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ABSTRACT

An association model was developed to correlate the isothermal vapour-liquid equilibrium
data of the binary systems propanoic acid +benzene, + n-heptane, + chlorobenzene,
+cyclohexane, + tetrachloromethane and + 2-butanone, and butanoic acid + 2-butanone.
The model uses a concentration-dependent mole fraction association constant for carboxylic
acids in the liquid phase, with allowance for molecular interactions between the true chemical
species expressed by the NRTL (non-random two liquid) equation. The model quantitatively
reproduces the experimental results in a satisfactory manner over the whole composition
range.

LIST OF SYMBOLS

A, B carboxylic acid and a non-associating component

a;; NRTL binary interaction parameter related to 7,,

BY dimerization contribution to the second virial coefficient for i—j
interaction

Bi';. free contribution to the second virial coefficient for /—; interac-

tion

objective function as defined by eqn. (15)

fugacity

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

liquid-phase thermodynamic association constant for carboxylic

acid

liquid-phase mole fraction association constant as defined by

Xp,/X /2\,

K X activity coefficient ratio as defined by v,_/va,

K vapour-phase equilibrium dimerization constant for i—j pair
total pressure

p’ saturated vapour pressure of pure component i

R universal gas constant

XN RQ™™
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T absolute temperature

vk molar liquid volume of pure component i

X; liquid-phase mole fraction of component i or molecular species ;

¥; apparent vapour-phase mole fraction of component i

z; true vapour-phase mole fraction of molecular species i at equi-
librium

Greek letters

@ NRTL non-randomness parameter for i—j pair

7 activity coefficient of component / or molecular species i

S, Kronecker 8, §,;=0 for i+#j and §,,=1 for i=j

Gp, OF standard deviations in pressure and temperature

o, ©, standard deviations in liquid-phase and vapour-phase mole
fractions

T NRTL binary parameter as defined by a, /T

?; vapour-phase fugacity coefficient of component 7/ at 7 and P

¢} vapour-phase fugacity coefficient of pure component i at 7 and
P’

¢; vapour-phase fugacity coefficient of true molecular species i

Subscripts

AL A, monomer and dimer of carboxylic acid

B, monomer of non-associating component

i, j, k, I chemical molecular species or components

Superscripts
. calculated value
* pure-liquid reference state

INTRODUCTION

Vapour mixtures containing one or more carboxylic acids deviate consid-
erably from ideality, mainly because of strong dimerization between carbo-
xylic acid molecules, although the pressure is far below atmospheric. The
fugacity coefficients of the components involved are modelled using the
chemical theory of vapour-phase imperfection [1]. In the liquid phase,
carboxylic acids partly associate to form dimers. The dimerization constant
in the vapour phase is independent of composition and is assumed to be the
value of the association constant for the pure associating component. This is
not the case for the liquid phase. The liquid-phase mole fraction dimeri-
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zation constant in a mixture is not equal to that of the pure associating
component and is concentration dependent. The concentration dependence
of the dimerization constant appears to make the liquid-phase non-ideality
modelling more complex. In previous papers [2,3], an association model was
proposed to correlate the isothermal vapour-liquid equilibrium data of
binary solutions of acetic acid with benzene, n-heptane, toluene, tetrachloro-
methane, water and 2-butanone and to predict the ternary isothermal
vapour-liquid equilibria of acetic acid + toluene + n-heptane without any
ternary parameters. The new model uses the thermodynamic association
constant, which includes a liquid-phase mole fraction association constant
for pure acetic acid, to generate a concentration-dependent mole fraction
association constant for acetic acid in the mixture. The activity coefficients
of true chemical species were expressed by the NRTL (non-random two
liquid) equation [4].

Because the new model was not applied to other carboxylic acid-contain-
ing solutions, this paper presents the calculated results of vapour-liquid
equilibrium data reduction for binary mixtures including either propanoic
acid or butanoic acid.

