65. 10 34. 37
1.14 90. 95 7.91 2.93 85. 15 11.92 0.18 81.02 18. 80
2.56 97. 44 2. 44 97.56 0.00 100. 00
(A) monochlorobeneze, (B) cyclohexane, (C) ethylacetate, (D) chloroform, (E} methylisobutylketone,

(F)} n-hexane

Korean J. Ch. E.(Vol. 3, No. 2)
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Table 3. Experimental tie line data for solvent
(1)-water(2)- acetone(3) system at 10C.

(mole %)

Solvent Layer Water Layer

Solvent x, Xy Zy, z,, Xy x,

1.0000 0.0000 0. 0000
0.5371 0.0409 0.4218
A 0.3401 0.1046 0.5554
0.2417 0.1602 0.5982
0.1520 0.2544 0.5936

0.0000 0.0000 0.0000
0.0004 0.9233 0.0764
0.0014 0.8601 0.1385
0.0037 0.8051 0.1911
0.0107 0.7232 0. 2661

1.0000 0.0000 0.0000
0.7961 0.0026 0.2012
B 0.5935 0.0150 0.3915
0.4334 0.0443 0.5223
0.3190 0.0833 0.5977

0.0000 1.0000 0.0000
0.0006 0.8627 0.1367
0.0026 0.7105 0. 2868
0.0126 0.5717 0.4156
0.0347 0.4567 0.5086

1.8631 0.1369 0.0000
0.6042 0.1843 0.2115
0.4767 0.2377 0.2856°
0.3602 0.3152 0.3246
0.2465 0 4403 0.3132

0.0171 0.9829 0.0000
0.0236 0.9337 0.0427
0.0292 0.8997 0.0711
0.0374 0.8573 0.1053
0.0532 0.7991 0.1477

«

0.9983 0.0013 0.0000
0.3355 0.0979 0.5666
D 0.2103 0.1798 0.6099
0.1206 0.3186 0.5608
0.0536 0.5209 0.4255

0.0033 0.9961 0.0000
0.0022 0.9781 0.0197
0.0021 0.9612 0.0367
0.0019 0.9357 0.0623
0.0039 0.8887 0.1075

0.8966 0.1034 0.0000
0.5014 0.1719 0.3268
E 0.3273 0.2426 0.4302
0.2458 0.3044 0.4498
0.1589 0.4268 0.4142

0.0045 0.9955 0.0000
0.0066 0.9477 0.0457
0.0087 0.9003 0.0910
0.0112 0.8661 0.1228
0.0173 0.8163 0. 1664

1.0000 0.0000 0.0000
0.4288 0.0355 0.5358
F 0.2505 0.0946 0.6548
0.1432 0.1926 0.6642
0.0692 0.3159 0.6149

0.0000 1.0000 0.0000
0.0002 0.9752 0.0246
0.0009 0.9372 0.0619
0.0023 0.8862 0.2115
0.0030 0.8070 0.1900

(A) monochlorobenzene, (B) cyclohexane, (C) ethy]a—\
cetate, (D) chloroform, (E) methylisobutylketone, (F}
n-hexane.
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tie lines.

A few tie lines that could represent the partially mis-
cibility in the results obtained by above methods were
reported on the table 3.

The determination of plait points for the six sul-
vent(1}-water{2)-acetone(3} syslerns was carried out by
the method of Treybal et al. [13] on Hand's [14] coor-
dinates.

The method was described in detail in the work
studied by Choi and Rhim [10].

The plait points obtained by above niethod were
reported on the table 4.

Tie lines and plait points determined by this method
were used to estimated the parameters in liquid models
by converting weight fraction into mole fraction.

All the chemicals used were reagent grade and were
used directly without any further purification, and water
was used by redistilling.

The physical properties of these chemicals were
reported on the table 1.

