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PREDICTION OF TERNARY LIQUID-LIQUID EQUILIBRIA 
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Abst rac t - -The  experimental binodal curve, tie line data, plait point data and the tie lines arid pill Diut, 
calculated by liquid models for folMwing six tertiary liquid-liquid equilibria systems: 
mon~chhcubenzene-water-acetone, cycluhexanewater-acet,,rle, ethylacetate-water-acetone, chlurofornl- 

water-acetone, nlethylisobutylketone-water-acetone, and n-hexane-water-acetone were reported at 10~ 
Experimental tie line data were correlated ~o test cui~sistency with Othmer-Tr equation [15] 
And those data were also correlated with the NRTL, the UNIQUAC, and the modified UNIQUAC n.~dels 

respectively and the parameters in each model were estimated to predict the value of tie lines by leas>squares 
methuds. 

INSTRODUCTION 

The measurements and predictions of multicornpc> 
hen:: liquid-liquid equilibria were very important for the 
design of sdveut extraction processes. 

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

They have attempted to predict more acculately the 
compusitious of the splitting phase appearing in those 
p roc esses. 

In addition to their varic, us researches, most of the 
date reported in literature fur terna D, system (solvent- 
water-acetone) were things that were determined at 
Mgher temperature than room temperature, but the data 
that were determined at temperature below it were ]i:tle 
known. 

Therefore the data below room temperature we, re 
reported al~d predicted in this work. 

There are two methods in predicting the multiconH]o- 

hen1: liquid-liquid equilibria. 
One of those methods is to extend to multicompo- 

nent liquid-liquid equilibria the bi~aD ~ interaction 
parameters estimated by using the liquid mode] from 
the vapor-liquid equilbria data and mutual solubility 
data ~f bina D' systems. 

Auuther is that the parameters in liquM models are 

'*~ ~hom all correspundem:e should he addressed. 

estimated by using the only experimental t ie l ine  data, 

and the compositions of tie line are calculated during 
procedure of parameter estimation. 

And the liquid models which was used ip. those re- 
searches were based on the concept of local composition 
such as the NRTL [19] model, or based on the coucept of 
Ouggenbeim's quasi-chemical t h e o ~  such as tile UNI- 

QUAC [17] and the modified UNIQUAC [ 181 models, r 
based on the concept of group co~nribution such as the 
UNIFAC [8] and ASOO [4] models. 

On the other band, there are various mininfizatiun 
methods in estimation of the parameters in liquid 
nlodels and predictiun uf compositiul~s of splitting phase 
on ternary liquid-liquid equilibria. 

One of those methods is the mit~imizatiou for the 
chemical potential difference of eacl: cumpr of split- 
ring phase (so called isoactivity method), and it was used 
by most research workers. 

Another is based vp. tile omcept  that the necessaD ~ 
and sufficient condition of equilibrium is that the mixiug 
Gibbs f"~e elmrgy of mixture is mi~imuru on equilib- 
rium (so calledAG-nlinimization method), aud 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. 

in this work the liquid-liquid equilibria data of the 
six ternary systems (solvent-water-acetone) were provid- 
ed at IO~ and they were correlated with tile NRTL. the 
UNIQUAC. the modified UNIQUAC models. 

And AG-mildmization meth~d was used lu estimate 
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tile parameters iu the NRTL, lhe UNIQUAC, and the 
mCdified UNIQUAC mt~de]s represented as excess Gibbs 
free energy, and the comp~sition r tie lines on terna~ 
liquid-liquid equilibria were predicted fr~)m the, ,nly ex- 
perimental tie line data. 

EXPERIMENTAL 

Binudal curves and tie lines fur ternary (sulvent(l)- 
water(2)-acetoue(3) systems were determined by cloud 
point tilrator similiar to that described by F[addad and 
Ednlister [9] at 10~ 

The apparatus was consisted of constant water bath 
(_+ 0.1C), microburet (0.1 ml minimum scale), sample 
bottle (about 200 nil), 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- 
tiquid equilibria were determined by cross section 
method [12]. 
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Fig. 1. Cloud. point titrator for l iquid,  l iquid 

equil ibria.  

Table  1. The physical  properties of c h e m i c a l s  

used.  

Chemicals Source B. P (~ Density (10 ~ ) 

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. 

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

That is, a series of mixture that a constant ratios of 
the solvent 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 rain. 

