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ABSTRACT

An association model is used to predict ternary liquid-liquid equilibria for six aqueous
systems including acetic acid and one non-associated component from binary parameters
alone. The model involves the dimerisation constant for acetic acid and the solvation constant
between acetic acid and a solvating component with a physical contribution term given by the
NRTL equation.

INTRODUCTION

The association model, based on the assumptions of the liquid phase
dimerisation of acetic acid molecules and the 1:1 solvation of one acetic
acid molecule and a solvating one, has been successfully used in reproducing
isothermal vapour-liquid equilibria for binary acetic acid-non-polar or
polar component systems and predicting isothermal vapour-liquid equilibria
for the acetic acid—toluene—n-heptane system [1,2]. Furthermore, the same
model is able to represent the excess enthalpy data of binary acetic acid—
non-polar or polar component mixtures [3,4].

This work presents predicted results on ternary liquid-liquid equilibria
for six acetic acid—water—one non-associated component systems obtained
from the association model with binary parameters alone.

SOLUTION MODEL

A, B and C represent acetic acid, water and a non-associating component.
In a ternary mixture containing these three components there are three
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dimerisation equilibria for the formation of one homodimer A, and two
heterodimers AB and AC, and their mole fraction equilibrium constants are
defined by

XA
K,=— forA,+ A, =A, (1)
Xa,
Kyp=—28  forA,+B,=AB @)
xA‘xBI
Ko = —AC for A, + C, = AC (3)
xA]xcl

Further, the thermodynamic dimerisation constant for acetic acid is given by

* K
Y, XaY
KTz_M_E:K:K::%:KXKY (4)
( xK,Y:l ) ( XA Ya, )

The nominal mole fractions of the three components are related to the
monomer mole fractions of the chemical species present in the mixture:

2
Xa t 2KxxAl + KABxAIxBl + KAch,xq

Xp = . (5)
Xa, T 2K, x5 +2K,pxp Xp + 2K, cXp X, + Xp + Xc,

Xg + KAB)cAlxBl

Xg= . (6)
Xa, 2KxxAl + 2KABxAlxBl + 2KAch,xc1 +xp +xc,

Xc, t KACxAlxCl

Xc= (7)

2
Xa, T 2K, x5 + 2K, pxp Xp + 2K ,cXp X, + X, + X,

The sum of the true mole fractions of all the chemical species must be unity:
XA, + XA, + Xap Tt Xpg, + Xac + X,

2 -
=x, t K, x5 + Kppxy xp +xp + KycXp X, +xc, =1 (8)

Molecular interactions between the chemical species are described using
the NRTL equation [5]. The activity coefficient of any species i is given by

ZT/iszxj x G Zererrj
Iny=-%%——+ A A A (VU S— (9)
Zlexk 7 Zijxk Y Zijxj
k k k
where 7, and G, are expressed by
m.=a,/T (10)
Gjl = exp( _a_]lq_-[f) (11)

According to the model assumptions that reduce the number of adjustable
molecular parameters, many molecular interaction parameters are interre-
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lated to each other: a, o, =a, ., = —100 K for acetic acid monomer-di-
mer; for acetic acid-water, a, p =2a, p, s, = 20pa, A= daBA, =
Apap = Qapp, = 20a,a8 = 2dapa,; for acetic acid-solvating component,
apc,=2ap,cp Gca, =24ca, 9aac = Gaca, = dcac = Face, = 2da,ac =
2a,ca, Values of ap ¢ and acp are obtained from the mutual solubility
data of the water—non-associated component systems with a value of agc. =
acp = 0.25. For acetic acid—non-polar component mixtures the value of a,.
(= aca) 18 an adjustable parameter and for acetic acid—polar component
mixtures a,. is fixed as 0.3. Six remaining binary molecular interactions,
which never exist in each binary mixture, are to be fitted to ternary
experimental data or to be approximately estimated from the known binary
parameters. These parameters are assumed t0 be a,pc, =@, ¢, 9cap ™
Acap GacB, = 9,8y 9Bac =dBa, daBac = (@a,ac T @apa,)/2 and a,cap
=(@aca, + aa,a)/2.

The mole fraction equilibrium constant K* and the enthalpy of hydrogen
bond formation 4} for the dimerisation of pure acetic acid are K}(20°C) =
62 and 7% = —26 kJ mol ™! as given by Freedman [6]. This value of 4% fixes

ACETIC ACID (A)

AV AV4 AV .

0.2 0.4 0.6 0.8
WATER (B) Mole fraction BENZENE (C)

Fig. 1. Liquid-liquid equilibrium for acetic acid—water—benzene at 25°C: experimental
(-—-—+) [17] and calculated ( ) tie-lines.
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the temperature dependence of K* by an integrated form of the van’t Hoff
equation:

K*=K*(20°C) exp[(h%/R)(1/293.15—1/T)] (12)

The thermodynamic dimerisation constant K, depends on temperature.
At any temperature K} is evaluated, then x; and x3 are determined from

eqn. (1). K is calculated using eqn. (9) with a, o =a, o, = —100 K and
ap o, =, o =0.3 for acetic acid. Finally K is given by the product of K}
and K.

