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TERNARY LIQUID—LIQUID EQUILiBRIA AND THEIR
REPRESENTATION BY MODIFIED NRTL EQUATIONS
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ABSTRACT

Experimental liquid—liquid equilibrium data are reported for the systems acetonitrile—
acetone—cyclohexane at 318.15 K and acetonitrile—methyl acetate—cyelohexane at
313.15 K. Two modified forms of the NRTL equation proposed by Renon are pres-
ented by substituting local surface fractions for local mole fractions and further by
including Guggenheim’s combinatorial entropy for athermal mixtures whose molecules
differ in size and shape. The resultant equations involve three adjustable parameters and
are extended to multicomponent systems without adding ternary (or higher) parameters.
Calculated results of vapor—liquid and liquid—liquid equilibria for typical binary and ter-
nary mixtures are presented.

NOTATION

a® excess Helmhcoliz free energy

a binary interaction parameter defined as Auji/R

g excess Gibbs free energy

A bulk factor of pure component i as defined by I; = (Z/2) (r; —aq;) — (r; — 1)
gi surface parameter of pure component i

i size parameter of pure component i

R gas constant

sE  excess entropy of mixing

T absolute temperature

Auji binary interaction parameter

an 123 id.mhaca manla fliantinn Af anmnanant 3
*i AAJUIG-phaasc MmMoac Jacvinl OL \.u;;.yu;acanv i

Z - lattice coordination number, a constant set to 10

aij proportionality constant similar to the nonrandomness constant of the NRTL equa-
tion

04 activity coefficient

A.. local surface fraction as defined in egn, (18)

033  local surface fraction as defined in eqn. (18)

6; surface fraction of component i

Ty  coefficient defined as Auy/RT
&; size fraction of component i

* To whom correspondence should be addressed.
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INTRODUCTION

For estimating ternary liquid—liquid equilibria from binary data, a ther-
modynamic procedure, which uses a solution model for excess Gibbs energy,
is sound and is more useful than empirical and/or graphical methods, pro-
vided that isothermal vapor—liquid equilibrium data of good quality for mis-
cible binaries and mutual solubility data for partially miscible binary pairs
are used and a selected model represents well these phase equilibrium rela-
tionships. Many solution models based on the concept of local composition
have been proposed and are not perfect. Model refinements need to obtain
more reliable results.

In this work we discuss the abilities of newly modified NRTL equations
especially in the correlation of ternary liquid—liquid equilibria for several
systems with a plait point. Ternary liquid—liquid equilibria are reported here
for two systems: acetonitrile—acetone—cyclohexane at 318.15 K and acetoni-
trile—methyl acetate—cyclohexane at 313.15 K. Isothermal vapor—liquid
equilibrium data have been given in the literature for the miscible binary
systems which constitute these ternaries: acetonitrile—acetone at 45°C [1];
acetone—cyclohexane at 45°C [2]; acetonitrile—methyl acetate at 50°C [3];
methyl acetate—cyclohexane at 40°C [4]. Results of data reduction ob-
tained with the original NRTL equation [5] are also presented for com-
parison.

EXPERIMENTAL

The experimental apparatus and procedure are the same as described in a
previous paper [6]. Ail reagent grade chemicals (acetone, acetonitrile and
cyclohexane) were directly used. 1 X 1073 m?3 of chemically pure methyl ace-
tate was refluxed for 6 h with 85 cm?® of acetic anhydride and then distilled
through a glass column packed with McMahon packings. The distillate was
shaken with 20 g of anhydrous potassium carbonate and redistilled. Refrac-
tive indices of the compounds used for experimental work are compared
with literature values in Table 1. Tables 2 and 3 list experimental solubility
data and tie-lines for the two ternary systems, respectively.