The mixtures were respectively seperated to two 
phases and samples of each phase were withdrav, n frun~ 
whether the tipper phase or the h~wer phase with syr- 
inge, and refractive iudices were measured and were 
plvtted accurdiug tu c(mcenlratk;n of acebne. 

In th is wurk the samples were witi~drawn from h,wer 
phase. 

Refractive indices were measured with an Abb(} re- 
fractorrneter calibrated t(J 0.001 and the accuracy of 
composition measaremeuts was estimated to be within 
+ 0.005 weight fraction. 

If arbitrary values of the refractive indices were 
chosen frum the above diagram, they would iudicate 
concentratitms r acet~ne fur the tl~ree fixed puints ((a), 
(b), (c)). 

Concentratiuns of acetone taken fr()m tile diagram 
were again pit,tied acoJrding to path between acett~ue 
and three fixed puints in triangular courdinates repre- 
senting binr ctkrves. 

Since tile conlpt~sili;a~ of equilibriunl phases tin tile 
tie line is constaut, their refractive index values must 
als~ be COl/Stall[. 

Hence, three puints represeutiug the o.,nstant refrac- 
tive indices wen:' cunnected aud intersected with 
bi~r curve, and their points were the cumpt~sitions uf 

September.  1986 
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Table 2. Experimental binodal curve data for ternary solvent( l ) -water(2)-acetone(3)  system at 

lo~ (wt.  %) 

So~ent Water Acetone Solvent Water Acetone Sdvent 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 58.46 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 

SoNent Water Acetone Solvent Water Acetone So~ent 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 55.36 

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 O. 18 81.02 18.80 

2.56 97.44 2.44 97.56 0.00 100.00 

(A) monochlorobeneze, (B) cyelohexane, (C) ethylacetate, (D) chloroform, (E) methylisobutylkelone, 
(F) n--hexane 

Korean J. Ch. E. ( Vol. 3, No. 2) 
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Table 3. Experimental tie line data for solvent 

(I)- water(2)-aeetone(3) system at 10~ 

(mole %) 

Solvent Layer  Wa te r  Layer 

Solvem X I I  -~1~ 21 "~3t XI2 222 X32 

A 

B 

1.0000 0.0000 0.0000 0. 0000 0.0000 0. 0000 

0.5371 0.0409 0.4218 0.0004 0.9233 0.0764 

0.3401 0. 1046 0.5554 0.0014 0.8601 0. 1385 

0.2417 0. 1602 0.5982 0.0037 0.8051 0. 1911 

0. 1520 0.2544 0.5936 0.0107 0.7232 0.2661 

1.0000 0.0000 0.0000 

0.7961 0.0026 0.2012 

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 

C 

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 

D 

0.9989 0.0013 0.0000 

0. 3355 0. 0979 0. 5666 

0.2103 0.1798 0.6099 

0. 1206 0.3186 0.5608 

0.0536 0.5209 0.4255 

0.0039 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 O. 1075 

E 

IF 

0.8966 0. 1034 0.0000 

0.5014 0.1719 0.3268 

0.3273 0.2426 0.4302 

0.2458 0.3044 0.4498 

0.1589 0.4268 0.4142 

1.0000 0.0000 0.0000 

0.4288 0.0355 0.5358 

0.2505 0.0946 0.6548 

0.1432 O. 1926 0.6642 

0.0692 0.3159 0.6149 

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 

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) eyctohexane, (C) ethyla- 
eeta te ,  (D) chloroform, (E) methylisobutylketone, (F) 
n-hexane. 

tie lines. 
A few tie lines that cuuld represent the partially ntis- 

cibility in the results obtained by above niethods were 
reported on the table 3. 

The determinati(in of plait points for the six sol- 
vent(1)-water(2)-acetone(3) syslems was carried ()tit by 
the method of Treybal et aI. [I3] on Has~d's [I4] coor- 
dinates. 

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

The plait points obtained by above method 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 mule 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 chenficals were 
reported on the table 1. 

RESULTS 

1. Consistency of Experimental  Tie Line Data 
The six ternary systems studied at 10~ were follow- 

ing: 
(A) nionochh/rclbei~zene(l)-water(2)-acet(ii~e(3). 
(B) cycloh exane(1)-wate r(2)-acet<.,ne(3). 
(C) etlnylacetate(1)-water(2)-acet(~ne(3). 
(D) chl(Jroforul(1)-water(2)-acet(,ne(3). 
(E) met hylisobutylketone(1 )-water(2l-acei~m~3). 