RESULTS

1. Consistency of Experimental Tie Line Data
The six ternary systerus studied at 10°C were follow-

ng:

i
(A) monochlorobenzene(1)-waten2)-acetane(3).
(B) cyclohexane(l)-water(2)-acetune(3).
(C) ethylacetate(1)-water(2)-acetone(3).
(D) chloroform(1)-water(2)-acetone(3).
(E) methylisobutylketone(1)}wated2}-acetone(3).
Table 4. Experimental plait peint data for
solvent(1)-water(2)-acetone{3) system
at 10T.
{mole 7))
Svystem Solvent Water Acetone
A (. 0482 0. 5246 0.4272
B 0.1414 0. 2375 0.6211
C 0.1123 0. 6609 0. 2268
D 0. 0096 0. 7536 0. 2341
E 0. 0456 0. 6964 0. 2580
F 0. 0081 0. 5878 0. 4041

System: (A) monochlorobenzene (1)-water 2)-ace-

tone (3)

(B j cvclohexane (1) -water (2)-acetone (3)

(C) ethylacetate (]1-water (2i-acetone (3}

D} chloroform (1)-water (2)-acetone (3)

(E) methylisobutvlkerone (1)-water (2)-
acetone (3)

F) n-hexane(li-wateri2i-acetone (3)
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(F) n-texane(l)}-waten2)-acetone(3).

The experimental tie line data for six ternary systems
were correlated to test consistency by the method of
Othmer and Tobias [15] and were represented un the
Flg. 2.

The Fig. 2 gave nearly linear correlations for six ter-
nary systems and shuowed that the experimental data
were consistent since the tie line data were sarisfaclorily
correlated with their equation.

The equation proposed by Othmer and Tubias[15]
was expressed as
1—x,, 1-x,

- )=m, log (—— ) +n, (11
Tz Ty

log

2. Parameter Estimation from Tie Line Data

To oredict ternary liquid-liquid equilibria, the ex-
perimental tie line data determined at 10°C were cor-
related with NRTL [19], UNIQUAC [17]), and modified
UNIQUAC [18] model represented as the excess Gibbs
free energy, harmonizing with the mixing Gibbs free
energy equation.

The expression of the excess Gibbs free energy for a
multicomponent mixture and the rixing Cibbs free
energy equation have the following form.

(a) NRTL model

Gt Zx,r}, G,
e (21
RT 70 2r, G, :
th= g, —g,)/RT (3]
where g, =g,
T Solven
1.0 Monochlorobenzene
( XA
. b lacen
: roforn
A Methy hsobwaty ke ton,
n-Hexane
i
o C /7
o
- 4 ~
= /
! / 7, ,'/
= Py B
=< ' 5 / ~
z ) 7 4 s
S W i / e
. & y
2y v ,ﬂ'/
r Vs
i
/ 4 ./'
4
4 -
|
20 0 0w b o b l.l
1.0 0 1.0 1.6

Logl{l-x,}/x,,)
Fig. 2. Othmer- Tobias correlation for seolvent
(I)- water(2)- acetone(3) at 107TC.

G, =Exp(~a,r]) (4)
where ;= a

i

(b) UNIQUAC muodel

G*=G* (combinatorial) — G* {residual) (5)
G* b, 2z ;
— =XYr,In> + — ZquxIn—*
RT 27 My, "2 7y,
- Xgux, (X6, ;) &)

(¢} modified UNIQUAC model

~E
N b, Z B
LS i] — T Xy o
RT .LZJ: nrl 5 ,qux In i "
-Xqlx;niX 8/ 7, )
where fullowing termis are common in (b) and (¢)
b, - I‘;I‘/Z [vIVJ"’rJ ! i8)
b "eri/z_: ly ;) 191
ﬁx’ ;LQi,fz//Z ‘:(L,Ii) (10"
7, —Exp [ i, -U,i/RT] 1n
{d) mixing Gibbs free energy
M ~E ~id
AGT_ G, 4G (12)
RT R1 R1
where
AGL‘d
e -5, 13)
RT x, Inwr, /

In this work a least-squares teciiniyue was used for
estimating the parameters in eachi model from ex-
perinmental tie line data.

An objective functicn was slated in terms of cocen-
tratiun difference between experimental mole fraction
and calculated mole fraction of tie fines.

That had following form.

F=

~ s

1 2 ,
min X X x50 - x50 )2 14
; L3

Stall increments of paraneters were added to eacli in-
itia] parameter to estimate actual parameters by the
rmeans of Hooke and Jeeves [20] algorithn,

Each initial parameter was determined to give phy-
sically mieaningful binodal curve,

[f increments of parameters mininiized the ubjec-
tive function. those would be accepted. otherwise re-
jected.

Therefore the actual parameters and tie lines were
calculated at each step of the computation.

The paramieter estimation method used in this work
has been already described by Varliegyi and Eon [2].