TABLE 1
Refractive indices of compounds at 298.15 K

Compound Exptl. Ref. 7

Acetone 1.85603 1.355986
Acetonitrile 1.34170 1.34163
Cyclohexane 1.42352 1.42354
Methyl acetate 1.35877 1.3588 *

* Ref. 4.
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Ternary solubility data
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X1 X2 Xy X2 X1 X2
Acetonitrile(1)—acetone(2)—cyclohexane(3) at 318.15 K

0.0935 0.0000 0.3275 0.1669 0.6200 0.1606
0.1788 0.1026 0.3667 0.1790 0.6551 0.1464
0.1970 0.1146 0.3959 0.1857 0.7818 0.0749
0.2171 0.1250 0.4856 0.1946 0.8196 0.0497
0.2380 0.13564 0.5052 0.1944 +0.8615 0.0210
0.2847 0.1524 0.5776 0.1774 0.8883 0.0000
Acetonitrile(1)—methyl acetate(2)—cyclohexane(3) at 313.15 K

0.83961 0.0000 0.5928 0.1847 0.2104 0.1267
0.8501 0.0366 0.4851 0.1988 0.1805 0.1084
0.8077 0.0691 0.3860 0.1797 0.1538 0.0883
0.7151 0.1209 0.3131 0.1627 0.1278 0.0659
0.6395 0.1621 0.2660 0.1494 0.0787 0.0000
TABLE 3

Ternary tie-line data

Acetonitrile-rich phase

x1 x3

Cyclohexane-rich phase

*1t <

Acetonitrile(1)—acetone(2)—cyclohexane(3) at 318.15 K

0.8228 0.0449 0.0988 0.0140
0.7853 0.0708 0.1020 0.0224
0.7584 0.0862 0.1083 0.0297
0.6929 0.1233 0.1292 0.0453
0.6665 0.1381 0.1347 0.0551
0.6288 0.1539 0.1508 0.06877
Acetonitrile(1)—methyl acetate{2)—cyclohexane at 313.15 K
0.8580 0.0281 0.0868 0.0113
0.7835 0.0797 0.0890 0.0337
0.7317 0.1090 0.1094 0.0521
0.6802 0.1399 0.1371 0.0719
0.6578 0.1488 0.1459 0.0800
0.6301 0.1633 0.1533 0.0871
0.4481 0.1864 0.2907 0.1544

EXCESS GIBBS ENERGY EQUATIONS

Binary systems

The energy of mixing, u¥, for a binary mixture of components 1 and 2 is
derived by using Scott’s two liquids theory and the local composition con-

cept.

UE = x1031AU,) + %26 130U,

1)
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For 6,; and 0, Renon and Prausnitz [5] used the local mole fractions to
derive their NRTL equation and Bruin and Prausnitz [8] chose the local
volume fractions. In this work we adopt the local surface fractions.

021 = 0, exp(—Auz1a12/RT)/[0 + 0, exp(—Ausa;,/RT)] (2)
012 =0, exp(—Au,,012/RT)/[6, + 0, exp(—Auy,0,,/RT)] (3)
where 6, and 6, are the surface fractions defined by surface area parameter
g, Auy is a parameter related to the difference between the potential energies

of the pairs j—i and i—i, and @z is a constant of proportionality similar to
the nonrandomness constant of the NRTL equation (a;; = a;;).

01 = x:q:/(x:1q: +%2q2): 02 = x2q,/(x:q, + x2q5) (4)
An expression for the molar excess Helmholtz energy is obtained as follows
a® = u® — TsE (5)

For (—s®/R) we use the equation of Guggenheim [9] for athermal mixtures
whose molecules differ in size and shape.

—(8%/R)asnerma = %1 In % +x,1n % + (g) (q,x1 In %: + g%, In -Z—:) (6)
where ¢ is the size fraction defined by size parameter r.

@1 = 2,11 [(X,ry F XaFa): @a = X1y /(x,ry + Xar) 7
At low pressure we may assume that [10]

(@)1, v = (%P (8)

where gF is the molar excess Gibbs energy. Then we obtain

gt 15} 15} z ) ) Au
= lnx—i +x, lnx—z +(§)(q,x1 ln¢—i + g%, 1n¢—z +x,04; R—;f
. Auy,
+x2042 RT (9)

which is called the modified NRTL1 equation.
Equations for activity coefficients are derived by differentiation of eqn.
(9).