Table 4. Experimental plait point data for 

solvent(l)-water(2)-aeetone(3) system 

at IO~ 
(mole%) 

System Solvent Wale r  Acetone 

A 0.0482 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 

Sys tem:  (A) monochlorobenzene (1 ) -wale r  ' ,2)-ace- 
tone {3) 

(B)  cyclohexane (1) -water  (2)-acetone (3) 
(C) e thylacetate  (1) -waler  (2 i - ace tone  (3', 
(D) chloroform (1) -water  (2)-acetone :3) 
(E) methylisobutyll-:etoue (1)-wa~er {2)- 

acetone (3) 
IF') rl-hexane (1) - w a t e r  (2' ,-acetone (3) 

Sep tember ,  1986 
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(F) n-[ exane(1)-water(2)-acetoue(3}. 
The experimental  tie line dala for six terna~'  systei11s 

were cvrrelated to test consisteucy by the method of 
Othmer  and Tobias [151 and were  represenled on the 
Fig. 2. 

The Fig. 2 gave nearly linear correlati~ms h,r six ter- 
haD' systems and shuwed thai the experime~tal data 
were consistent siuce the tie line data w'ere sa~isfaclurily 
correlated with their equation. 

The equation proposed by Othmer and Tobias[15] 
was expressed as 

log t 1 - x~  ) = m, log ( 1 - x,,  ) § n ~ ( 1" 
5gzz "TI  1 

2. P a r a m e t e r  E s t i m a t i o n  f r o m  T i e  L ine  D a t a  
To predict lerna D, liquid-liquid equilibria, the ex- 

perimental  tie liue data de termined at 10~ were o,r- 
related w~l~ NRTL [19). UNIQUAC [171, aud m~dified 
UNIQUAC [18] mt,del represen:ed as tim excess Gibbs 
free energy, harmr with the mixil~g Gibbs free 

energy equalio~L 
The expressiou of the excess Gibbs free euergy fl ,r a 

multic(mlpoimr~l mixture and the mixing Gibbs free 
energy equatiu~ have the following form. 

(a) NRTL model 

G ~ Xx , r~ ,G  

RT Zx~ '- (2~ , Y" x (_;~, 

r ~, = (g~, - g .  ) / R T  (3) 

v : h e P e  g ~  ~ g , j  

S 
g 

I 

1.() -- : M o n o c h h ~ , , b e n z e r w  

: C > ('],:,h,'xam! 

: ": I[1~1ar e t a !c  
I 

( ' h k u ' o  f . r m  

: ~  " N ' } y  s b, v lke  l i b '  

/ ' : n  I l e x a a e  
/ 

-1.C - / S , 4 / /  , ) /  / 

/ 

- 1 . 0  0 1.0 1. 

Log [ ', 1 - . r .  ) / x , ,  ) 

Fig .  2. O t h m e r - T o b i a s  correlat ion for so lvent  

( l ) - w a t e r ( 2 ) - a c e t o n e ( 3 }  a t  10~ 

RT 

where  

g G "~ 
RT 

G,, = Exp ( -  a , , r  ~, ) (4) 

w h e r e  a . ,~  ~= a ia 

(b) UNIQUAC model 

(5 e = G E (combhmt orial ~- G ~: : res  dua I {5) 

(jE 
RT Xxe ln  -r { ~ ~qpc,. ln Oi 

- S q~x~ In (2.7 8,  rj~ ) t6 g , 

{c) modified (INIQUAC model 

(;'~ x,  In r  z 0 z IR]" ~ ~ 9 -  Xq,x, ln- 
x~ 17) 

- X  l / X / I n ( X 0 j r j ~ )  

where  h,lh)win R terms are conlnl t . !  il~ {b) aud (c) 

r : r~x , /Z  {r,x,) 1'8) 
J 

0~ : : q~x~ / X  (q,x,)  (9) 
i 

q, x , / , S  (q(x,)  (10) 

r , ,  =E• [ -  ilr,, - U . ) / R T ]  ( l l l  

(d) mixing Gibbs free enerKv 

A G u G z.: 3 G ~a 
; - - -  112) 

[C]" RT 

- -  = Z x  Inx~ (13) 

h~ this wurk a least-squares tecJJ~fi,.tue was used fi,r 
est imating the parameters  in ead~ n . ,del  freq. ex- 
perimental  tie line data. 

Au objective fu~ctir was slated iu lerms . f  c..Jcet]- 
trati.,n difference between experimental , , , l e  fracli~,u 
aud calculated tm,[e frac/i.t! r tie lines. 