But they estimated the parameters in the only NRTL
model when a was changed.

In this work parameter estimation methods by the

Korean J.Ch. E.(Vol. 3, No. 2)
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UNIQUAC and the maodified UNIQUAC models were
added together with their research work, and parameter
estimation methods were handled with foilowing three
cases.

(1) in the case of being correlated with the NRTL
model, g;; = 1000 cal/g-mole of the nine
parameters was fixed and the (0=e,, =1, i=1,
2) constraint 3, was used in the calculation and
the follwoing eight additional parameters were
estimated.

£z, B33, B1z, 813, 823, 12, Qy3, A2y (15)

(2) in the case of being correlated with the NRTL
niodel,g;, = 1000 cal/g-mole and a= 0.2 recon-
mianded by Renon and Prausnitz [19] in liquid-
liquid equilibria were used in the calculation,
and following five additional parameters were
estimated.

Haz. B33, B12. Biz, Ena (16

(3) in the case of the UNIQUAC, and the modified
UNIQUAC miodel, U, = 1000 cal/g-mole vaiue
was fixed, and following five additivnal
parameters were estimated.

Uszo, Uss, Upy, Usg, Uss 17)

The values of r, a, ¢/ for pure component used in
computation were quoted in literature {21 ).

The values of the parameters estimated by being cor-
refated with the NRTL, the UNIQUAC, and the niodified
UNIQUAC models were reported on table 6.

This table also included numerical values of the root-
mean-square-deviation defined as

n 3 2
RMSD~==100 [Z min Z Zk (T:’,f" (1) “xfk‘” (i Z/GH:‘”
(18)
And tie lines predicted by eacli model were repurted on
table 7.
Finally the experimental plait points were calculated
as the same procedure by the NRTL, the UNIQUAC. and

the modified UNIQUAC mwdels respectively and pre-
dicted values were reported on table 5.

DISCUSSION

Four prediction of the splitting phase compositions
with only tie line data on liquid-liquid equilibria by li-

Table 5. Plaits points calculated by each model for solvent(1)- water(2)- acetone(3) system at 10C.

(mole %)

(a) NRTL model (e =changed,

(b} NRTL model (@ =0.2)

Acetone

System Solvent Water System Solvent Water Acetone

A 0. 0485 0.5237 0. 4278 A 0. 0487 0. 5229 0. 4284

B 0. 1418 0.2372 0.6210 B 0. 1420 0. 2368 0.6212

C 0.1201 0. 6541 J. 2258 C 0. 1210 0. 6530 0. 2260

D 0.0102 0. 7498 0. 2400 D 0.0116 0.7488 0. 2396

E 0. 0485 0.6952 0. 2563 E 0.0473 0,6954 0.2573

F 0. 0092 0. 5850 0. 4058 F 0.0105 0. 5834 0. 4061

(¢} UNIQUAC model (d) medified UNIQUAC

Sybte;n Solvent Water Acetone System Solvent Water Acetone

A 0. 0448 0. 4912 0. 4635 A 0. 0467 0. 5024 0. 4509

B 0. 1370 0.2336 0. 6294 B 0. 1344 0. 2454 0. 6202

C 0. 1430 0.6212 0. 2368 C 0. 1421 0.6108 0.2471

D 0. 0237 0. 7268 0. 2495 D 0.0184 0. 7325 0.2491

E 0. 0586 0. 6626 0. 2788 E 0. 0475 0.6739 0. 2786

F 0. 0096 0. 5602 0. 4302 F 0.0091 0.5783 0.4126

System : (A) monochlorobenzene (1)-water (2)-acetone (3), (B) cyclohexane (1)-water (2)-acetone (3)

{c) ethylacetate (1)-water (2)-acetone (3),

(D) chlorobenzene (1)-water (2)-acetone (3)

{E} methylisobutylketone (1) -water (2} -acetone (3}, (F)} n-hexane(1)-water (2)-acetone (3)