In v, =1n§l + (g‘) aq; ln% + ¢2<11 ‘—Cl‘lz) + 6%, g1
: 1

1 2 2 RT
X2 Au
e 612(1 —612) R; (10)
P VA 0 { r Au
7 =102+ (£) a2 4+, (1~ 2 1) + 03, S
x Au
+ 5 021(1 —62)) =7 (11)



where [; is defined by

=(Z2/2)(ri —q;) — (r; — 1) (12)
Maurer and Prausnitz [11] derived the following equation for uF

B = ~.0 A .

~n ) ~ A Avs
“ X1§1021 AUz * X2ga¥ 2 LUy, (

Then, the final g€ expression including eqns. (6) and (138) is

E Z 0 0.\ Au
i— =X lnf + X, ln ¢2 + (7) (q1x1 ln'm—:l + q2x21nﬁ) +x1q;[621 21

RT o RT
Au
+%2G2012 — (14)
RT
This is called the modified NRTL2 equation. From eqn. (14) v, is given by
VA \' ( Au
ln"h—ln ( q: T“+¢2 5, — lz +q.6%, n,.z-.l
R s RT
X2 P a oA Au12 712N
- 2— Ujz2ld T Ujg 1J
92 ( 12) 7 (19)
and 7y, can be obtained by interchanging subscripts 1 and 2.
Multicomponent sysiems
The equations for binary mixtures are easily extended toc multicomponent
mixtures without including additional parameters, because only two-body
interactions should be taken into account in both binary and multicompo-
nent systems.
The modified NRTL1 equation gives
E
g—=Z llri IE\E qx'10—1+22(x.e.-,-. +20;0457i5) (16)
T T % \2}1 i*i : : ; iVijiliji jVijiij
Y AL o LTl o AP0 Sl o e e mamd 2 L
dllll LIC dULIVILY CUBLLICITIIL UL bUIllpUllUllb 1 UCLUHJ.UD
Inyi=Iln ﬁ + (Z/ adi "1&+ A ?12 x;l; + 2 8;:7i1
X3 2 ¢i xz. i
5 %50y > )
+ - Tij _L Gkirkj) (17)
i % k
where 6;; and 7;; are given by
8; exp(—mjay;)
Bﬁ = (18)
E 0y exp(—Tijk;)
_Auy_ay (19)
M RT T M
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The modified NRTL2 equation provides

ﬁ,“‘ 21:' 11’1 qb; + (“g‘) Zl> Qix1 + E E (x:IQI Tjr + Xiq; l.]T.I.]) (20)

In~; = n & (“') ln%+l ¢12-"jlj+qi29fifii
x; 5 ES i

+ Z _xjeiij (Ti:i ""ZL.‘I ij'rki) (21)
i -

X3
CALCULATED RESULTS
Vapor—liquid equilibria

The pure component structural parametexrs r and g were obtained in
accordance with the methods suggested by Abrams and Prausnitz [12].
Vapor-phase nonideality corrections were calculated from the method of
Hayden and O’Connell {13] for the second virial coefficients. Parameter-
determining procedures were described by Prausnitz et al. {14]. The simplex
method of Nelder and Mead [15] was used for this purpose. Renon and
Prausnitz [5] showed that a proper value of «,, can be specified a priori, its
value depending on the binary system and varying from 0.2 to 0.47. If a4, is
assigned, the present modified NRTL equations have two adjustable parame-
ters per binary: Au,, (@;; = Aus/R) and Auy, (@2 = Auy»/R). In this work,
for alcohols—alkanes, alcohols—aromatics, alcohols—carbon tetrachloride,
carbon tetrachloride—acetonitrile and carbon tetrachloride—nitromethane,

