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ABSTRACT

A model using a concentration-dependent liquid-phase association constant for acetic acid
was employed to correlate isothermal vapour-liquid equilibrium data for binary solutions of
acetic acid with water and 2-butanone. Results of data reduction show that cross-dimeriza-
tion between acetic acid and water is required to represent satisfactorily two sets of literature
data.

LIST OF SYMBOLS

A, B acetic acid and water or 2-butanone

a, binary interaction parameter

F objective function as defined by eqn. (14)

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

hap enthalpy of complex formation

K thermodynamic liquid-phase association constant

K, liquid-phase mole fraction solvation constant as defined by
XaB/ XA X,

K, liquid-phase mole fraction association constant as defined by
Xa,/ xAlz

K activity coefficient ratio as defined by YAZ/YA,Z
P total pressure

P’ saturated vapour pressure of pure component i
R universal gas constant

T absolute temperature

vF molar liquid volume of pure component i
x; liquid-phase mole fraction of component i or species i
Vi vapour-phase mole fraction of component i

* Author to whom correspondence should be addressed.

0040-6031 /89 /$03.50 © 1989 Elsevier Science Publishers B.V.



208

Greek letters

a, non-randomness parameter

Y, activity coefficient of component i
0p, 07 standard deviations in pressure and temperature

o,, o, standard deviations in liquid-phase and vapour-phase mole frac-
tion

T, coefficient as defined by a,,/T

¢, vapour-phase fugacity coefficient of component i at T and P

¢, vapour-phase fugacity coefficient of pure component i/ at 7 and P;

Subscripts

A;, A, monomer and dimer of acetic acid

AB 1:1 complex of acetic acid and water

B, monomer of water or 2-butanone

i, j, k components

Superscripts

) calculated property

* pure-liquid reference state

INTRODUCTION

In a previous paper [1] a new model was presented to correlate binary
isothermal vapour-liquid equilibrium data for solutions of acetic acid with
benzene, n-heptane, toluene and tetrachloromethane, and to predict the
ternary isothermal vapour-liquid equilibrium for acetic acid—toluene-
n-heptane from binary parameters alone. The model uses the liquid-phase
dimerization constant for pure acetic acid to derive a concentration-depen-
dent association constant defined in terms of the thermodynamic associa-
tion, and involves the NRTL equation [2] to describe molecular interactions
between the chemical species present. Since the thermodynamic association
constant is defined in terms of the activities of acetic acid monomer and
dimer and is independent of concentration, it relates the activity coefficients
of acetic acid monomer and dimer at a specific concentration to their values
in pure acetic acid.

In this paper the model is extended to mixtures of acetic acid with water
and 2-butanone.

SOLUTION MODEL

In the liquid phase the model assumes the existence of monomers (A;)
and dimers (A,) of acetic acid and further that molecules of acetic acid and
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water (B) interact strongly to form complex AB according to A, + B, = AB.
The thermodynamic dimerization constant for acetic acid K and the solva-
tion constant K,y in the liquid phase are defined as

x* 'Y* XaY

K= :2 :zzz A, A22=KXK-Y (1)
(XA,YAI) (xA,YA,)
_ _*aB

Kan= o @

where x, , x, , xsp and xy are the true mole fractions of the monomer and
dimer of acetic acid, the heterodimer of acetic acid and water and the
monomer of water respectively, v,, and v,, are the activity coefficients of
the acetic acid monomer and dimer, K, is the liquid-phase mole fraction
dimerization constant as defined by x, /x4 2 A Ky is the activity coefficient
ratio expressed by v, /'yA and the superscript * refers to pure acetic acid
state.

