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ABSTRACT

The scale particle theory predicting has solubilities in mixed solvents at 1 atmosphere pressure
and ordinary temperature has been studied. A method for predicting Henry’s law constant of single gas
in mixed solvents, from the corresponding data of pure components by using statistical mechanical
theory is presented. Good agreement with experimental results are obtained for helium, argon, nitrogen,
oxygen, methane and ethylene gases in a variety of solvent mixture (water, methanol, ethanol, 1-
propanol, 2-proponal, 1,2-diethanediol, acetone, n-hexane and n-dodecane).
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INTRODUCTION

Guha and Panda'™* reported the solubility of single solute gas including freons
in liquid such as water, carbon tetrachloride, benzene and its derivatives and benzene-
hydrocarbon vapor mixture in water. In this paper, the study of solubility of non-polar
gases in mixed solvent has been presented.

While the solubility of single gas in mixed solvents is of industrial importance,
most experimental works have dealt with solubilities in single solvent. For mixed solvents,
therefore, prediction schemes are often used. In the part of several years, a considerable
efforts has been devoted to the problem of predicting the solubility of gases in mixed
solvents. A large number of experimental and theoretical works have been done on
solubility of dingle gas in single solvent but relatively experimental as well as theoretical
investigations of solubility of gases in mixed solvents are rare.

* Author for correspondence E-mail: drasit guha@yahoo.co.in Phone: 91-33-25827136 (Resi)
E-mail: dpanda420@yahoo.com
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Tiepel and Gubbins’ have proposed an analysis by statistical mechanical
perturbation theory. The perturbation techniques have used to predict mixed solvent
Henry’s law constants for the pure solutes. This method appears promising, especially
when liquid-vapor equilibrium data for mixed solvent are not available. The calculations
required are formidable, however, and the accuracies of perturbation methods have not
been fully established. Gibbins® has given a review of the subject.

O’Connell and Prausnit’, and Boublik® have analyzed the phenomena of solubility
in mixed solvent from purely thermodynamics viewpoints and derived semi-theoretical
correlations. O’Connell’ briefly reviewed the concept of these theoretical treatments. The
general thermodynamic relation between Henry’s law constant for a solute in a mixed
solvent is discussed in terms of limiting activity coefficients. It has also pointed out the
limitation of the thermodynamic treatments and proposed an approximate correlation based
on the solution theory of Kirkwood and Buff'’. Several unknown integrates in the theory
are approximated by an empirical function of solvent composition and of solvent properties
which generally predicts experimental data for gases in both; simple and complex solvents.

Puri and Ruther'' proposed an additive excess free energy model for predicting
Henry’s law constant in mixed solvents. They utilized solvent-vapor liquid equilibrium
data and new model based on the Van Laar equation.

Kung et al.'? developed a method for prediction of Henry’s law constants of single
gases in mixed solvents from the corresponding binary data and by using one parameter
from the Wilson'"> equation is presented. The average absolute error for 40 such binary
solvent systems is 5.9%. For a system containing water in which gas solubilities are
typically low, the proposed method and the other ones-give unreliable results.

Catte et al."* proposed a new and simple model based on group contribution
method for predicting gas solubilities in mixed solvents at low pressure and temperature.
The overall performance of this method is better than that a MHV2, GC-EOS and Sander’s
model but some adjustable parameters are used. However, the applicable range and
accuracy of correlation are still not satisfactory. All of these correlation required
thermodynamic data for mixed solvents.

A statistical mechanical approach can be thought to be a powerful means for
analyzing gas solubility phenomena in mixed solvents. However, at the present time, there
is no exact statistical mechanical solution theory. Instead, various kinds of approximate
theories or model approaches have been presented.
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In the present work, a somewhat intuitive statistical mechanical gas solubility
theory has been presented for the cases concerned with pure liquid including water,
discussed by Guha and Panda'™ in the previous papers, has been extended to the system of
mixed solvents.

Method of computation

Solubility and thermodynamic functions solutions pertaining to the solution
process are calculated in usual manner utilizing scale particle theory (SPT) formalism,
considering that dissolution of gas in a liquid takes place through two steps:

(i) First, the creation of a cavity in the solvent of suitable size to accommodate the solute
molecules i.e. its diameter is exactly the hard sphere diameter of the solute gas. This
referred to as a cavity formation process. The free energy associated with this process
is called cavity formation energy (CFE).

