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ABSTRACT

The isothermal vapour-liquid equilibria of the acetic acid-propanoic acid and propanoic
acid—water systems have been modelled by a new association model which incorporates the
association constant between like molecules and the solvation constant between unlike
molecules using the NRTL equation for molecular interactions between chemical species.

INTRODUCTION

Carboxylic acids are known to self-associate in both the vapour and liquid
phases [1-6]. Large negative deviations from vapour ideality at normal or
even low pressures can be described by means of expressions for fugacity
coefficients based on the thermodynamics of chemical equilibrium [3,7,8].
Marek [7] applied vapour-liquid equilibrium relationships, including the
effect of the association of one component in both phases, to binary
mixtures of acetic acid with water, benzene and p-xylene. Jenkins and
Gibson-Robinson [9] presented an extension of the work of Marek and
Standart [2] by incorporating a concentration-dependent liquid phase associ-
ation constant to correlate the vapour-liquid equilibria of the acetic
acid—toluene system.

A new association model has been presented from this laboratory to give
a good representation of the vapour-liquid equilibria of binary solutions
containing a carboxylic acid; the model can be extended in a straightfor-
ward manner to multicomponent mixtures [10-12)]. The new model uses the
thermodynamic liquid phase dimerization constant of carboxylic acid, which
allows the liquid phase mole fraction dimerization constant to change with

* Author to whom all correspondence should be addressed.

0040-6031 /89 /803.50 © 1989 Elsevier Science Publishers B.V.



254

composition, with an allowance for molecular interactions expressed by the
NRTL equation [13]).

In this work we apply the new model to binary acetic acid—propanoic acid
and propanoic acid—water mixtures.

SOLUTION MODEL
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In the A) and propanoic acid (B) partly dimerize
to forrn homodlmers A and B2 and heterodimers AB according to three
chemical reactions, A, + A,=A,, B, +B; =B, and A, + B, = AB. All the
equilibrium constants for these reactions are defined by
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We can take Ky = 2( KL, K53)'/? as a consequence of the similar chemical
nature of both acids [6].

The NRTL equation [13] is used to express molecular interactions be-
tween five molecular species, A, A,, B;, B, and AB. The activity coefficient
of any molecular species i is given by
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We use two adjustable interaction parameters a,p and agz, with the
assumptions that a, 5 =2a,,5 =2d, 5 =4a, p = dup. dpa, =2dpa =
2ay , =4ap , = ap,, and one value for the non-randomness parameters
a,; of all binary pairs. As described in previous papers (10-12), a AA, =
da,a, = —100 K and agp =app = —80 K.

As the chemical potential of the nominal associating component should
be equal to that of the monomer of the same component [1], the following
relations can be derived

xAlyAl

N Teaaz) 1o
Xg,Yn
T (s “”

The monomer mole fractions are related to the stoichiometric mole
fractions by

2
.- Xa, t ZKAXxA] + KABx)cAI)cBl (12)
AT 2 2
Xa, + 2KAXJCAl + 2KABXxAle] + ZKBXJCBl + xp,

2
Xp + 2Kaxxa, + KABxxA,xBI

Xp= 5 > (13)
X, + 2KAXxA] + 2KABXxA]xB‘ + 2KB.pr, + xg,

The sum of the mole fractions of all the species present must be unity.

2 2 -
Xp, F KaxXy, + Kap,Xa xp + Ky xp + x5 =1 (14)

CALCULATION PROCEDURE

The compositions of the vapour and liquid phases are related by a set of
the thermodynamic relations, one for each component /.

s poss | AP P
Po,y; = v;x, P ¢; exp RT (15)
where P is the total pressure, y is the vapour phase mole fraction, P* is the
pure component saturated vapour pressure and o' is the pure liquid molar
volume calculated from the modified Rackett equation [14].