The activity coefficient of any i of the chemical species A;, A,, AB and
B, is given by the NRTL equation [2]

ZT[!Gjlx x.G Zerr/Grj
Iny,=~ e | e (3)
Zkaxk J Zijxk Zijxk
k k k
where
T, =a,/T 4)
G, = exp( _ajtTj'i) (5)

and the energy parameter a; and the non-randomness parameter a,, are
assigned as follows. In principle, we must take into account an interaction
for each pair of all the chemical species present. The total number of such
pairs is six. For each pair three parameters (two energy parameters and an
a;;) could be used. Then, the number of resulting parameters is 18, which is
too many. We confine ourselves to use a minimum number of three as
adjustable parameters in fitting the model to experimental results. We study
four cases to test the suitability of the model. In all cases we assume that the
interaction energy parameter between the monomer and dimer of acetic acid
in the mixture is the same as that in pure acetic acid, namely a, o = au 4,
= —100 K and a, o, = as,4, =03 [1]:

(D) app, =2au,8; apa, = 2aB1A2’ Aa,B, =~ 9A,AB = QA ,AB = 9aBB) 9BA, T
AaBA, = Aapa, = dp,ap- 1D this case a, 5, ap 4, and a are parameters;

(I) app =2aa,p, apa, =2apa, Gaas=20s,ap: GaBA, = 28aBAy
Ap A = AaBB; 9a,AB = 9aBa, = dpap and all a are taken as 0.3. The adjust-
able parameters are a, p, ds ap and ap 4 ;



210

(IT) a, 3, =2a, ,B, — QB A, =2ay Ay GAABT 2‘1A ABs GABA, = 2aABA-,
ap AB = daBB,> JA,AB = dABA, and all a are taken as 0. 3 Here three parame-
ters are d, g, 9 B and ap ap;

(IV) the parameters are the same as those used in case (I) and the
solvation constant is zero.

The liquid-phase mole fraction dimerization constant for pure acetic acid
changes with temperature [3] as expressed by

In KX = 31;1 — 6.5197 (6)

Christensen et al. [4] correlated the excess molar enthalpy data for acetic
acid-n-heptane [5] and acetic acid-water [6] using the Redlich—Kister
equation. We obtained the molar enthalpies of infinite dilution of acetic acid
in these solvents from the same equation: 4.3 kJ mol ™' for acetic acid—n-
heptane; — 1.4 kJ mol ™! for acetic acid—water. The difference between these
values provides the molar enthalpy of hydrogen bond formation between
acetic acid and water, h,5 = —5.7 kJ mol~'. This value fixes the tempera-
ture dependence of K,y for acetic acid—water according to

dln K5 hup

d(1/T) R
At 20°C we set K,p =4 for case I and K,5 =1 for cases II and III.
The stoichiometric mole fractions of both components are given in terms

of the equilibrium constants and the monomer mole fractions of the same
components

(7)

Xo +2K x4 24 Kapxa,Xs,

XA = : : (8)

2
Xa + 2K, x5 " +2K,pXa X, t Xp,

xg, + KapXa X5,

Xp= : 9)

2
Xa t 2K xa0"t+ 2KABxAlxBI + xp,

The sum of the mole fractions of all the chemical species must be unity
Xp, + Xa, t Xapt Xp =Xa, + KxxAl2 + KapXp Xp +xp =1 (10)

According to a theorem discussed by Prigogine and Defay {7], the
following equations relate the apparent activity coefficients to the true
quantities

XaYa,

XAYa = *Y* (11)
XA YA,

XgY¥s = Xp,¥B, (12)

For given values of K, a,a, =100 K, a, o,=0.3, Kup and the three
adjustable parameters of the NRTL equation, the true compositions and



211

true activity coefficients at any apparent composition are obtained by
simultaneous solution of the pertinent equations described above. The
equations are straightforwardly solved by iterations as described previously

11].