TABLE 5
Prediction of ternary vapor—liquid equilibrium data
System Temp. or No. of Absolute arith. dev. Ref.
pressure data
points Vapor mole fraction  Press
(X 1000) (mm Hg)

N * T % IT ®%% N I II

Acetonitrile— 11 8 19
benzene— 45°C 51 4 5 7 6 5 10 16
n-heptane 9 7 16
Ethyl acetate— 9 8 9
ethanol— 40°C 9 9 10 9 7 v 7 17
water 14 13 14
Methyl acetate— 5 5 5]
methanoli— 760 mm Hg 18 5 6 7 6 10 10 28
benzene 3 4 6

* N = NRTL equation.
#* T = Modified NRTL1 equation.
**x% T = Modified NRTL2 equation.
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TABLE 6
Parameters from binary liquid—liquid equilibrium data

System, 1—2 ’I;emp. Energy parameters (K) «j» Ref.
()
G21 a2
Acetonitrile—n-heptane 45 I* 920.80 736.88 0.40 16
II ** 566.23 —5.64 0.40
Ethyl acetate—water 40 1 614.63 641.51 0.54 17
JI 102.51 352.37 0.40
55 1 669.78 641.51 0.54 17
I 144.93 299.90 0.40
Chloroform—water 25 1 615.32 961.32 0.20 29
II 342.03 641.62 0.40
Acetonitrile—cyclohexane 40 1 886.71 584.30 0.40 This work
II 553.65 9.50 0.40
45 1 844.84 402,40 0.36 This work
| § 538.90 9.13 0.40
Benzene—water 25 1 1151.13 1374.28 0.38 7
I 376.53 856.11 0.40

* ] = Modified NRTL1 equation.
** J] = Modified NRTL2 equation.

a2 = 0.47, and for other systems including agqueous systems, a;, = 0.4. Table
4 shows typical results comparable to those obtained with the NRTL equa-
tion. Ternary results predicted from binary parameters indicate that all the
three equations have a similar predictive ability, as shown in Table 5.

Liquid—liquid equilibria

Table 6 lists binary parameters for heterogeneous systems. These parame-
ters for fixed values of a;, were obtained by solving simultaneously two
equations which express the equality of activities of each component in two
liquid phases. The capabilities of the modified NRTL equations in corre-
lating ternary liquid—liquid equilibria for systems having a plait point are
compared with those of the NRTL equation in Figs. 1—6. The values of a3
of the original and modified NRTL equations for a partially miscible system
were fitted to each individual ternary diagram. For the five systems as shown
in Figs. 1—5, the results obtained from the modified NRTL1 equation are
similar to those derived from the original NRTL equation. De Fré and Ver-
hoeye [31] pointed out that the sets of parameters of the NRTL equation
related to the homogeneous binary systems have only a small influence on
the position of the binodal curve of ternary liquid—liquid equilibria, but the
set related to the heterogeneous binary system has an important influence:
increasing the value of « decreases the total surface of the heterogeneous
area and the parameter set obtained at a higher value of « causes a deflection
in the binodal curve. Such a deflection was found in the calculated results
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Acetone

Acstonitrilte 0.2 0.4 0.6 0.8 Cyclohexane

Fig. 1. Liquid—liguid equilibria for the acetonitrile(1)—acetone(2)—cyclohexane(3)
system at 45°C. Experimental data of this work (e— - - —@). Calculated: modified NRTL1
eqn. (g2 = Qa3 = 0.4, @33 = 0.86) ( };modified NRTL2 eqn. (62 = 023 = 033 = 0.4)
{(------ ); NRTL eqn. (ay2 = 0.3, 023 = 0.2, 233 = 0.32) (— - — - —). Concentrations are in
mole fractions.