September, 1986
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Table 6. Model parameters for solvent(l)- water(2)- acetone(3) system at 10C.
{a) NRTL model {a = changed)
Solvent Bu 822 263 24P g3 823 Qg2 a; Q33 RMSD
A 1000. 00  1255.18  1470.23  7326. 82 981.40 1877.50 0.21 0.30 0.29 0.2182
B 1000.00 1781.22 1456.94 7003.42 1134.24 1637.81 0.14 0.08 0.15 0.0658
C 1000.00  1004. 08 887.49  4903.64 1037.90 1518.96 0.30 0.09 0.02 10261
D 1000.00 1706.66  1387.43  6409. 41 172.96  2066.98 0.11 0.99 0.48 0.3038
E 1000.00  1430.81 1468.09 7234.24 797.93 1775.92 0.21 0.51 0.28 0.6674
F 1000.00 1417.40 1229.69 6288.64 570.36  2081.55 0.17 0.98 0.41 0.1470
(b) NRTL model (e =0.2)
Solvent g1t a2 833 g1z g3 823 a iz o2 @23 RMSD
A 1000. 00  1419.58  1523.91 7482.16 995.79 1927.10 0.20 0.20 0.20 0.2802
B 1000. 00  1188.73 2010.80 6124.52 1614.25 1848.05 0.20 0.20 0.20 0.1245
C 1000. 00  1794.83  4609.77  6720. 45 50.00 1088.88 0.20 0.20 0.20 1.1824
D 1000.00  2176.89 287.31 5463.51 64.86 2099.88 0.20 0.20 0.20 0.4601
E 1000. 00  1539.07 1549.63  7660. 23 168.73 1620.84 0.20 0.20 0.20 0.6515
F 1000. 00  1268.27 1067.20 7860. 64 676.80 2009.60 0.20 0.20 0.20 0.5481
(c) UNIQUAC model
So.vent U,, U,, Us; U, U, Uas RMSD
A 10060.00 1732.27  1909.44  7000. 00 945.68 1612.07 0. 4876
B 1000.00 1501.62 1622.79  6972.96 1339.20 1528.28  0.3098
C 1000. 00  2019.99 53.87  7058.04 291.24 1162.16 1. 1075
D 1000. 00 654. 21 993.60  6493.00 143.47  2076.00 0.6828
E 1000.00 1867.00  1805.51  7681.32 480.06  1289.00 0.6124
F 1000. 00  1808.00  1546. 18  7015.22 834.07 1760.00 0.6294
{d} modified UNIQUAC model
Solvent U U., U, U, U, U, RMSD
A 1000.00 1518.73 2072.65 6983.71 1193.67 1670.40 0. 4596
B 1000.00 1123.14 1756.98 6573.55 1452.19 1470.54 0. 4476
C 1000.00 2423.45 1325.60 5012. 04 513.39 1353.47 1.2835
D 1000. 00 50.00 1548.99  7913.02 50.91 2408.33 0. 4801
= 1000.00  1920.00  1960.99  7160. 00 814.32 1511.11 0.6712
= 1000.00 1407.76  1926.29 7002.51 1083.91 1737.96  0.6625

Constraints: 50=g=9999, 50=U=9999, 0=a <=1 {A) monochlorobenzene,
(C. ethylacetate (D) chloroform,

(E) methylisobutylketone,

(B} cyclohexane,

(F) n-hexane.

Korean J.Ch. E.(Vol. 3, No. 2)
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Table 7. Tie lines predicted by each model for solvent(l)- water(2)- acetone(3) system at 10T.
(mole %)

{a) NRTL model (@ =changed)

(b) NRTL model (a=0.2)