CALCULATED RESULTS

We reduced the available literature data for the vapour-liquid equi-
librium for acetic acid—water and acetic acid—2-butanone with our equations
using the thermodynamic relation given by

Sps vF(P — P*)
Yi$, P =v,x,¢P, exp[—'TT‘—] (13)
where y, and x, are the apparent vapour and liquid mole fraction of
component i, P is the total pressure, P’ is the pure-component vapour
pressure taken from the original vapour-liquid equilibrium data set, ¢, is
the vapour-phase fugacity coefficient of component i at P and T, ¢; is that
of pure component i at P® and T, and v} is the pure-liquid molar volume
calcaluted from the modified Rackett equation [8]. In systems containing
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Fig. 1. Vapour-liquid equilibria for acetic acid~water. Calculated (——). Experimental:

(0)20°C, (a) 40°C, data of Lazeeva and Markuzin [11].
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Fig. 2. Vapour-liquid equilibria for acetic acid—water. Calculated (——). Experimental: (a)

69.7°C, (©) 79.9°C, data of Arich and Tagliavini [13].

500

400

300

Pressure , torr

200

Activity coefficient

X N - S
0.0 o2 04 06 o8 10
Mole fraction of acetic acid

Fig. 3. Vapour-liquid equilibria for acetic acid—water. Calculated ( ). Experimental: (a)
data of Lazeeva and Markuzin at 80 ° C [11]; (o) data of Arich and Tagliavini at 89.9° C [13].
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Fig. 4. Vapour--liquid equilibria for acetic acid-2-butanone. Caleunlated (———). Experimen-

tal: (&) 68.51° C, () 78° C, data of Rasmussen et al, [15).
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Fig. 5. Variation in liquid-phase mole fraction association constant with composition for
acetic acid-water: A (0) 20°C, (a) 40°C, (T) 80°C, data of Lazeeva and Markuzin [11]; B
(0) 69.7°C, (8) 79.9°C, (7) 89.9°C, data of Arich and Tagliavini [13].
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one or more carboxylic acids, the fugacity coefficients ¢, and ¢; are
calculated on the basis of chemical theory whose expressions for fugacity
coefficients are derived from the thermodynamics of chemical equilibrium
[9, 10].

The computer program used to obtain optimum parameters, based on the
maximum-likelihood principle, was similar to that given by Prausnitz et al.
[10]. The optimum parameters were obtained by minimizing the objective
function

N B 2 A 2 a2 . 2
F= Z (‘PI f) + (7: 27:) + (xlt xl:) + (yli ylf) (14)
i=1

op or o’ oy2

where a circumflex indicates the calculated true value corresponding to each
measured variable, and the standard deviations were assumed for the
measured variables: o, =1 Torr for pressure; o= 0.05 K for temperature;
o, = 0.001 for liquid mole fraction; o, = 0.003 for vapour mole fraction.

The experimental vapour-liquid equilibrium data of Lazeeva and
Markuzin [11] for acetic acid—water are available from Gmehling and Onken
[12] and those of Arich and Tagliavini [13] from Gmehling et al. [14]. The
binary results of vapour-liquid equilibrium data reduction are given in
Table 1. In case IV where the solvation constant is not included, our model
reproduces well the data Laveeva and Markuzin [11], but does not represent
satisfactorily those of Arich and Tagliavini [13]. A survey of the results
obtained in cases I-IV indicates that case II provides the best correlation.
For acetic acid—2-butanone we did not assume complex formation between

15 T T T T 15 T T
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Fig. 6. Variation in liquid-phase mole fraction association constant with composition for
acetic acid—2-butanone: A (0) 68.5°C; B (0) 78°C, data of Rasmussen et al. [15].
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acetic acid and 2-butanone. Figures 1-4 compare the experimental
vapour-liquid equilibrium results with the calculated values, where those for
acetic acid-water is based on case II. The liquid-phase mole fraction
association constant K, versus liquid composition is plotted in Figs. 5 and
6. The relation for acetic acid—2-butanone is markedly different from that
for acetic acid-water. The concentration of the acetic acid monomer in
2-butanone is higher than the corresponding value in water.

In conclusion, the new model is able to correlate accurately the isothermal
experimental vapour-liquid equilibrium results of the acetic acid—water and
acetic acid-2-butanone systems.
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