Methyl ocetate

p LV ¥4 3
Acetonitrile 0.2 c.4 x c.6 0.8 Cyclohexane
3

Fig. 2. Liquid—liquid equilibria for the acetonitrile(1)—methyl acetate(2)—cyclo-
hexane(3) system at 40°C. Experimental data of this work (e—- - —e), Calculated: modi-
fied NRTL1 eqn. (2 = Qa3 = Q33 = 0.4) ( }: modified NRTLZ eqn. (G2 = a3 =
i3 =04)(-~~-~-- ; NRTL eqn. (@37 = 0.8, a3 = 0.2, ay3 = 0.36) (- —-— -). Concentra-
tions are in mole fractions.
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Benzene

Acetonitrile 0.2 o4 C.6 0.8 n-Heptane

Fig. 8. Liquid—liquid equilibria for the acetonitrile(1)—henzeue(2)-n-heptane(3) system
at 45°C. Experimental data of ref. 16 (—--—). Calculated: modified NRTL1 eqn.
(@12 = Q33 = Qa3 = 0.4) ( ); modified NRTL2 eqn. (12 = 33 = Q23 = 0.4) (-~~~ ~ );
NRTL egn. (j3 = Qa3 = 0.3, ¢33 = 0.4) (- — - — -). Concentrations are in mole fractions.

Acetone

Y.V Y M Y N M. N M.

Chioroform 0.2 0.4 0] -] 0.8 Water

X3
Fig. 4. Ligquid—liquid equilibria for the chloroform(1}—acetone(2)y—water(3) system at
25°C. Experimental data of ref. 29 (6— - - ~a). Calculated: modified NRTL1 eqgn. (¢35 =

Q3 = 0.4, 013 =0.2) ( ); modified NRTLZ eqn. ((Xyp = Oip3 = 03 = 0.4} (-~~--~ ¥
NRTL egn. {(Q15 = 0za = 0.3, @153 = 0.2) (- — - — ). Concentrations are in mole fractions.
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Ethanol

Beene 0.2 0.4 0.6 0.8 water

Fig. 5. Liquid—liquid equilibria for the benzene(1)—ethanol(2)—water(3) system at 25°C.
Experimental data of ref. 30 (68— - - —¢). Calculated: modified NRTL1I eqn. ((;5 = 0.47,

Qa3 = 0.4, a3 =0.38) ( ); modified NRTL2 eqn. (&3, = 0.47, Qa3 =033 =0.4)
(------ ); NRTL eqn. (a2 = 0.47, 03 =0.8, ;3 =0.28)(-—-—- ). Concentrations are in

mole fractions.

Ethanol

Ethyl acetate (.2 0-4 0.6 Q.8

F1g 6. Liquid—liquid equilibria for the ethyl acetate(l)—ethanol(Z)—water(3) system at
40°C. Experimental data of ref. 17 (@— - - —®). Calculated: modified NRTL1 eqn. (032 =
a3 = 0.4, Q13 = 0.54) ( ); modified NRTL2 eqn. (02 = O3 = Q13 = 0. 4) ------ )
NRTL eqn. (@12 = a3 = 0.3, ;3 =0.36) (-—-—- }. Concentrations are in mole fractions.
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obtained by the NRTL equation with the value of a;3; higher than 0.36 for
the ethyl acetate(1l)—ethanol(2)—water(3) system. Hence, in Fig. 6 we used
the NRTL equation having a,;3; = 0.36, and the modified NRTL1 equation
with «;3 = 0.54 gives the calculated results in good agreement with the
experimental data. The results obtained by the modified NRTLZ2 equation
for six ternary systems studied in this work show that the calculated immis-
cible region was too large and the a value of a partially miscible system has
little influence on the binodal curve. This is an important difference between
the modified NRTL1 and NRTL2 equations concerning their performance in
terrary liquid—liquid equilibrium calculations.

In conclusion, the modified NRTL1 equation and the original NRTL
equation are essentially similar in prediction accuracy of vapor—liquid
equilibria, although the modified NRTL1 equation is sometimes better than
the NRTL equation in the correlation of ternary liquid—liquid equilibria. As
an expression of uF eqn. (1) is better than eqn. (13).
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