In an associated solution the activity of any nominal component is equal
to that of its monomer as pointed out by Prigogine and Defay [7] and the
following equations hold for three components:

Xa YA,

s v (13)
XpYp = XpYs, (14)
XcYe = XcYe, (15)

ACETIC ACID (A)

0.2 0.4 0.6 0.8
WATER (B) Mole fracttion CYCLOHEXANE (C)

Fig. 2. Liquid-liquid equilibrium for acetic acid—water—cyclohexane at 25°C: experimental
(-~ ) [18] and calculated ( ) tie-lines.
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Ternary liquid-liquid equilibrium calculations are performed using the
thermodynamic relations for any component in the conjugated phases I and
II:

(x,7,) = (x,)" i=A,B,C (16)

The heterodimerisation constants K,p and K, and the enthalpies of
complex formation 4, and s, are as follows [3,4]: for acetic acid—water
K,z =2 at 20°C and h,p= —14.1 kJ mol™}; for acetic acid-2-butanone
K,-=0.7 at 55°C and h,-= —12.8 kJ mol~'; for acetic acid—ethyl acetate
K,-=0.6at 55°C and h,c = —11.2 kJ mol ™. These equilibrium constants
vary with temperature through the van’t Hoff equation.

An iterative method was used to determine the monomer mole fractions
of the chemical species in the ternary mixture for any set of the nominal
mole fractions of components in such a way as to fulfil eqns. (4)—(7) and
(13)—(15). Then the preset values of the nominal mole fractions are checked
as to whether they satisfy eqn. (16). If not, the preset values of the nominal

ACETIC ACID (A)

AV \ N AV
0.2 0.4 0.6 0.8
WATER (B) Mole fraction TETRACHLOROMETHANE (C)

Fig. 3. Liquid-liquid equilibrium for acetic acid—water—tetrachloromethane at 25° C: experi-
mental (-—-—- ) [19] and calculated ( ) tie lines.
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ACETIC ACID (A)

\ \. \ \
0.2 0.4 0.6 0.8
WATER (B) Mole fraction TOLUENE (C)

Fig. 4. Liquid-liquid equilibrium for acetic acid-water—toluene at 25°C: experimental
(=-—- ) [17] and calculated ( ) tie-lines.

mole fractions are readjusted and another loop starts to find a new set of the
mole fractions of the chemical species.

CALCULATED RESULTS AND DISCUSSION

Table 1 gives detailed results of binary phase equilibrium data reduction.
The binary parameters from vapour-liquid equilibrium data were taken
from previous papers [1,3,4] and those from mutual solubilities were ob-
tained from smoothed values given by Serensen and Arlt [15]. These
parameters were used to calculate ternary liquid-liquid equilibria.

Experimental ternary liquid-liquid equilibrium data sets are available
from the compilation of Serensen and Arlt [16], for acetic acid—water—
benzene at 25°C [17], for acetic acid—water—cyclohexane at 25° C [18], for
acetic acid—water—tetrachloromethane at 25° C [19], for acetic acid—water—
toluene at 25° C [17), for acetic acid—water—2-butanone at 25° C [20] and for
acetic acid—water—ethyl acetate at 30° C [21]. Figures 1-6 illustrate reasona-
ble agreement between the experimental and calculated solubility envelopes.
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ACETIC ACID (A)

0.6 7~ Ya¥ 0.4
0.2
Rt . V
0.2 0.4 0.6 0.8
WATER (B) Mole fraction 2~-BUTANONE (C)

Fig. 5. Liquid-liquid equilibrium for acetic acid—water—2-butanone at 25° C: experimental
(-——- ) [20] and calculated ( , Kac #0; — — —, K, =0) tie-lines.

ACETIC ACID (A)
0.6 0.4

0.2 0.4 0.6 0.8
WATER (B) Mole fraction ETHYL ACETATE (C)

Fig. 6. Liquid-liquid equilibrium for acetic acid—water—ethyl acetate at 30 ° C: experimental
(- ) [21] and calculated ( , Kpe # 05 — — —, K, = 0) tie-lines.

Incorporating the solvation constant between acetic acid and 2-butanone or
ethyl acetate gives smaller envelopes as shown in Figs. 5 and 6.

It may be concluded that the association model used is able to predict
ternary liquid-liquid equilibria for mixtures containing acetic acid, water
and a non-associated component with sufficient accuracy.

LIST OF SYMBOLS

A, B, C acetic acid, water and a non-associated component

a, NRTL binary interaction parameter for the j—i pair

F objective function used in vapour-liquid equilibrium data re-
duction (refs. 1, 2)

G, coefficient as defined by exp(—«a,,7,)

=
»

enthalpy of hydrogen bond formation for acetic acid
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enthalpies of complex formation

heterodimerisation constants

thermodynamic equilibrium constant

liquid phase mole fraction dimerisation constant as defined by
Xa,/ xi,

activity coefficient ratio as defined by v, /y,,%1

universal gas constant

absolute temperature

liquid phase mole fraction of chemical species i

Greek letters

Subscripts

Al’ A2
AB, AC

B,, G
i, j, k, r

Superscript

*

non-randomness parameter for the j—i pair

activity coefficient of component i or species i
root-mean-square deviations in pressure and temperature
root-mean-square deviations in liquid phase and vapour phase
mole fractions

coefficient as defined by a,/T

monomer and dimer of acetic acid

1:1 complexes of acetic acid with water and a solvating
component

monomers of water and a non-associating component
chemical molecular species or components

pure liquid reference state
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