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Abstract  Gas solubilities are used in a wide variety of application from industrial to biochemical to oceanographic to 
environmental pollution control to the study of the properties of solution. Chlorine and Fluorine containing gases also destroy 
the ozone layer and it becomes the subject of extensive laboratory investigation especially after the discovery of the Antarctic 
ozone hole. Due to known atmospheric history and chemical stability of fluorine containing gases, they are become valuable 
to oceanographer as chemical tracers of ocean mixing and circulation pathways. To realize the distribution of fluorine 
containing gases and other in ocean and study the exchange of gases between natural water and the atmosphere, it is necessary 
to know their solubility and its mechanism. In this case predicted solubility in term of Henry’s law constant using scale 
particle theory (SPT) of methyl fluoride, methyl Chloride, carbon monoxide and nitric oxide and nitrous oxide in water. The 
aim of this research is to  to understand the solubility of gases from thermodynamics and statistical mechanical first 
principle.  to understand interaction of gases with water molecules.  to study the equilibrium solubility of sparingly 
soluble gases in liquids equilibrium solubility of sparingly soluble gases in water. 
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1. Introduction 
Of the three general state of matter, the liquid is most 

complex. It has neither the extreme order of the solid nor 
there extreme disorder of the gaseous state. The liquid state 
remains the one which is least understood and most difficulty 
to model in a satisfactory manner. The liquid, most difficult 
of all to model is our commonest one, water. A model is a 
difficult task still is to be developed to account for all types 
of aqueous solutions. A vast number of research articles have 
been devoted to the structure of water and aqueous solution. 
it will be an impossible task to mention even a small fraction 
of these [1, 2]. However, a central work landmark in this 
respect was the fundamental work of Bernal and Flower [3] 
followed by Feank [4] –water contains ‘cluster’ of hydrogen 
bond molecules, code name ‘iceberg’. Nemethy and Schrage 
[5] structure is temporary and chaining ‘flickering cluster’. 
Ben-Naim [6] –there is a dynamic equilibrium between some 
bonded and non-bonded water molecules, with hydrophobic 
interactions between solute particles being important. Bernal 
[7] also favored continuum theories rather than mixture 
theories of water structure based on the concept of strain and 
bent hydrogen bonds. 

Following a critical survey of the vast recent literature  
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Schmid [8] stated that nature of liquid water can be 
understood in terms of a competition between H-bond 
(coulomb) and dispersion (van der Waals) forces. Since the 
bonding characteristics in crystalline face carry over to the 
liquid state, any molecular dynamics model of the liquid 
would have first to reproduce well the ice polymorph 
structures under appropriate thermodynamic condition.   

Once it has been recognized that water is a structure liquid, 
the immediate question that arises is how this structure 
changes when we add various solutes in water. These are, of 
course, a different meaning, view and definition of the 
concept of the structure of water [9, 10]. 

Solubility is an old subject, although most of the early 
interest was in the solubility of solids in water, which is still 
an important area of research and applications. Early 
quantitative measurements of the solubility of gases, a more 
difficult measurement were made by William Henry, as well 
as by Cavendish, Priestley and others. Henry studied the 
pressure and temperature dependency of air, hydrogen, 
nitrogen, oxygen and other gases in water. He discovered, 
among other things that oxygen is more soluble than nitrogen 
in water. This is an early example of the principle that is the 
basis of preferential extraction of one gas from a mixture of 
gases by use of the solvent. 

For calculating the solubility of gases in water, Swope and 
Andersen [11] developed a coupling parameter method for 
calculating the chemical potential of a solute in a solution 
using molecular dynamics calculations and applied it to the 
study of inert gases in water. The calculation used a modified 
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version of the revised central force model for the water-water 
interaction and a Lennard –Jones interaction between the 
solute atom and the oxygen atom of water molecule. The 
revised central force model and it’s modification given by 
Swope and Andersen is not a perfect model of water. In 
addition, they omit the long ranged dipole-dipole 
interactions. The real repulsive interactions are presumable 
also dependent on the orientation of water molecule and not 
just the distance of the atom from oxygen. 

The statistical mechanical theory of fluids employing 
distance scaling as a coupling procedure and hence called 
scaled particle theory (SPT) has been developed by Reiss et 
al [12-14]. Pieroitti [15] developed a theory using the SPT 
for prediction the solubility of gases in water. The most 
surprising aspect of the theory is that it appears to predict the 
thermodynamic properties (Gibbs free energy, entropies, 
enthalpies, molar heat capacities etc) of gases dissolve in 
water successfully. The abnormal thermodynamic properties 
of aqueous solution are discussed in light of the enthalpy and 
entropy of cavity formation. Basic to the theory is the use of 
term derived by Reiss et al for the calculation of reversible 
work of making a cavity in a hard sphere solvent. The 
prescription used for the gas dissolution process in water is a 
very simple one. The gas solute is discharged to a hard 
sphere, as a hard sphere makes a cavity in the real solvent. 
Finally the solute is recharged and allowed to interact with 
solvent molecule. Pieroitti assumes equivalency of this of 
this reversible work required for cavity formation and cavity 
formation energy (CFE). Pierotti [16] compare to reversible 
work require producing cavity in a fluid and the same require 
for macroscopic cavity formation in classical 
thermodynamics. This comparative calculation can be 
avoided as Matyushov and Ladanyi [17] they directly 
calculated the cavity formation energy from the exact 
geothermal relation valid for sphere fluid. In the present 
communication this cavity formation energy expression is 
used to calculate the solubility of gases in water.   

