Thermodynamics of associated solutions
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ABSTRACT

An association model to treat the non-ideal behaviors of associated solutions, based on
the new local composition model, is presented. The present model assumes the equilibrium
constants for the formation of chemical complex defined in terms of the modified volume
fractions of chemical species. The model is applied to describe the thermodynamic
properties of binary and ternary vapor-liquid equilibria, liquid-liquid equilibria and excess
enthalpies in alcohol mixtures, in acid mixtures, and in alcohol and acid mixtures using the
association parameters obtained from their pure-component properties. In acetonitrile and
amine mixtures, the ternary phase equilibria are predicted well using smaller values of the
association constants than those estimated from their pure-component properties. The model
can reproduce the equilibrium properties of binary and ternary mixtures containing
acetonitrile and alcohol using the association constants estimated in this study.
Furthermore, the model is applied to correlate binary vapor-liquid equilibria and to predict
ternary phase eqﬁilibria in sulphur dioxide mixtures using only binary information. The

predicted results for these ternary mixtures are in good agreement with the experimental
data.

INTRODUCTION

Many researchers have proposed solution models to describe the thermodynamic properties
of solutions containing self-associating components such as alcohols and acids. However,
the solution model which is able to applied to various associated solutions such as alcohol,
amine, acid and acetonitrile solutions using the physically reasonable association-constants
is under development. Recently, Nagata et al. have developed a rather simple and more
useful local composition model to reproduce well the temperature-dependence of mutual
solubility data, ternary vapor-liquid and liquid-liquid equilibria, and quaternary liquid-liquid
equilibria. In this research, a new associated-solution model to correlate and to predict the
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phase equilibria and excess enthalpies of associated solutions is developed using the new
local composition model, and the model is applied to describe the equilibrium properties of
various associated solutions of alcohol, acid, acetonitrile, amine and sulphur dioxide.

THEORY

The key equations for describe the thermodynamic properties such as phase equilibria
and excess molar enthalpies of mixtures are derived from the expression of the excess
Gibbs free energy by use of the basic thermodynamic relations. The chemical model to
calculate the excess Gibbs free energy of associated mixtures is expressed as the sum of
the chemical and physical contribution term. The chemical contribution term involves
equilibrium constants due to the association of like molecules and the solvation of unlike
molecules studied here. The chemical contribution term in the new association model is
derived on the basis of the new local composition model whose segment fractions of each
component are modified, and the physical contribution term in the model is the Wilson-type
equation. The association and solvation constants in the new chemical contribution term are
defined using the modified segment fractions of chemical species, and their constants are
expressed as

['1] For alcohol, amine, acetonitrile and sulphur dioxide molecules,

KA:%& A+ A= AL (1)

[2] For acid molecules,
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KA—WZ A1+A1=A2 (2)
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[ 3] Between alcohol or amine molecules and acetonitrile or active-component molecule,
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KAB= . A1+B1=A|B1 (3)
[ 4] Between acetonitrile or sulphur dioxide and active-component molecule, and between
alcohol and acid molecule,
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Ka= 000 - A +Bi=AB: (4)
where the modified segment fraction of component I is defined by the molecular geometric-
size parameter 71 of pure component L.
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Ternary phase equilibria and excess enthalpies are predicted using binary interaction
parameters in the physical term, which are obtained by fitting the model to binary
experimental data.
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RESULTS AND CONCLUSIONS

In the chapter 1, the new associated-solution model which can be applied to associated
solutions including one alcohol is developed. The association parameters of pure alcohols
are estimated from their vapor pressures using the homomorph concept. Ethers are used as
homomorphs of alcohols. The association constants of associated components, which were
estimated in this study, are shown in Table 1. The new associated-solution model has a
good workability in representing vapor-liquid equilibria and excess enthalpies for binary
alcohol mixtures, and in predicting ternary phase equilibria and excess enthalpies for many
alcohol mixtures from only binary parameters as shown in Figure 1 and Tables 2 and 3.

In the chapter 2, binary vapor-liquid equilibria and excess molar enthalpies in mixtures
including amine and/or acetonitrile are correlated well using the model whose association
constant of acetonitrile is physically reasonable for acetonitrile molecule. Predictions for the
ternary phase equilibria and excess enthalpies of mixtures containing aniline and/or
acetonitrile and for the ternary excess molar enthalpies of the n-butylamine +
acetonitrile + 1, 4-dioxane system are in good agreement with the experimental results. A
part of these results is shown in Tables 2 and 3 and Figure 2.

In the chapter 3, the model is further extended to treat many mixtures containing alcohol
and acetonitrile. Vapor-liquid equilibria, liquid-liquid equilibria and excess enthalpies for
binary and ternary mixtures of these two associated components are quite well represented
using association constants estimated in this study, as shown in Tables 2 and 3 and
Figure 2.

In the chapter 4, the model is applied to sulphur dioxide solutions with organic
components and is found to predict ternary vapor-liquid equilibria and liquid-liquid
equilibria with good accuracy. Ternary predicted liquid-liquid equilibria calculated using the
model are better than those obtained from another model whose equilibrium constants are
defined in terms of the mole fractions of chemical species.

In the chapter 5, the dimerization parameters of acid molecules were estimated from the
vapor-pressures of pure acids using the homomorph concept. Methyl alkanoates are adopted
as homomorphs of acids. The binary vapor-liquid equilibria and excess enthalpies of
alkanoic acid mixtures are correlated well with the model. The model has a good
workability in predicting ternary vapor-liquid equilibria of the acetic acid + toluene + n-
heptane system, ternary liquid-liquid equilibria of alkanoic acid mixtures including water
and a non-associated component using only binary parameters.