(i1) The second step involved introduction of solute molecule into the cavity of the solvent
and hence, interaction between solute and solvent occurs according to some potential
law. The energy associated with this process is called Gibbs free energy of interaction.

the solubility of gas in liquid is described by Henry’s law constant as —

f
Lim (—)=K (D
Xy = 0 X, H

for extremely dilute solution, from statistical mechanics, Henry’s law constant can
be written as'>"7,

RTInKy = peay + Gmi + RTIn(RT/ V1) ...(2)
for mixed solvent, this can be rewriten as —

I{’T‘lrll(H,mix = (Hcav)mix(d) + (Gm,i)mix + RTln{RT/(Vm,l)mix} .. (3)

Where (Leav)mix (d) is the cavity formation energy to make one mole of cavity in the
mixed solvent and each cavity is sufficiently large to hold one gas molecule. (G, i)mix 1S the
molar Gibb’s free energy of interaction between the solute in the cavity and the
surrounding molecules of mixed solvents; R is the gas constant; T is the system
temperature and Ky nix is Henry’s law constant of gases in mixed solvent and (Vi 1)mix 1S
the molar volume of the solvents mixtures.
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Cavity formation energy of binary solvent mixtures

The expression of cavity formation energy, discussed in previous papers by Guha
and Panda* and Matyushov and Ladanyi,'® was extended to gas solubility in mixed solvent
as —

(Hea)mix(@V/RT = - In(1-Nmix) + 3Mmixd/(LT-Mmix) 3 Mmix C-Neni) 1+ Nmix)/ 2(1-Mmix)* +
T'lmix(l—i_rlmix + nzmix - n3mix)/(l'nmix)3 .. (4)

where Nmix + npmix(csl,mix)3/6 is the “compactness factor” of solvent mixture. The
number density of mixture is defined by pmix = Nao/(Vin.)mix» Na 18 Avagrado’s number. The
hard sphere diameter of the solvent mixtures, (G mix) is calculated by the relation.

(Gl,m)3 = XaGa3 + X‘bcs‘b3 .. (5)

where o, and oy are hard sphere diameters, x, and x, are mole fractions of two
solvents ‘a’ and ‘b’ in mixture, respectively. The last term of equation (4) is related to the
hydrosatatic pressure for gas solubility in incompressible liquid mixtures, which can be
neglected.

Interaction energy of non-polar solute with mixed solvent

For a non-polar solute gas and polar solvent mixture, the dispersion energy and
inductive energy contribute to interaction free energy. If dispersion is approximated by
Lennard Jones (6-12) parameters, then the value of (G i)mix 1s given by the following
relation —

(Gimi)mix/RT = - (327Prmix/IKT)[ X0 {0a+52)/2}° (£a82)" + xp{(0b102)/2}" (£482)"] -
AP mix W mix0/ 3K T[Xa { (0 102)/2}° + xp {Op1+06,)/2} ] ...(6)

where &,, €, and &, are Lennard-Jones (6-12) parameters for solvent ‘a’, solvent ‘b’
and solute gas, respectively and Ly is the dipole moment of the solvent mixture.

Lucas and Feillolay' also used similar type of equation in the analysis of enthalpy
of some non-polar molecules in aqueous ethanol solutions and salt solutions.

For binary solvent mixture, no experimental values of the dipole moment of
solvent ‘a’(u,) and solvent ‘b’(w,) mixtures are available. It is not desirable also to take the
linear average of u, and p, to calculate dipole moment of binary solvent mixture, pyix as
these are vector quantities. The vector addition would depend on the relative special
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orientation of the component moment. Moreau and Douheret” calculated the
thermodynamic and physical behavior of water-acetonitrile mixtures experimentally
specially the dielectric properties. The relation used for calculation of the dipole moment
of the mixture is —

1(x) = (1-Xp)Ha *+ XpHo (7

In this equation, p, and p, are the dipole moments of the pure substances. The
major assumption is that the molecules are in random motion and have random
orientations. So, the average of the directions are taken into accounts. Therefore, the
following relation can be used to calculate dipole moment of solvent mixtures —

Hmix = XapMa + XpHb ...(8)

where p, and p, are dipole moments of solvent ‘a’ and solvent ‘b’, respectively.