That had fi, l[t,wiIN fl,rnl. 

t " = ~  m i n Z ' ~  [xj,t ' l ) - x  . . . . .  

Small incremetlts c,f paramelers >.ele added b,; each it~- 
ifial parameter tt, estimate actual parameters by the 
meaI~s .,f Hu.ke aud Jeeves L2()] alg~.ritlml, 

Each h~.itial parameter ,,,,'as determiued 1~, give phy- 
sically meaningful bim,dal curve. 

If increments  ~,f parameters  mi.in~ized the , bjec- 
l ye  ftll~CtiOll, tllose would be accepted, uthen,vise re- 
jected. 

Therefore the actual parameters and tie lines ,,,.'ere 
calculated at each step ~f Ihe c,,mputafi, m. 

The parameter estimati.~ meth.d used in this wr 
has been already described by Varbegyi and E.m L2]. 

But they estimaled the parameters in the only NRTL 
n~odel v,,'hel! a ,.,',,'as c h a n g e d  

hi this work parameter eslinlati,~i~ metlu~ds by the 

Korean J. C h . E .  IVol. 3, No. 2) 
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UNIQUAC and the modified UNIQUAC :nodels were 
added together with their research work, and parameter 
estimatioI~ methods were handled with for three 
cases. 

(l) in the case ~Jf being currelated with the NRTL 
model, g~l = 1000 ca]/g-mole ~,f the nii~.e 
paramelers was fixed and the (ONe~,--~l j, i -  1, 
2) c.nstrain.t 3, was used in the calculation and 
the fi~llwuiu@ eight additi()ual parameters were 
estimated. 

g22, g33, g~2, g~3, g~ ,  a~2, a~3, an  (i[5) 

(2) in the case of being correlated with the NRTL 
m(~dei.g/,,: 1000 cal/g-m(~ie and c~ : 0.2 rec(~m- 
mauded by Ren()n aud Prausuitz [19] in liquid- 
l iquid equil ibria were used in Ihe calculati.n, 
aud f.lh~wing five additi~,nal parameters were 
estimated. 

(3) iu the case ~f tile UNIQUAC, and the m,dified 
UNIQUAC m~,del. LJlz= 1000 cal/!~-mole vazle 
was fixed, al!d fulh~win.g live additiunal 
parameters were estimated 

l.J2a, lJaa. U~a, [J~3, Uxa (17) 

The values of r i, o, q~ for pure component used in 
computation were quoted in literature [21J. 

The values of the parameters estimated by beiug c(,r- 
related with the NRTL. the UNIQUAC, and the n~odified 
UN1QUAC models were reported (m table 6. 

This table also included numerical values c,f the root- 
meau-square-deviatiuu defined as 

RMSD == 100 ~Z min t:ro, . . . . . .  ,1") _x~,~,~ ( ,) 2/6 n .... 2 

(18) 

And tie lines predicted by each model were repurted on 
table 7. 

Finally the experimental plait p()ints were calculated 
as the same procedure by the NRTL, the UNIQUAC, aud 
the modified LINIQUAC models respectively and pre- 
dicted values were reparted on table 5. 

DISCUSSION 

Fur predicti(~n of the splitting phase cumpositions 
with o[fly tie line data ~,n l iquid-l iquid equil ibria by It- 

TaMe 5. P la i t s  points  calculated by each model for so lvent(1) -water(2) -acetone(3)  system at 10~2. 

(mole %) 

(al NRTL model (a=changedl  (b) NRTL model ( a = 0 . 2 )  

System Solvent Water  Acetone System Solvent Water  Acetone 

A 0.0485 0.5237 ':).4278 A 0.0487 0.5229 0.4284 

B 0. 1418 0.2372 O. 6210 B 0. 1420 0.2368 0.6212 

C 0. 1201 0.6541 3. 2258 C 0. 1210 0.6530 0.:2260 

D 0.0102 0.7498 0.2400 D 0.0t16 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 E 0.0105 0.5834 0.~061 

(c) UNIQUAC model (d) modified UNIQUAC 

System 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. i430 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  {12)-acetone (3), (B) cyclol-iexane (1)-water  (2)-acetone '3) 
(e) ethylacetate (1)-water  (21)-acetone (3), Ill)) chlorobenzene (1)-water  (2)-acetone (3) 
(E) methylisobutylketone(1)--water(2)-acetone(3), (F) n-hexane(1)-water (2) -ace tone(3)  

September,  1986 
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Table  6. Model parameters  for s o l v e n t ( l ) - w a t e r ( 2 ) - a e e t o n e ( 3 )  sys tem a t  10~2. 