Solvent Layer Water Layer Solvent Layer Water Layer
Solvent x,, Xy Xy Xy, Xy Xy, Solvent =z, x4 X3, z,, Z,, x,,
1.0000 0.0000 0.0000 0.0000 1.0000 0.0000 1.0000 0.0000 0.0000 0.0000 1.0000 0.0000
0.5298 0.0433 0.4269 0.0005 0.9244 0.0751 0.5331 0.0491 0.4178 0.0003 0.9239 0.0757
A 0.3419 0.1170 0.5411 0.0024 0.8598 0.1378 A 0.3445 0.1245 0.5311 0.0020 0.8589 0.1391
0.2483 0.1780 0.5737 0.0057 0.8044 0.1898 0.2508 0.1836 0.5656 0.0047 0.8045 0.1908
0.1622 0.2629 0.5750  0.0138 0.7199 0.2663 0.1626 0.2665 0.5709  0.0116 0.7223 0.2661
1.0000 0.0000 0.0000 0.0000 1.0000 0.0000 1.0000  0.0000 0.0000 0.0000 1.0000 0.0000
0.7910 0.0014 0.2076 0.0002 0.8650 0.1348 0.7956  0.0025 0.2019 0.0009 0.8627 0.1364
B 0.5960 0.0132 0.3908 0.0031 0.7090 0.2880 B 0.5926 0.0169 0.3905 0.0066 0.7077 0.2857
0.4364 0.0439 0.5197 0.0140 0.5683 0.4176 0.4331 0.0468 0.5201 0.0207 0.5670 -0.4123
0.3202 0.0892 0.5906 0.0349 0.4569 0.5082 0.3205 0.0870 0.5924 0.0426 0.4533 €.5041
0.8928 0.0097 0.0975 0.0009 0.9826 0.0165 0.9030 0.0040 0.0931 0.0000 0.9861 ©€.0139
0.5871 0.1594 0.2534  0.0022 0.9565 0.0413 0.5982 0.1612 0.2406  0.0010 0.9367 0.0623
C  0.4665 0.2405 0.2930 0.0033 0.9405 0.0560 C 0.4904 0.2523 0.2573 0.0022 0.9168 0.0810
0.3391 0.3025 0.3584 0.0064 0.9070 0.0865 0.3831 0.3491 0.2678 0.0056 0.8859 0.1084
0.2290 0.4407 0.3303 0.0472 0.8043 0.1485 0.2616 0.4685 0.2699 0.0173 0.8318 0.1509
1.0000 0.0000 0.0000  0.0000 1.0000 0.0000 0.9999 0.0000 0.0001  0.0000 1.0000 0.0000
0.3295 0.0745 0.5961 0.0000 0.9770 0.0230 0.3387 0.1273 0.5340 0.0000 0.9794 0.0205
D 0.2130 0.1843 0.6027 0.0000 0.9668 0.0332 D 0.2112 0.1907 0.5981 0.0000 0.9675 0.0325
0.1224 0.3251 0.5524  0.0000 0.9491 0.0508 0.0896 0.3179 0.5924  0.0020 0.9326 0.0654
0.0641 0.5146 0.4213  0.0068 0.8732 0.1200 0.0594 0.5105 0.4301  0.0097 0.8588 0.1315
0.9241 0.0006 0.0752  0.0000 0.9938 0.0062 0.9219 0.0006 0.0775  0.0000 0.9987 0.0013
0.4928 0.1365 0.3706  0.0005 0.9425 0.0570 0.4875 0.1477 0.3747  0.0001 0.9580 0.0418
E 0.3381 0.2645 0.3974  0.0016 0.9109 0.0875 E  0.3340 0.2662 0.3998  0.0013 0.9143 0.0844
0.2616 0.3362 0.4022  0.0033 0.8827 0.1139 0.2630 0.3346 0.4024  0.0034 0.8800 0.1166
0.1698 0.4396 0.3907 0.0096 0.8254 0.1650 0.1770 0.4376 0.3854 0.0116 0.8164 0.1720
1.0000 0.0000 0.0000  0.0000 1.0000 0.0000 1.0000 0.0000 0.0000  0.0000 1.0000 0.0000
0.4338 0.0284 0.5378 0.0001 0.9682 0.0318 0.4305 0.0476 0.5219 0.0000 0.9691 0.0309
F  0.2537 0.0967 0.6496  0.0002 0.9355 0.0643 F 0.2485 0.0829 0.6685  0.0001 0.9431 0.0568
0.1402 0.1950 0.6648 0.0005 0.8915 0.1081 0.1454 0.1886 0.6659 0.0076 0.8793 0.1130
0.0620 0.3189 0.6190  0.0013 0.8126 0.1861 0.1171 0.3176 0.5653  0.0188 0.8105 0.1708
continued continued
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(¢, UNIQUAC model (d) modified UNIQUAC model
Solvent Layer Water Layer Solvent Layer Water Laver
Solvent x,, Xy Xy x,, X, zy, Solvent x,, X, Xy, x, X, Z,,
1.0000  0.0000 0.0000 (.0000 1.0000 0.0000 1.0000  0.0000 0.0000 0.0000 1.0000 0.0000
0.4894 0.0808 0.4298 0.0000 0.9300 0.0700 0.5166 0.0875 0.3959 0.0000 0.9384 0.0616
A 0.3433 0.1416 0.5151 0.0002 0.8638 0.1360 A 0.3354 0.1562 0.5085 0.0002 0.8628 0.1371
0.2559 0.1948 0.5493 0.0008 0.8053 0.1939 0.2481 0.2061 0.5458 0.0006 0.8034 0.1939
0.1679 0.2708 0.5613 0.0032 0.7244 0.2724 0.1632 0.2748 0.5620 0.0027 0.7229 0.2744
1.0000 0.0000 0.0000 0.0000 1.0000 0.0000 1.0000 0.0000 0.0000 0.0000 1.0000 0,0000
0.7803 0.0123 0.2074 0.0000 (€.8676 0.1324 0.7670  0.0236 0.2094 0.0000 0.8713 0.1287
B 0.5945 0.0346 0.3709 0.0008 C.7100 0.2892 B 0.5856 0.0493 0.3651 0.0008 0.7135 0.2857
0.4364 0.0653 0.4983 0.0049 0.5739 0.4212 0.4364 0.0782 0.4854 0.0047 0.5735 0.4218
0.3194 0.0999 0.5807 0.0147 0.4701 0.5152 0.3223 0.1090 0.5687 0.0141 0.4663 0.5196
0.8584 0.0503 0.0913 0.0000 0.9844 0.0156 0.8779 0.0632 0.0598 0.0002 0.9583 0.0414
0.6136 0.1880 0.1984 0.0008 0.9429 0.0563 0.6238 0.2048 0.1713 0.0017 0.9274 0.0708
C 0.4960 0.2696 0.2344 0.0026 0.9171 0.0803 C 0.5031 0.2850 0.2119 0.0035 0.9101 0.0864
0.3840 0.3577 0.2583 0.0069 0.8852 0.1079 0.3858 0.3709 0.2433 0.0074 0.8871 0.1055
0.2607 0.4704 0.2689 0.0184 0.8353 0.1462 0.2615 0.4797 10,2588 0.0177 0.8478 0.1345
0.9898 0.0102 0.0000 0.0002 0.9998 0.0000 0.9828 0.0172 0.0000 0.0001 0.9999 0.0000
0.3373 0.1129 0.5498 0.0002 0.9704 0.0295 0.3369 0.1361 0.5270 0.0000 0.9813 0.0187
D 0.2134 0.1753 0.6114 0.0002 0.9532 0.0466 D 0.2104 0.1905 0.5991 0.0000 0.9689 0.0311
0.0731 0.3104 0.6164 0.0007 0.9195 0.0798 0.0594 0.5106 0.4299 0.0096 0.85% 0.1308