According to a chemical theory of vapour phase imperfections [3,8],
deviations from the ideal gas law are attributed to dimerization, to associa-
tion of like molecules and to solvation of unlike molecules. The three
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equilibrium constants are defined by

<
KV _ fA2 _ Za, Pa, (16)
AA 2 2 °2p
fA, Zp, Pa
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where f is the fugacity of the true, chemical species and the true moie
fraction z is not tdentical to y which is the stoichiometric mole fraction. It is
assumed that the Lewis fugacity rule is used for calculating the fugacity
coefficients of the true species and the second virial coefficients for mono-
mer i and homodimer i, are given by Bf = Bi and B = Bp. Bf is the
free contribution to the second virial coefficient of species i [15]. Then the
fugacity coefficients of the true species are given by

© B:]P ©
$a, = XD 7 = A, (19)
° BglP P=Y
¢B‘ = exp RT = ¢B2 (20)
BI.P
ap = EXP o (21)
The mass balance equations are
Na=ns +2n, +n,p (22)
ng=ng +2ny +n,p (23)

The true mole fractions of the species are found from eqns. (16)—(23).

Prigogine and Defay [1] proved that in a mixture of both associating
components A and B, the fugacity of component A is equal to the fugacity
of monomer A, and that of component B is equal to the fugacity of
monomer B,. Thus,

oam || e (24)

- (—) exp— (25)
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The chemical equilibrium constant X ,‘j is calculated from the relation
- Bilj)‘(z - 8:‘ j)
RT
where 8, =0 when i+, and §,, =1 when i =, and BP is the dimerization
contribution to the second virial coefficient [15]. More details of the calcula-

tions described above are shown elsewhere [8].

The temperature variation of the liquid phase mole fraction dimerization
constants for pure acetic and propanoic acids was given by Barton and Hsu
[5], who correlated Freedman’s calculated results of the mole fraction
equilibrium constant derived from an equation for the excess acoustic
absorption of pure acetic and propanoic acids [4]

3131

Ki‘; = (26)

In K2, === - 6.5197 (27)
In K2, = 3—’%39 — 8.6632 (28)

Isothermal experimental vapour-liquid equilibrium data for the acetic
acid-propanoic acid system are available graphically at 20° C. Equations
(27) and (28) provide values of K} and K, at 20°C. From these K, and
K., the monomer and dimer mole fractions of pure acetic acid are solved
from x% + K2, x%*=1 and similarly those of propanoic acid are obtained.
Then the act1v1ty coeff1c1ems of the monomer and dimer at two pure liquid
reference states are calculated by using the NRTL equation with a, , =
asa, = 100K, apy =app =—80Kand a, , =a, 5 =agp =app =
0.3. Hence we can obtain the values of K}, and K% BB from eqns. (1) and (2)
and K5, from the relation Kxp =2/K. i Kpy -

For a set of starting values of a,y = —100 K and a,, = —100 K, an
iterative method is used to obtain the true compositions and the activity
coefficients of all the chemical species present at the first nominal composi-
tion of x, by simultaneous solution of eqns. (1)-(7), (12) and (14). Similarly,
computations advance gradually to the last data point. Then the parameters
are readjusted to give a better fitting of the model to the experimental data.
The computer program used in this work was similar to that described by
Prausnitz et al. [§].

For the propanoic acid—water system where complex formation between
unlike molecules is assumed in the same manner as the acetic acid-water
system (3], @, p, @pa, and a, ,p are sought, on the assumptions that
app, = 2da,p, 2apa, = apap GaaB= 204,48 = daRa, = 9p,aB = dapp, aNd
all a,; are set as 0.3. The three parameters were obtained by minimizing the
following objective function

F= E (P P) + (T:_j\:)z 4 (xli“£15)2+ ()’1:"“)71;')2

2 2 2
P Ot o, o,

(29)
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where a circumflex indicates a calculated value corresponding to each
experimental point and o is the estimated standard deviation for each of the
measured variables: ¢, =1 Torr for pressure, o = 0.05°C for temperature,
o, = 0.001 for the liquid phase mole fraction and o, = 0.003 for the vapour
phase mole fraction.