(a )NRTL model (a = changed) 

147 

Solvent gu g~2 gsa gla g~s g2a a ~2 a ,a a,a RMSD 

A 1000.00 1255.18 1470.23 7326.82 981.40 1877.50 0.21 0.30 0.29 0.2182 

B I000.00 178L22 1456.94 7003.42 1134.24 1697.81 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 1.0261 

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 (a==0.2) 

Solvent glz gz= gas gl= g~a g=a a~z a~.~ a2a 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 1794.89 4609.7'7 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 

g 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) UN1QUAC model 

So vent LYll U,2 t13a U,~ U,s U2a RMSD 

1000.00 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 2!)1.24 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 

g 1000.00 1808.00 1546.18 7015.22 834.07 1760.00 0.6294 

(d} modified UNIQUAC model 

Solvent U,, 1J:~2 [!aa 1112 Ll~a tJ2s RMSD 

A 1000.00 1518.73 2072.65 6983.71 1193.67 1670.,10 0.4596 

J3 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.,17 1. 2835 

D 1000.00 50.00 1548.99 7913.02 50.91 2408.33 0.4801 

E 1000.00 1920.00 1960.99 7160.00 814.32 1511.11 0.6712 

l: 1000.00 1407.76 1926.29 7002.51 1083.91 1737.96 0.6625 

Co~straints: 50<:g~9999, 50<:U<:9999, 0~a<--{1 (A) monochlorobenzene, (B) cyclohexane, 
(CI e thylaceta te  (D) chloroform, (E) methylisobutylkelone, (F) n-hexane. 
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Tab le  7. Tie l ines  predicted by each model for s o l v e n t ( 1 ) - w a t e r ( 2 ) - a c e t o n e ( 3 )  sys tem at  10"(2. 

(mole %) 

(a) N R T L  model (a =changed)  (b) N R T L  model (ce =0.  2) 