0.0469 0.5072 0.4460  0.0062 0.8475 0.1463
0.8942 0.0358 0.0699 0.0000 0.9955 0.0045

0.9006 0.0167 0.0826 0.0000 0.9969 0.0031 0.5040 0.1929 0.3031 0.0000 0.9579 0.0421
0.5036 0.1728 0.3267 0.0000 0.9510 0.0490 E  0.3273 0.2804 0.3923 0.0001 0.9197 0.0803
E  0.3395 0.2665 0.3940 0.0002 0.9077 0.0921 0.2351 0.3573 0.4076 0.0003 0.8876 0.1121
0.2668 0.3295 0.4036 0.0006 0.8851 0.1143 0.1560 0.4310 0.4131 0.0013 0.8453 0.1534

0.1643 0.4344 0.4014 0.0025 0.4366 0.1609
1.0000  0.0000 0.0000 0.0000 1.0000 0.0000

1.0000 0.0000 0.0000  0.0000 1.0000 0.0000 0.4251 0.0840 0.4909 0.0000 0.9869 0.0131
0.4237 0.0935 0.4828  0.0000 0.9803 0.0197 F 0.2417 0.1418 0.6166 0.0000 0.9282 0.0713
F 0.2540 0.1538 0.5922 0.0000 0.3455 0.0545 0.1549 0.2306 0.6144 0.0000 0.8992 0.1008
0.1589 0.2177 0.6233 0.0000 0.5842 0.1158 0.0890 0.3271 (.5939  0.0001 0.8154 0.1845

0.0882 0.3002 0.6116 0.0001 0.3105 0.18%4 {A) monochlorobenzene (B) cyclohexane (C) ethyla-

] cetate (D) chloroform (E) methylisobutylketone
continued (F} n-hexane.

quid models, Triday [23] reported results predicted by model at 20°C, and RMSD value was 0.4870.

the method of Sorensen et al. [16] for the ternary And Annesini et al. [24] also reported the results

benzene(1)}water(2)-methanol(3) system. predicted by the same method for six propylene car-
His tie line data were correlated with the UNIQUAC bonate(1)-n-hexane(2)-benzene(or ethylbenzene)(3), pro-
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pylene carbonate(1)-n-heptane{2)-toluene{or ethyl-
benzene)3), and propylene carbonate(1)-n-octane(2)-o-
oxylene{or ethylbenzene)(3) systems.

