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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 Panda1-4 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.  
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Tiepel and Gubbins5 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. Gibbins6 has given a review of the subject.  

O’Connell and Prausnit7, and Boublik8 have analyzed the phenomena of solubility 

in mixed solvent from purely thermodynamics viewpoints and derived semi-theoretical 

correlations. O’Connell9 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 Buff10. 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 Ruther11 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.12 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 Wilson13 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.14 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 Panda1-4 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).  

(ii) 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 –  

 
2

2

f
Lim  ( ) = K

Hx   0 x2
 

→
 …(1) 

for extremely dilute solution, from statistical mechanics, Henry’s law constant can 

be written as15-17. 

                 RTlnKH = µcav + Gm,i + RTln(RT/Vm,1)                  …(2) 

    for mixed solvent, this can be rewriten as –  

 RTlnKH,mix = (µcav)mix(d) + (Gm,i)mix + RTln{RT/(Vm,1)mix}        …(3) 

Where (µcav)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. (Gm,i)mix is 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 KH,mix is Henry’s law constant of gases in mixed solvent and (Vm,1)mix is 

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 Panda4 and Matyushov and Ladanyi,18 was extended to gas solubility in mixed solvent 

as –  

(µcav)mix(d)/RT = - ln(1-ηmix) + 3ηmixd/(1-ηmix)+3d2ηmix(2-ηmix)(1+ηmix)/ 2(1-ηmix)
2 + d3 

ηmix(1+ηmix + η2
mix – η3

mix)/(1-ηmix)
3   …(4) 

where ηmix + πρmix(σ1,mix)
3/6 is the “compactness factor” of solvent mixture. The 

number density of mixture is defined by ρmix = NA/(Vm,l)mix, NA is Avagrado’s number. The 

hard sphere diameter of the solvent mixtures, (σ1,mix) is calculated by the relation.  

 (σ1,m)3 = xaσa
3 + xbσb

3 …(5) 

where σa and σb are hard sphere diameters, xa and xb 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 (Gm,i)mix is given by the following 

relation –  

(Gm,i)mix/RT = - (32πρmix/9kT)[xa{σa+σ2)/2}3 (εaε2)
1/2 + xb{(σb+σ2)/2}3 (εaε2)

1/2]          –

4πρmixµ
2
mixα2/3kT[xa{(σa+σ2)/2}3 + xb{σb+σ2)/2}3] …(6) 

where εa, εb and ε2 are Lennard-Jones (6-12) parameters for solvent ‘a’, solvent ‘b’ 

and solute gas, respectively and µmix is the dipole moment of the solvent mixture.  

Lucas and Feillolay19 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’(µa) and solvent ‘b’(µb) mixtures are available. It is not desirable also to take the 

linear average of µa and µb to calculate dipole moment of binary solvent mixture, µmix 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 Douheret20 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 − 

 µ(x) = (1-xb)µa + xbµb …(7)  

In this equation, µa and µb 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 –  

 µmix = xaµµa + xbµb …(8) 

where µa and µb 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 < xa < 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 Wilhelm33.  

 σ1(T) = σ1
298.15 + (δσ1/δT)(T - 298.15 K) …( 9) 

Here, σ1
298.15 denotes the effective hard sphere diameter of the solvent at 298.15 K 

and δσ1/δT is the temperature coefficient of the hard sphere diameter that is taken from 

Ben-Amotz and Herschbach34 and Ben-Amotz and Wills21.  
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Fig. 1. Solubility of helium in methanol-water solutions as mole fraction of methanol 

at 298.15 K 

 

Fig. 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 

 

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 σσσσ/A
0 (εεεε/k)/K µµµµ/(D)

d αααα/10
24(cm3mol-1)d 

Water 2.77a 79.3a 1.84 1.45 

Methanol 3.385b 376b 1.70 3.29 

Ethanol 4.435b 429b 1.69 5.41 

1-Propanol 4.935b 508b 1.68 6.74 

2-Propanol 4.895b 460.7b
 1.66 7.61 

1,2-Ethanediol 4.621b 658b 2.28 5.70 

Acetone 4.85b
 467b

 2.88 6.33 

Hexane 5.92c 517c 0.00 13.1 

Dodecane 7.85c 715c 0.00 14.45 

aPierotti (ref. 17); bBen-Amotz and Wills (ref. 21); cWilhelm and Battino (ref. 

22); dLide (ref. 23).  

Table 4. Selected physical parameters of solute gases  

Gas σσσσ/A
0 (εεεε/k)/K a/1024(cm3mol-1)d 

He 2.63e 6.03e 0.204 

Ar 3.567f 11.70f 1.63 

N2 3.722e 85.23e  1.74 

O2 3.541g 88.00g 1.57 

CH4 3.822e
 137.00e 2.70 

C2H4 4.066e 230.00e 3.70 

eHirschfelder et al. (ref. 24); fTiepel and Gubbins (ref. 25); gTee 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-ethanediol-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 behavior35. 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, e.g., σmethanol

3.835 (ref. 21), 3.71 & 3.67 (ref.17), 4.082 (ref. 35) 3.69 (ref. 22) for σethanol 4.435 (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.  
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