Solvent Laye r  W a t e r  Laye r  Solvent Layer  W a t e r  Layer  

S olven! x~l x21 x31 x12 x2z x,2 :Solvent Xll X21 X31 ~12 "~22 X32 

0.0000 1.0000 0.0000 

0.0005 0.9244 0.0751 

0.0024 0.8598 0.1378 

0.0057 0.8044 0.1898 

0.0138 0.7199 0.2663 

1.0000 0.0000 0.0000 

0.5298 0.0433 0.4269 

A 0.3419 0.1170 0.5411 

0.2483 0.1780 0.5737 

0.1622 0.2629 0.5750 

1.0000 0.0000 0.0000 

0.5331 0.0491 0.4178 

0.3445 0.1245 0.5311 

0.2508 0.1836 0.5656 

0.1626 0.2665 0.5709 

0.0000 1.0000 0.0000 

0.0003 0.9239 0.0757 

0.0020 0.8589 0.1391 

0.0047 0.8045 0.1908 

0.0116 0.7223 0.2661 

1.0000 0.000O 0.0000 

0.7910 0.0014 0.2076 

B 0.5960 0.0132 0.3908 

0.4364 0.0439 0.5197 

0.3202 0.0892 0.5906 

0.0000 1.0000 0.0000 

0.0002 0.8650 0.1348 

0.0031 0.7090 0.2880 

0.0140 0.5683 0.4176 

0.0349 0.4569 0.5082 

1.0000 0.0000 0.0000 

0.7956 0.0025 0.2019 

0.5926 0.0169 0.3905 

0.4331 0.0468 0.5201 

0.3205 0.0870 0.5924 

0.0000 1.0000 0.0000 

0.0009 0.8627 C. 1364 

0.0066 0.7077 0.2857 

0.0207 0.5670 -0.4123 

0.0426 0.4533 0.5041 

0.8928 0.0097 0.0975 

0.5871 0.1594 0.2534 

C 0.4665 0.2405 0.2930 

0.3391 0.3025 0.3584 

0.2290 0.4407 0.3303 

0.0009 0.9826 0.0165 

0.0022 0.9565 0.0413 

0.0033 0.9405 0.0560 

0.0064 0.9079 0.0865 

0.0472 0.8043 0.1485 

0.9030 0.0040 0.0931 

0.5982 0.1612 0.2406 

0.4904 0.2623 0.2573 

0.3831 0.3491 0.2678 

0.2616 0.4685 0.2699 

0.0000 0.9861 0.0139 

0.0010 0.9367 0.0623 

0.0022 0.9168 0.0810 

0.0056 0.8859 0.1084 

0.0173 0.8318 0.1509 

1.0000 0.0000 0.0000 

0.3295 0.0745 0.5961 

0.2130 0.1843 0.6027 

0.1224 0.3251 0.5524 

0.0641 0.5146 0.4213 

0.0000 1.0000 0.0000 

0.0000 0.9770 0.0230 

0.0000 0.9668 0.0332 

0.0000 0.9491 0.0508 

0.0068 0.8732 0.1200 

0.9999 0.0000 0.0001 

0.3387 0.1273 0.5340 

0.2112 0.1907 0.5981 

0.0896 0.3179 0.5924 

0.0594 0.5105 0.4301 

0.0000 1.0000 0.0000 

0.0000 0.9794 0.0205 

0,0000 0.9675 0.0325 

0.0020 0.9326 0.0654 

0.0097 0.8588 0.1315 

0.9241 0.0006 0.0752 

0.4928 0.1365 0.3706 

0.3381 0.2645 0.3974 

0.2616 0.3362 0.4022 

0.1698 0.4396 0.3907 

0.0000 0.9938 0.0062 

0.0005 0.9425 0.0570 

0.0016 0.9109 0.0875 

0,0033 0.8827 0.1139 

0.0096 0.8254 0.1650 

0.9219 0.0006 0.0775 

0.4875 0.1477 0.3747 

0.3340 0.2662 0.3998 

0.2630 0.3:]46 0.4024 

0.1770 0.4376 0.3854 

0.0000 0,9987 0.0013 

0.0001 0.9580 0.0418 

0.0013 0.9143 0.0844 

0.0034 0.8800 0.1166 

0.0116 0.8164 0.1720 

1.0000 0.0000 0.0000 

0.4338 D.0284 0.5378 

F 0.2537 0.0967 0.6496 

0.1402 0.1950 0.6648 

0.0620 0.3189 0.6190 

0.0000 1.0000 0.0000 

0.0001 0.9682 0.0318 

0.0002 0.9355 0.0643 

0.0005 0.8915 0.1081 

0.0013 0.8126 0.1861 

contmued 

1.0000 0.0000 0.0000 

0.4305 0.0476 0..5219 

0.2485 0.0829 0.6685 

0.1454 0.1886 0.6659 

0.1171 0.3176 0.5653 

0.0000 1.0000 0.0000 

0.0000 0.9691 0.0309 

0.0001 0.9431 0.0568 

0.0076 0.8793 0.1130 

0.0188 0.8105 0. 1708 

continued 
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(c) UNIQUAC model 