RESULTS AND DISCUSSION

The calculated solubilities in terms of Henry’s law constant of helium in methanol-
water, ethanol-water, 1-propanol-water and 2-propanol-water solutions are given in Table
1 and 2. For comparison, experimental solubilities of helium in above solvent mixtures
were added in same tables. The correlated results of Henry’s law constant of helium in
above mixed solvents are shown in Fig.s 1-4. Solid lines are for experimental and dashed
lines are for calculated results. In these curves, it can be seen that solubilities in mixed
solvents increased monotonically with increasing mole fraction of alcohol over the entire
composition range except low mole fraction of alcohol (0 < x, < 0.2). The order of gas
solubility in the alcohol-water solution was-2-propanol-water > 1-propanol-water >
ethanol-water > methanol-water in the full range of composition. Good agreements
between experimental and calculated solubilities were found. For above calculations’
necessary molecular parameters are given in Tables 3 and 4. In Table 3, the hard sphere
diameter of methanol, ethanol, 1-propanol, and 2-propanol are given at 293.15 K. The hard
sphere diameter of alcohols at 298.15K was calculated using the following relation
suggested by Wilhelm®?.

ci(T) = 6, + (86,/8T)(T - 298.15 K) ..(9)

Here, 5,°%*'® denotes the effective hard sphere diameter of the solvent at 298.15 K

and 00,/8T is the temperature coefficient of the hard sphere diameter that is taken from
Ben-Amotz and Herschbach® and Ben-Amotz and Wills*'.
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Solubility of helium in methanol-water solutions as mole fraction of methanol
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2. Solubility of helium in ethanol-water solutions as mole fraction of ethanol at
298.15 K
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Fig. 3. Solubility of helium in 1-propanol-water solution as a mole fraction of
1-propanol at 298.15 K

—o— Expt. of He —o— Calc. of He
14
12 A
. %
E
5 8-
T
2 0]
4 4
2 -
O T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13
Mole fraction of 2-propanol

Fig. 4. Solubility of helium in 2-propanol-water solution as a mole fraction of
2-propanol at 298.15 K
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Table 3. Selected physical parameters of pure solvents

Solvent o/A" (e/k)/K w(D)! a/10**(cm®mol™)*
Water 2.77° 79.3° 1.84 1.45
Methanol 3.385" 376° 1.70 3.29
Ethanol 4.435° 429° 1.69 5.41
1-Propanol 4,935 508" 1.68 6.74
2-Propanol 4.895 460.7° 1.66 7.61
1,2-Ethanediol ~ 4.621° 658" 2.28 5.70
Acetone 4.85° 467° 2.88 6.33
Hexane 5.92¢ 517° 0.00 13.1
Dodecane 7.85° 715°¢ 0.00 14.45

“Pierotti (ref. 17); *Ben-Amotz and Wills (ref. 21); “Wilhelm and Battino (ref.
22); 9Lide (ref. 23).

Table 4. Selected physical parameters of solute gases

Gas o/A" (e/k)/K a/10**(cm*mol™)?
He 2.63° 6.03° 0.204
Ar 3.567" 11.70° 1.63
N, 3.722° 85.23¢ 1.74
0, 3.5418 88.00¢ 1.57
CH, 3.822° 137.00° 2.70
C,H, 4.066° 230.00° 3.70

“Hirschfelder et al. (ref. 24); Tiepel and Gubbins (ref. 25); éTee et al.(ref.26)
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Tables 5-11 represented the calculated and experimental solubilities of nitrogen
and oxygen in methanol-water, ethanol-water, 1-propanol-water, 2-propanol-water (at
298.15 K) and 1,2-cthanediol-water (at 298.15 K); methane in methanol-water, ethanol-
water (at 298.15 K); argon in acetone-water (at 298.15 K) and ethylene in dodecane-
hexane (at 293.15 K) solutions. The solubilities are expressed in logarithm of Henry’s law
constant that were calculated by means of equation (3). It is found that the theory could
show qualitative agreement with experimental results. However, there are some
discrepancies between calculated and experimental values.

This theory based on Pieritti’s approach of scaled particle theory, which is a kind
of one parameter first order perturbation theory in which the Percus-Yevick
compressibility equation of state for rigid hard sphere mixture is used as a reference and
theory assumes pair-wise additively for system energy. This hypothesis is strictly valid for
the hard sphere mixtures. However, for real solutions, interactions higher than three-body
system must be considered. Therefore, use of hypothesis does not take into account the
introduction of gas molecules into the mixed solvent would have some influence on the
intermolecular interactions between solvent molecules.