SOLUTION MODEL

In a mixture of a carboxylic acid and one non-solvating component, three
chemical species A;, A, and B, exist because of dimerization of the
carboxylic acid (A, + A; = A,). The thermodynamic equilibrium constant
of the reaction is defined as

* &
XA YA, XA YA,

K= = =K K (1)
(x2y2) (xaya) ’

where x; and vy, are the true mole fraction and true activity coefficient of
species i respectively. The liquid-phase mole fraction dimerization constant
K is given by x/,kz/x,il and the activity coefficienF ratio K, by 'Y.AZ/.Y/i,’ .and
the symbol * denotes the pure state of the acid. Molecular interactions
between the species are expressed by the NRTL equation

Iy = 21,Gx; | x;G, ( o Z,x,'r,jG,j) 2)
' 2,Gix, / Ekajxk ' Ekajxk

where

m.=a,/T, (3)

G, = exp(— ajiT/’i)’ (4)

7, 1s a binary parameter related to the energy parameter a, and a; is a
non-randomness parameter. For pure carboxylic acids a, 4, = as 4, =0.3

(fixed value), and the monomer—dimer interaction parameter for carboxylic



354

acid might decrease in magnitude in the order acetic acid > propanoic
acid > butanoic acid as the alkyl group attached to the carboxylic acid
residue increases in size in the order methyl < ethyl < propyl. One energy
parameter a, o =da, A Is thus tentatively assigned as follows: — 100 K for
acetic acid [2,3]; —80 K for propanoic acid; —60 K for butanoic acid. A
further three adjustable parameters are used in fitting the model to experi-
mental data. For the binary systems where no complex formation takes
place it is assumed that a, p =2a, 5 and ay, = 2ap ., and the resulting
parameters are d, 5, dpa, ANd Ay p =Qga = 0p g =Apa = Upp.

The fugacity of the nominal associating component should be equal to
that of the monomer of the associating component [5]. The apparent
activities of both components are thus related to the true activities of the
monomers of the components as follows

XA, YA
— 1 1 5
xAYA x:l,Y:l ( )
and
XpgYB = Xp,Vs, (6)

The apparent mole fractions of the components are expressed in terms of
the true mole fractions of the monomers and the equilibrium constant

Xa, t+ 2Kxxi]
.p = 2 (7)
X 2K x5 +xp
x
Xg = ™ (8)

2
Xa, T2K x5 +xg

The sum of the true mole fractions of all the species present should be
unity

Xo, + K x3 +x5 =1 (9)

For a given value of K and a set of the NRTL parameters, the true mole
fractions of the monomers are obtained by simultaneous solution of the
chemical equilibrium equation (eqn. (1)) and the mass balance equations
(egns. (7) and (9)).

CALCULATED RESULTS

Vapour-liquid equilibrium calculations are based on the thermodynamic
relation

=) o)

Po,y, =v,x,¢,P; exp[ RT
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where P is the total pressure, y, is the nominal vapour-phase mole fraction
of component i, P’ is the pure-component vapour pressure of component i
taken from the original vapour-liquid equilibrium data set, v* is the
pure-liquid molar volume of component i estimated from the modified
Rackett equation [6] and the vapour phase fugacity coefficients, ¢, at P and
T and ¢} at P® and T, are calculated from chemical theory [1].

According to chemical theory, postulating that one or more strongly
associating components present in the vapour phase form chemical species, a
chemical equilibrium constant for a dimerization equilibrium (i +j = ij) is
defined by
kv =Ju 2 % (11)

where f is the fugacity, z is the true mole fraction of the chemical species
and ¢° is the fugacity coefficient of the true species. The chemical equi-
librium constant K7 is evaluated using eqn. (12)

_Bl]jD(2 - 61']')
RT

where §, =0 for i #j, §,,=1 for i=j and B,-?- is the dimerization contri-
bution to the second virial coefficient [7].
The true fugacity coefficient ¢ is expressed using the Lewis fugacity rule
o __ B’_}':})
In ¢} = RT (13)
where Bf is the free contribution to the second virial coefficient [7]. P2, is
assumed to be equal to ¢3 .

The calculation of the true mole fraction z, is performed by simultaneous
solution of mass balance equations for all species and chemical equilibrium
equations for all dimerization reactions involved, as shown in detail by
Prausnitz et al. [8].