Solvent Layer Water  Layer  

Solvent ~[~11 X21 X3I ~'12 X22 X:12 

A 

1.0000 0.0000 0.0000 

0.4894 0.0808 0.4298 

0.3433 0.1416 0.5151 

0.2559 0.1948 0.54!13 

0.1679 0.2708 0.5613 

0.0000 1.0000 0.0000 

0.0000 0.9300 0.0700 

0.0002 0.8638 0.1360 

0.0008 0.8053 0.1!139 

0.0032 0.7244 0.2724 

(d) modified UNIQUAC model 

Solvent Layer Water  Layer 

Solvent x~t x2~ xs~ x~ x~2 xa2 

A 

1,0000 0.0000 0.0000 

0.5166 0.0875 0.3959 

0.3354 0.1562 0.5085 

0.2481 0.2061 0.5458 

0.1632 0.2748 0.5620 

0.0000 1.0000 0.0000 

0.0000 0.9384 0.0616 

0.0002 0.8628 0.1371 

0.0006 0.8034 0.1959 

0.0027 0.7229 0.2744 

1.0000 0.0000 0.0000 

0.7803 0.0123 0.2074 

0.5945 0.0346 0.3709 

0.4364 0.0653 0.4983 

0.3194 0,0999 0.5807 

0.0000 1.0000 0.0000 

0.0000 0.8676 0.1324 

0.0008 0.7100 0.2892 

0.0049 0.5739 0.4212 

0.0147 0.4701 0.5152 

1.0000 0.0000 0.0000 

0.7670 0.0236 0.2094 

0.5856 0.0493 0.3651 

0.4364 0.0782 0.4854 

0.3223 0.1090 0.5687 

0.0000 1.0000 0,0000 

0.0000 0.8713 0,1287 

0.0008 0.7135 0.2857 

0.0047 0.5735 0.4218 

0.0141 0.4663 0.5196 

C 

0.8584 0.0503 0.0913 

0.6136 0.1880 0.1984 

0.4960 0.2696 0.2344 

0.3840 0.3577 0.2583 

0.2607 0.4704 0.2689 

0.0000 0.9844 0.0156 

0.0008 0.9429 0.0563 

0.0026 0,9171 0.0803 

0,0069 0.8852 0.1079 

0,0184 08353 0.1462 

0.8779 0.0632 0.0598 

0.6238 0.2048 0.1713 

0.5031 0.2850 0.2119 

0.3858 0.3709 0,2433 

0.2615 0.4797 0,2588 

0.0002 0.9583 0.0414 

0.0017 0.9274 0.0708 

0.0035 0.9101 0.0864 

0.0074 0.8871 0.1055 

0.0177 0.8478 0.1345 

0.9898 0.0102 0.0000 

0.3373 0.1129 0.5498 

0.2134 0.1753 0,611,1 

0.0731 0.3104 0.616,1 

0.0469 0.5072 0.4460 

0.9006 0.0167 0.0826 

0.5036 0.1728 0.3267 

0.3395 0.2665 0.394(I 

0,2668 0.3295 0.4036 

0.1643 0.4344 0.4014 

1.0000 0.0000 0.0000 

0.4237 0.0935 0.4828 

0.2540 0.1538 0.5922 

0.1589 0.2177 0.6233 

0.0882 0.3002 0.6116 

0.0002 0.9998 0.0000 

0.0002 0.9704 0.0295 

0.0002 0.9532 0.0466 

0.0007 0.9195 0.0798 

0.0062 0.8475 0.1463 

0.0000 0.9969 0.0031 

0.0000 0.9510 0.0490 

0.0002 0.9077 0.0921 

0.0006 0.8851 0.1143 

0.0025 0.8366 0.1609 

0.0000 1.0000 0.0000 

0.0000 0.9803 0.0197 

0.0000 0.9455 0.0545 

0.0000 0.8842 0.1158 

0.0001 0.8105 0.1894 

continued 

quid models, Triday [23] reported results predicted by 
the method of Sorensen et al. [16] for the ternary 

benzene(1)-wateR2)-meth anol(3) system, 
His tie line data were correlated with the UNIQUAC 

D 

0.9828 0.0172 0.0000 

0.3369 0.1361 0.5270 

0.2104 0.1905 0.5991 

0.0594 0.5106 0.4299 

0.0001 0.9999 0.0000 

0.0000 0.9813 0.0187 

0.0000 0.9689 0.0311 

0.0096 0,8596 0.1308 

E 

0.8942 0.0358 0.0699 

0.5040 0.1929 0.3031 

0.3273 0.2804 0.3923 

0.2351 0.3573 0.4076 

0.1560 0.4310 0.4131 

0.0000 0.9955 0.0045 

0.0000 0.9579 0.0421 

0.0001 0.9197 0.0803 

0.0003 0.8876 0.1121 

0.0013 0.8453 0.1534 

F 

1.0000 0.0000 0.0000 

0.4251 (1.0840 0.4909 

0.2417 0.1418 0.6166 

0.1549 0.2306 0.6144 

0.0890 0,3271 0.5939 

0.0000 1.0000 0.0000 

0.0000 0.9869 0.0131 

0.0000 0.9282 0.0718 

0.0000 0.8992 0.1008 

0.0001 0.8154 0.1845 

(A) monochlorobenzene (B) cyclohexane (C) ethyla- 
ce la te  (D) chloroform (E) methylisobutylketone 
(F) n-hexane. 

model at 20~ and RMSD value was 0.4870. 
And Annesini et al. [24] alsr reported the results 

predicted by the same nlethod for six propylene car- 
bonate(l)-n-hexane(2)-benze re(or ethylbenzeue)(3), pr(, 
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pyleue carbonate(1)-u-heptane(2)-t . luene(or ethyl- 
beuzene)(3), and pr.pylene carb(mate(l)-n-octane(2)-~ 
oxyleue(or ethylbenzeue)(3) systents. 

Their tie liue data were correlated with the NRTL 
( a - 0 . 2 )  model aud tile UNIQUAC m~del at 20~ aud 
the R'~fSD values were 0.5147-0.6825 in the NRTt, 
( a - 0 . 2 )  model and were 0.(:;112-0.7409 in the UNI-- 
QUAC model. 