CALCULATED RESULTS

Figure 1 shows experimental and calculated vapour-liquid equilibrium
for the acetic acid—propanoic acid system. Both components self-associate
strongly and solvate with each other. The data are well represented by the
model. The fugacity coefficients are appreciably far from unity and the
activity coefficients deviate only slightly from ideal solution behaviour.
Figure 2 plots the variation of the liquid phase mole fraction equilibrium
constants as a function of composition.
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Fig. 1. Vapour-liquid equilibrium for acetic acid—-propanoic acid at 20 ® C. Experimental data
of Christian [16] (@); calculated with a,p = 280.51 K, ag, =—279.33 K and a,;=ap, =
0.3528 ( ).
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Fig. 2. Variation of liquid phase mole fraction equilibrium constants with composition: KL,
0); K,g, (O 0); and Ky, (& A).
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Fig. 3. Vapour-liquid equilibria for propanoic acid-water. Experimental data of Brazusskene
[17] at (©) 40°C, (2) 50°C and (O) 60° C; calculated ( ).
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Fig. 4. Vapour-liquid equilibria for propanoic acid—water. Experimental data of Rafflenbeul
and Hartmann [18] at (O) 60° C, (a) 80° C and (o) 90° C: calculated ( ).
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Fig. 5. Variation of liquid phase mole fraction association constant with composition.
Propanoic acid—water at (o 0)40°C, (a 4) 50°C and (O 0) 60°C.
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Fig. 6. Variation of liquid phase mole fraction association constant with composition.
Propanoic acid-water at (O ) 60°C, (a 2) 80°C and (o 0) 90°C.

For the propanoic acid-water system, water was assumed not to self-asso-
ciate. The liquid phase mole fraction solvation constant K,y is 0.8 at 25°C
and the enthalpy of complex formation 4,5 is —5.7 kJ mol™', which is the
same as that for the acetic acid—water system [11]. 4, was assumed to be
temperature independent and fixes the temperature dependence of K5, by
the van’t Hoff relation. Table 1 shows calculated results for the propanoic
acid-water system and a graphical comparison between the calculated and
experimental results is given in Figs. 3 and 4, showing that the model works
well for this system. The liquid phase mole fraction dimerization constant
varies with composition as shown by Figs. 5 and 6.

LIST OF SYMBOLS

A, B acetic acid and propanoic acid or propanoic acid and water

a,; NRTL binary interaction parameter related to 7,; for i—j

BP dimerization contribution to the second virial coefficient for i~
interaction

Bf; free contribution to the second virial coefficient for i—j interac-

tion
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objective function as defined by eq. (29)

fugacity

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

enthalpy of complex formation for propanoic acid—water

liquid phase thermodynamic association constants for acetic acid
and propanoic acid

liquid phase thermodynamic solvation constant between acetic
acid and propanoic acid

liquid phase mole fraction association constants for acetic acid
and propanoic acid

liquid phase mole fraction solvation constant for acetic acid and
propanoic acid or propanoic acid and water

activity coefficient ratios

vapour phase equilibrium dimerization constant for i—j pair
number of moles

total pressure

saturated vapour pressure of pure component i

universal gas constant

absolute temperature

pure liquid molar volume of component i

liquid phase mole fraction of component i or molecular species i
vapour phase mole fraction of component i

true vapour phase mole fraction of molecular species i

Greek letters

Subscripts

Al’ AZ
AB

NRTL non-randomness parameter for i—j pair

activity coefficient of component i or molecular species 7
Kronecker 8, 8,,=0for i#j and §,;=1 for i =j

standard deviations in pressure and temperature

standard deviations in liquid phase and vapour phase mole
fractions

NRTL binary parameter as defined by a,,/T for i-j interaction
vapour phase fugacity coefficient of component ¢ at T and P
vapour phase fugacity coefficient of pure component / at T and
PiS

vapour phase fugacity coefficient of true molecular species i

monomer and dimer of acetic acid or propanoic acid
1:1 complex of acetic acid and propanoic acid or propanoic acid
and water
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B,, B, monomer and dimer of propanoic acid or monomer of water
i, j, k, | chemical molecular species or components

Superscripts

* pure liquid state
L liquid
\% vapour
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