This kind of statistical mechanical theory cannot give the entropy term associated
with attractive potential in this case. This can be seen from the fact that the radial
distribution functions considered are those rigid hard sphere mixtures. As a result, the
contribution from the liquid structure is taking into account only by intermolecular
repulsion forces. Although this was found to apply to simple liquids, both alcohol and
water are polar associated liquids. Therefore, they may form highly non-ideal solutions,
when they are brought together. Moreover, when gases are dissolved in them, the
thermodynamic behaviors may become complex. This can be seen from solubility curves.
It is natural to consider that the abnormality originates mainly from the hydrogen bonds
between like or unlike molecules in the solvent, since in the mixture of alcohol and water,
the hydrogen bond probably plays an important role in the thermodynamic behavior™. The
entropy associated with hydrogen bonds that are very important in alcohol-water mixtures
as well as other attractive forces could not be enumerated at all. Besides neither Pieritti’s
approach of scaled particle theory nor any other statistical mechanical theory can take into
account even the internal energy attributed to hydrogen bond since they have not yet been
analytically formulated.
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In addition, for carrying out the computations, various kinds of other physical
parameters are needed. Among these, the rigid hard sphere diameter of the water and
alcohols are most important. However, the value of hard sphere diameter of solvent and
solute available in the literature may be calculated from the surface tension, viscosity,
second viral coefficient, enthalpy of vaporization, molecular dynamic simulation and gas
solubility etc. The results obtained from different sources are not unique, €.g., Gmethanol
3.835 (ref. 21), 3.71 & 3.67 (ref.17), 4.082 (ref. 35) 3.69 (ref. 22) for Gehano1 4435 (ref. 21)
4.36 & 4.31(ref. 17), 4.686 (ref. 35), 4.34 (ref. 22) and for water 2.77 (ref. 17) 2.76, 2.75
(ref.16), 2.86 (ref. 25) 2.89 (ref. 34) 2.56 & 2.922 (ref. 36), all values are in Angstroms
unit. So, exact choice of this parameter is too much difficult. The quantitative disagreement
between experimental and theoretical solubilities may be considered to be partly due to this
problem.

However, the present statistical mechanical theory is able to explain qualitatively
the experimental solubilities of single non-polar gas in mixed solvents. From the above
discussion, it is interesting to conclude the general behavior of gas solubility.

REFERENCES

1. A. Guha and Debaprasad Panda. Statistical Mechanics of Solubility of Non-polar
Gases in Polar and Non-polar Solvents, J. Indian Chem. Soc. 76, 483-486 (1999).

2. A. Guha and Debaprasad Panda, Statistical Mechanics of Solubility of Non-polar
Gases in Benzene Derivatives and Fluid Mixture, Indian J. Chem., 40A, 810-814
(2001).

3. A. Guha and Debaprasad Panda. Aqueous Solubility of Benzene-Hydrocarbon Binary
Solute Vapour Mixture, Indian J. Chem., 42A, 2501-2505 (2003).

4.  A. Guha and Debaprasad Panda, Solubility of Freons in Polar and Non-polar Liquids
at 298. 15K. J. Fluorine Chem., 125, 653-659 (2004).

5. E. W, Tiepel and K. E. Gubbins, Theory of Gas Solubility in Mixed Solvent Systems.
Can. J. Chem. Eng., 50, 361-365 (1972).

6. K. E. Gubbins, Perturbation Methods for Calculating Properties of Liquid Mixture.
A.1 Ch. E.J. 19, 684-698 (1973).

7. J.P.O’connell and J. M. Prausnit, Thermodynamics of Gas Solubility in Mixed
Solvents, Ind. Eng. Chem. Fundam., 3, 347-351 (1964).

8. T. Boublic and E. Hala, Solubility of Gas in Mixed Solvents, Collec. Czech Chem.
Commun., 13, 1528-1635 (1966).



1166

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

A Guha and D. Panda. Solubility of Some....

J. P. O’connell, Molecular Thermodynamics of Gases in Mixed Solvent. A. I. Ch. E.
J.,7,658-663 (1971).

J. G. Kirkwood and F. P. Buff, The Statistical Mechanical Theory of Solutions- I, J.
Chem. Phys., 19, 774-777 (1951).

P. S. Puri and J. A. Ruether, Additive Free Energy Models for Predicting Gas
Solubilities in Mixed Solvent, Can. J. Chem. Eng., 52, 636-640 (1974).

J. K. Kung, F. N. Nazarlo, J. Joffe and D. Tasslos, Prediction of Henry’s Law
Constant in Mixed Solvent from Binary Data. Ind. Eng. Chem. Process Des. Dev. 23,
170-175 (1984).

G. M. Wilson, Vapor-Liquid Equilibrium, XI, A New Expression for the Excess Free
Energy of Mixing. J. Am. Chem. Soc. 86, 127-132 (1964).

M. Catta, C. Achard, C. G. Dussap and J. B. Gros, Prediction of Gas Solubilities in
Pure and Mixed Solvents Using a Group Contribution Method. Ind. Eng. Chem. Res.
32,2193-2198 (1993).