Though systems of this work were differeut froni 
them, the results iu this work could be compared with 
those of Triday's and Ammsini's since the only ex-- 
perimental tie line data equally were correlated with 
same liquid inodels. 

In this w~,rk the RMSD values were 0.124%0.6515 in 
tile NRTL m~del ( a -  0.2) and ,,',,'ere ().3()98-0.f;828 in the 
UNI()UAC m~del except ethylacetate(1)-water(2)-ace- 
t~,ne(3) system as sh~,wn ~m table 5. 

Therefl~re the fiual RMSD values were compared 
nluch with those results ..~f Triday's and Anuesini's. 

Ol! tile r haud geuerally tile NRTL uodel in the 
case r vaD'iug u value gave the RMSD values slightly 
h,wer thau th~,se . f  the same model in ti le case of f ixing 
a value except (E) system, and the RMSD wdues il l the 
NRTL model iu ti le case of f ixing a value were lower 
than those ~)f the UNIQUAC, and the RMSD values in 
tile UNIQI.IAC m~det were slightly better th:au those of 
the m,~dified UNIQUAC m,,del. 

Such pimnr were apF, eared iu the work of An- 
uesiru et al. [24] fl,r predk:tir r liquid-liqui, I equilibria. 
with t~e NRTL m~del and the UNIQUAC mendel. 

But those differences were l~,ut significald since all 
the RMSD values were satisfactoD ' within error range. 

C O N C L U S I O N S  

The tie line data detemfined at 10~ frr biuodal 
curve f . r  the six ternao' Ulr (or cyc[o- 
hexaue, ethylacetate, chh.r~f(~rnl, methylisoL, utylketone, 
n-hexane) (1)-water (2)-acdone (3) sys!ems were 
satisfatorilv curr(lated with ()thiner and T,)bias equa- 
tion. 

Such tie line dala aIs. were currelated with the NRTL 
m~,de'~ iu the case r vaodug (,r f ixing a value, the UNI- 
(.)UAC aud the m.di f ied UNIQUAC mode], and ti le par- 
ameters in eaclb m~,del were estimated, a~d the tie lines 
were predicted. 

As a result of currelatiug with each mc,del, the tie 
liues predicted with the NRTL model in tile (ase of vaD'- 
ing or f ixing a value, the UNIQUAC model, and the 
modif ied UN[QUAC mudel were good identical wi th in 
0.0657,-1.0261, ().2802-1.1824, 0.3098-1.1075, 0.4476- 
1.2835 RMSD values with file exper imental  tie l ine data. 

N O M E N C L A T U R E  

F : r ful~cti.n defined by eq. (14). 

S e p t e m b e r ,  1986  

a E 

AG ,d 

AG ,vl 
G j, 
gv 
min 
m l  

Ill  

n 

q, 
q~ 
r i 

R : 
T 
Uj, : 

: excess Gibbs free energy (calfg-mole) 
: ideal Gibbs free energy (cal/g-mole) 
: mixing Gibbs free energy (cal/g-mole) 
: NRTL binary interaction l)arameter 
: NRTL biua D' interaction parameter (cal/g-mole) 
: nlinimum 
: coustant defined by Othmer-Tobias eq.(l) 
: constant defined by Othmer-Tobiass eq. (1) 

: number of exerimental tie line data. 
: area parameter of pure component 

modified area parameter of pure component i 
vo lume parameter of pure componeut t 
gas constaut (cal/g-mole K) 
absolute temperature (K) 
UNIQUAC, modif ied UNIQUAC binary interac- 
tion parameter (cal/g-mole) 

x, mole fraction of component i in the liquid 
p hase 

x~ tie line mole fraction of component j il~ k phase 
e• �9 xp 0) the i-th experimental tie line mole fraction of 

component j in k phase 
xS(i)  tile i-th calculated tie line mole fraction of con> 

portent j iu k phase 
Z lattice coordination number (set equal Io 10) 

G r e e k  L e t t e r s  
% : nonrandonmess parameter in NRTL eq. 
~, : voluine fraction defined by eq. (8) 
0i : area fractiou defined by eq. (9) 
0J : modified area fraction defined by eq. (10) 
r ' .  : NRTL binary interaction parameter 
r ~ : UNIQUAC, modified UNIQUAC bina~ interac- 

tion parameter 
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