Once the true mole fractions are known, the fugacity coefficient of
component / is calculated from

2,97 z; ( Bil:P )

vi v CPURT

The computer program used in parameter estimation, based on the
maximum likelihood principle, is similar to that described by Prausnitz et al.
[8]. Optimum parameters were found by minimizing the objective function

yNl(p-B) (r-T) %) 5 )
F=E ( - I) +( - 1) + (X], lel) + (yll 2y11) (15)
i Op or o, oy

Ki\; = (12)

;= (14)

where a circumflex denotes a calculated value. Standard deviations for
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Fig. 1. Vapour-liquid equilibria for propanoic acid + benzene at 40 ° C. o, Experimental data
of Kogan et al. [10]; . calculated values.

measured variables were taken to be as follows: pressure, o,=1 Torr;
temperature, o= 0.05 K; liquid mole fraction, o, = 0.001; vapour mole
fraction, o, = 0.003.

The temperature dependence of the liquid-phase mole fraction dimeri-
zation constant for pure carboxylic acids is given by Barton and Hsu [9]. For
propanoic acid

In K, = %39 — 8.6632 (16)

and for butanoic acid

In K, = % —9.7057 (17)

Table 1 gives calculated results for binary systems. Figures 1-7 show
comparisons between the calculated results and the experimental values. The
variation of the liquid-phase mole fraction dimerization constant as a
function of composition is appreciably dependent on each particular system,
as shown 1n Figs. 8-11.

In conclusion, the present association model reproduces the isothermal
vapour—liquid equilibria of binary systems of propanoic acid or butanoic
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Fig. 2. Vapour-liquid equilibria for propanoic acid + cyclohexane. Experimental data of Lark
and Banipal [11]: 4, at 25°C; o, at 45°C. Calculated values: ~-—-~ ,at 25°C; ---- .- , at
45°C.

100

Pressure , torr

50

Activity coetficient
o
T

I il I 1
¢} 02 04 06 oB 2]

Mole fraction of propanoic acid
Fig. 3. Vapour-liquid equilibria for propanoic acid + n-heptane. Experimental data of Lark

and Banipal {11]: O, at 25°C; a, at 45°C. o, Data of Schuberth [12] at 50 ° C. Calculated
values: —-—- -, at25°C; --wu-- ,at 45°C; —, at 50°C.
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Fig. 4. Vapour-liquid equilibria for propanoic acid + chlorobenzene at 40 ° C. ¢, Experimen-
tal data of Kogan et al. [13]; , calculated values.
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Fig. 5. Vapour-liquid equilibria for propanoic acid +2-butanone. Experimental data of
Rasmussen et al. [14]: o, at 70°C; a, at 79°C. , Calculated values.
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Fig. 6. Vapour-liquid equilibria for propanoic acid + tetrachloromethane at 30 ° C. o, Experi-
mental data of Tamir et al. [15]; , calculated values.
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Fig. 7. Vapour-liquid equilibria for butanoic acid+2-butanone. Experimental data of
Rasmussen et al. [14]: o, at 70°C; a, at 79°C. , Calculated values.
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Fig. 8. Variation of liquid-phase mole fraction association constant with composition.
o o, Propanoic acid + benzene at 40°C; a &, propanoic acid + chlorobenzene at
40°C; O 0O, propanoic acid + tetrachloromethane at 30°C.
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Fig. 9. Variation of liquid-phase mole fraction association constant with composition for
propanoic acid + cyclohexane. o o, At 25°C; a A, at 45°C.
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Fig. 10. Variation of liquid-phase mole fraction association constant with composition for
propanoic acid + n-heptane. o o, At25°C; a

A, at 45°C; 0

0, at 50°C.
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Fig. 11. Variation of liquid-phase mole fraction association constant with composition.
Propanoic acid + 2-butanone: o o, at 70°C; A A, at 79° C. Butanoic acid + 2-
butanone: @ ® at 70°C; a A, at 79°C.
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acid with hydrocarbons, chlorobenzene, tetrachloromethane and 2-butanone
in a satisfactory manner.
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