R. Pierotti, The Solubility of Gas in Liquids. J. Phys. Chem., 67, 1840-1845 (1963).

R. Pierotti, Aqueous Solution of Non-Polar Gases, J. Phys., Chem., 69, 281-288
(1965).

R. A. Pierotti, Scaled Particle Theory of Aqueous and Non-Aqueous Solutions.
Chem. Rev., 76, 717-726 (1976).

D. V. Matyushov and B. M. Ladanyi, Cavity Formation Energy in Hard Sphere
Fluids - An Asymptotically Correct Expression, J. Chem. Phys., 107, 5815-5820
(1997).

(a) L. Lucas and A. Feillolary, Prevision De L’enthalpie De Dissolution De
Molecules Non Polaries Dans Les Mélanges Eau-Ethanol, Bull. Soc. Chim. (France),
1267-1270 (1970). (b) L. Lucas and A. Feillolay, Enthalpy of Aqueous Solution of
Some Molecules in Aqueous Tetraalkylammonium Bromide Solution and the
Apparent Expansion Coefficient of Aqueous Salt Solutions, J. Phys. Chem., 75,
2330-2335 (1971).

C. Moreau and G. Douheret, Thermodynamics and Physical Behavior of Water +
Acetonitrile Mixtures Dielectric Properties, J. Chem. Thermodynamics, 8, 403
(1976).

D. Ben-Amotz and K. G. Wills, Molecular Hard Sphere Volume Increments, J. Phys.
Chem., 97, 7736-7742 (1993).

E. Wilhelm and R. Battino, Estimation of Lennard-Jones (6, 12) Pair Potential
Parameters from Gas Solubility, J. Chem. Phys., 55, 4012-4017 (1971).



Int. J. Chem. Sci.: 6(3), 2008 1167

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

D. R. Lide, CRC Handbook of Physics and Chemistry. CRC Press Inc.-91 10-199 to
10-209 (1990).

J. O. Hirscfelder, C. F. Cuttis and R. B. Birs, Molecular Theory of Gases and Liquids,
Wiley Interscience, New York. 1110-1113 and 1212 (1963).

E. W. Tiepel and K. E. Gubbins, Thermodynamics Properties of Gases Dissolve in
Electrolyte Solutions. Ind. Eng. Chem. Fundam., 12, 18-25 (1973).

L. S. Tee, S. Goth and W. E. Stewart, Molecular Parameters for Normal Fluids, the
Lennard-Jones 12-6 Potential, Ind. Eng. Chem. Fundam., 5, 346-367 (1966).

H. Yamamoto, K. Ichikawa and J. Tokunaga, Solubility of Helium in Methanol +
Water, Ethanol + Water, 1-Propanol + Water and 2-Propanol + Water At 25°C, J.
Chem. Eng. Data, 93, 155-157 (1994).

J. Tokunaga, Solubility of Oxygen, Nitrogen and Carbon Dioxide in Aqueous
Alcohol Solutions, J. Chem. Eng. Data., 20, 41-46 (1975).

H. Yamamoto and J. Tokunaga, Solubility of Nitrogen and Oxygen in 1, 2-
Ethanediol-Water at 298. 15K and 101. 33K, Pa. J. Chem. Eng. Data., 93, 544-547
(1994).

J. Tokunaga and M. Kawai, Solubility of Methane in Methanol-Water and Ethanol-
Water Solutions, J. Chem. Eng. (Japan), 8, 326-327 (1975).

H. Yamamoto and J. Tokunaga, Solubility of Argon in Acetone + Water Mixed
Solvent At 288. 15K, 298. 15K, 308. 15K. Can. J. Chem. Eng., 72, 541-545 (1994).

A. Sahgal and W. Hayduk, Ethylene Solubility and Diffisivity in Hexane-Dodecane
and Ethylene Glycol-Butanol Solutions, J. Chem. Eng. Data., 24, 222-227 (1979).

E. Wilhelm, On the Temperature Dependency of the Effective Hard Sphere Diameter.
J. Chem. Phys., 94, 1038-1047 (1990).

E. Soda, S. Kito and Y. Ito, Solubility of Nitrous Oxide in the Mixture of Alcohols
and Water. Comparison with Pierotti’s Gas Solubility Theory. Ind. Eng. Chem.
Fundam., 14, 232-237 (1975).

G. L. Pollack, R. P. Klennan and J. F. Himm, Solubility of Xenon in 45 Organic
Solvents including Cycloalkenes, Acids, and Alkanols, Experimental and Theory. J.
Chem. Phys., 90, 6569-6579 (1989).

L. E. S. Souza De and D. Ben-Amotz, Hard Sphere Model for Molecular Salvation
Free Energies. J. Chem. Phys., 101, 9858-9863 (1994).

Accepted : 18.06.2008