Table 1 Association constants K and enthalpies AHs for complex formation

Component Ka ~-AHa Component Ka -AHa
(at 50T) /kJ mol ' (at 507) /kJ mol”'
Methanol 143.0 22.5 Acetonitrile 0.8 6.7
Ethanol 119.2 22.2 Aniline 10.0 9.0
1-Propanol 104.3 22.0 n-Butylamine 2.0 9.0
2-Propanol 84.6 22.2 Sulphur dioxide 1.5 6.6
1-Butanol 95.6 21.5 Formic acid 25457, 42.4
2-Butanol 68.6 20.8 Acetic acid 23357. 43.9
iso-Butanol 78.7 21.2 Propionic acid  19680. 45.4
tert-Butanol 38.1 19.7 Butyric acid 18840. 46.9

*) Ka of sulphur dioxide is 1.5 at 0.
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Furthermore, in the chapter 6, the binary vapor-liquid equilibria and excess enthalpy data

for alcohol + acid mixtures are well correlated using the present model and UNIQUAC

associated-solution model whose solvation constants are defined by 1 : 1 complex formation

between alcohol and acid molecules. The termnary excess molar enthalpies of methanol+ acetic

Table 2 Ternary predicted results for vapor-liquid equilibria

System (A+B+C)

Temp. No. of Abs. arith.

mean dev.®

/T data fya §Ys §yc §P
points x10® x10° x10® /Torr
Methanol + CCl. + benzene 55 8 1.9 3.0 2.8 2.4
Ethanol + benzene + cyclohexane 55 19 7.1 4.8 8.4 5.6
1-Propanol + acetonitrile + benzene 55 27 5.4 7.4 6.3 3.4
2-Propanol + acetonitrile + benzene 50 23 4.4 3.2 4.5 4.3
2-Propanol + benzene + cyclohexane 40 6 6.3 2.1 5.5 1.5
1-Butanol + acetonitrile + benzene 60 15 2.6 7.2 7.5 4.5
2-Butanol + acetonitrile + benzene 60 21 3.4 4.3 5.2 3.6
iso-Butanol + acetonitrile + benzene 60 21 5.0 4.8 8.4 5.3
tert-Butanol + acetonitrile + benzene 60 27 3.9 3.9 5.5 2.4
Aniline + benzene + cycylohexane 70 10 0.5 7.8 7.4 3.1
Aniline + toluene + methylcycylohexane 80 7 1.1 3.1 3.0 3.7
Acetonitrile + benzene + n-heptane 45 51 8.4 3.3 6.6 3.9
Acetonitrile + benzene + CCl, 45 62 7.8 4.4 5.7 2.2
S0: + benzene + n-pentane -17.8 82 9.5 . 0.7 9.3 7.3
Acetic acid + toluene + n-heptane 30 47 8.8 7.5 11.3 1.9
* y, vapor-phase mole fraction; P, total pressure.
Table 3 Ternary predicted results for excess molar enthalpies H*
System (A+B+C) Temp. No. of Abs. arith. mean dev.
/T data §H® sH®/H"
points /J mol™' /%

Methanol + 2-propane + benzene 25 57 " 13.60 2.70
Methanol + acetonitrile + benzene 25 57 27.36 3.60
Ethanol + p-xylene + cyclohexane 25 59 9.58 1.50
Ethanol + 2-propane + benzene 25 57 10.60 1.57
Ethanol + 2-butanone + benzene . 25 42 14.40 2.46
1-Porpanol + 2-propanone + benzene 25 57 8.31 1.12
1-Porpanol + acetonitrile + benzene 25 56 13.68 1.30
2-Propanol + toluene + cyclohexane 25 56 10.55 1.47
2-Porpanol + acetonitrile + benzene 25 57 17.56 1.57
1-Butanol + benzene + cyclohexane 25 43 15.46 1.58
2-Butanol + acetonitrile + benzene 25 65 26.34 1.60
iso-Butanol + acetonitrile + benzene. 25 70 15.97 1.10
tert-Butanol + acetonitrile + benzene 30 60 27.19 1.77
Acetonitrile + benzene + CCl, 25 54 12.32
Aniline + acetonitrile + benzene 25 52 18.91
n-Butylamine + ‘acetonitrile + 1,4-dioxane 25 53 23.65
Acetic acid + methanol + CCl. 25 47 23.90
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Fig.1. Ternary liquid-liquid equilibria for alcohol mixtures.
Calculated. . Experimental tie-line :@#— —@®, (A)methanol + benzene + cyclohexane
at 25°C.: (B) methanol + CCl, + cyclohexane at 25°C.
(A) 08 Toluene . \ (B) 0.8 Benzene
—_\
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Acelonitrile
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Fig. 2 Ternary liquid-liquid equilibria for acetonitrile and/or aniline mixtures. Calculated.
. Experimental tie-line data :®, (A) acetonitrile + toluene + cyclohexane at 45°C ;
(B) cyclohexane + benzene + aniline at 20°C ; (C) aniline + acetonitrile + cyclohexane

25°C ; (D) ethanol + acetonitrile + n-octane at 25°C i—-—-—-—- , calculated results without
association of acetonitirle molecules.

acid + tetrachloromethane are reasonably well predicted from the binary data.

In conclusion, the proposed associated-solution model is able to be applied to many kinds
of associated solutions such as alcohol, amine, acetonitrile, sulphur dioxide and alkanoic
acid solutions with good accuracy.
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