Their tie line data were correlated with the NRTL
(a=0.2) model and the UNIQUAC model at 20°C, and
the RMSD values were 0.5147-0.6825 in the NRTL
(a=0.2) model and were 0.6112-0.7409 in the UNI-
QUAC modeil.

Though systems of this work were different from
them, the results in this work could be compared with
those of Triday's and Annesini's since the only ex-
perimental tie line data equally were correlated with
same liquid models.

In this work thie RMSD values were (0.1243-0.6515 in
the NRTL model (a= 0.2) and were (0.3098-0.6828 in the
UNIQUAC model except ethylacetate(1)-water(2)-ace-
tone(3) system as shown on table 5.

Therefore the final RMSD values were compared

much with those results of Triday’s and Annesini's.

On the other hand generally the NRTL model in the
case of varying a value gave the RMSD values slightly
lower than those of the same model in the case of fixing
a value except (E) systeni. and the RMSD vealues in the
NRTL mwodel in the case of fixing a value were lower
than those of the UNIQUAC, and the RMSD values in
the UNIQUAC miodel were slightly better than those of
the mndified UNIQUAC model.

Such phenomiena were appeared in the work of An-
nesini et al. [24] for prediction of liquid-liquid equilibria
with the NRTL model and the UNIQUAC model.

But those differences were not significant since all
the RMSD values were satisfactory within error range.

CONCLUSIONS

The tie line data determined at 10°C from binodal
curve for the six ternary monochlorobenzene (or cyclo-
hexane, ethylacetate, chloroforni, methylisobutylketone,
n-hexane) (l)}water (2)-acetone (3) sysiems were
satisfatorily correlated with Othmer and Tobias equa-
tion.

Such tie line data also were correlated with the NRTL
model in the case of varving or fixing a value, the UNJ-
QUAC, and the modified UNIQUAC niodel, and the par-
ameters in each model were estimated, and the tie lines
were predicted.

As a result of correlating with each mcdel, the tie
lines predicted with the NRTL model in the case of vary-
ing or fixing e value, the UNIQUAC model, and the
modified UNIQUAC miudel were good identical within
0.0653-1.0261, 0.2802-1.1824, 1.3098-1.1075, 0.4476-
1.2835 RMSD values with the experimental tie line data.

NOMENCLATURE
F . ubjective function defined by eq. (14).
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G : excess Gibbs free energy (cal/g-mole)
AGY - ideal Gibbs free energy (cal/g-mole)

aG6" mixing Gibbs free energy (cal/g-mole)

Gy - NRTL binary interaction paraneter

g; - NRTL binary interaction parameter {cal/g-mole)

min . minimum

m; - constant defined by Othruer-Tobias eq.(1)

m - constant defined by Othmer-Tobiass eq. (1)

n . number of exerimental tie line data.

q; . area parameter of pure conponent {

q - modified area parameter of pure component;

r; . volume parameter of pure component ¢

R . gas constant (cal/g-mole K)

T . absolute temperature (K)

U, - UNIQUAC, modified UNIQUAC binary interac-
tion parameter (cal/g-mole)

x : mole fraction of component i in the liquid
phase

Xk . tie line mole fraction of component j in k phase

xP() : the i-th experimental tie line mole fraction of
component jin R phase

x;)j"(i) . the i-th calculated tie line mole fraction of com-
ponent jin k phase
Z . lattice coordination number (set equal to 10)

Greek Letters

a; - nonrandomness parameter in NRTL eq.
&, - volume fraction defined by eq. (8)

8, . area fraction defined by eq. (9)

4, . modified area fraction defined by eq. (10)
7., : NRTL binary interaction parameter

T . UNIQUAC, modified UNIQUAC binary interac-
tion parameter
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