2. Methodology 
The equation of solubility 

The Henry’s law constant (solubility) and thermodynamic 
functions of solution pertaining to the solution process 
calculated in usual manner utilizing scale particle theory 
(SPT) formalism, considering dissolution of gas in a liquid 
takes place through two steps: 

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

b) The second step involved introduction of solute 
molecule in to the cavity of the solvent and hence interaction 
between solute and solvent occurs according to some 
potential law. The energy a associated with this process is 

called Gibbs free energy of interaction. 
The solubility of gas in liquid is described by Henry's law 

constant (KH) as 

lim𝑥𝑥2→0
𝑓𝑓2
𝑥𝑥2

 = 𝐾𝐾𝐻𝐻                 (1) 

Where f2 is the fugacity (essentially pressure) of the gases 
and x2 is the mole fraction of solute in solution.  

For extremely dilute solution, from statistical mechanics 
Henry's law constant can be written as 

RTlnKH =  µcav  (d) + Gm,i   +  RTln( RT
Vm ,1

)   (2) 

where µcav(d) is the cavity formation energy to make one 
mole of cavity in the  solvent water and each cavity is 
sufficiently large to hold one gas molecule. Gm.i is the molar 
Gibb’s free energy of interaction between the solute in the 
cavity and the surrounding molecules of water, R is the gas 
constant T is the system temperature and KH is Henry’s law 
constant of gases in water and Vm,1 is the molar volume of the 
water. 
Computation of Cavity formation energy of water 

The expression of cavity formation energy that discussed 
in previous paper by Guha and Panda [18-22], and 
Matyushov and Ladanyi [17] was extended to solubility of 
methyl fluoride, methyl chloride, carbon monoxide and nitric 
oxide and nitrous oxide in water solvent as  

𝑮𝑮𝒎𝒎,𝒄𝒄𝒄𝒄𝒄𝒄 (𝐝𝐝)
𝐑𝐑𝐑𝐑

= −ln(1 − η)  + 𝟑𝟑η𝐝𝐝
(𝟏𝟏−η)

 + 𝟑𝟑𝐝𝐝𝟐𝟐η(𝟐𝟐–η)(𝐥𝐥+η)
𝟐𝟐(𝟏𝟏−η)𝟐𝟐

 +
𝐝𝐝𝟑𝟑(𝟏𝟏+η +η𝟐𝟐−η𝟑𝟑)

(𝟏𝟏−η)
      (3) 

where η = πρσ𝟏𝟏
𝟑𝟑

𝟔𝟔
 is the "compactness factor" of solvent. The 

number density of solvent is define by ρ = NA/Vm,1, NA is a 
Avogadro’s number and Vm,1 = density/molecular weight, σ1 
hard sphere diameter of the solvent and d = σ2/σ1, σ2 is hard 
sphere diameter of the solute gases. The last term of the 
above equation is related to hydrostatic pressure for gas 
solubility in incompressible liquids at 1 atmosphere pressure, 
it can be neglected.  
Computation of Interaction energy of solute with mixed 
solvents 

This term represent the partial molar free energy of 
interaction when a solute molecule introduce into a solvent 
cavity. This consists of three terms; a dispersion energy term, 
an inductive energy terms and dipole-dipole interaction 
energy term.  

Solubility of polar gases in water was calculated by 
following expression  

lnKH = − ln(1 − η) + 3ηd
(1−η) + 3d2η�2–η�(l+η)

2(1−η)2 − 32πρσ12
3 ε12

9kT
 

− 4πρµ1
2α2

3σ12
3 kT

− 4πρµ2
2α1

3σ12
3 kT

− 8πρµ1
2µ2

2

9σ12
3 (kT )2 + ln RT

  Vm ,1
      (4) 

where the mixing potential parameters ε12 and σ12 are related 
to the pure component parameters by approximate mixing 
rules σ12 = σ1+σ2

2
 and ε12 = (ε1ε2)1/2 

where ε1 and ε2 are Lennard-Jones (6-12) parameter for 
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solvent solute gas respectively and µ1is the dipole moment of 
the solvent. 

3. Results and Discussion 
The cavity formation energy of water is calculated by 

means of equation (3) at 298.15K given in the table1. The 
cavity formation energy plotted against ratio of hard sphere 
diameter of solute (gas) to water which shown in Figure 1. 
The necessary physical parameters of water are given in the 
table 2. From this curve we see that the cavity formation 
energy increases monotonically with rise of ratio of hard 
sphere diameter of solute gases to water. Since latter 
decreases with decrease of hard sphere diameter of solute 
gases, so we concludes that water easily form cavity when a 
small solute molecule across it than larger one. 

The Henry’s law constant for polar gases such as methyl 
fluoride(CH3F), methyl chloride(CH3Cl), nitrous 
oxide(N2O), nitric oxide(NO) and carbon monoxide(CO) are 
calculated by means of equation(4). Table 3 contains 
calculated and experiential lnKH. The values within first 
backed is the results considered above molecule behave as 

non polar. Require molecular parameter for polar gases is 
given in table 4. 
Molar Gibbs free energy of polar and non-polar gases in 
water at 298.15K 

The standard Molar Gibbs free energies of solution 
process both theoretical and experimental for methylfluoride 
(CH3F), methyl chloride (CH3Cl), nitrous oxide(N2O), nitric 
oxide(NO) and carbon monoxide(CO) gases in water appear 
in Table 5. They were calculated from solubility results 
using the following relation 

∆G0
m,2 = RT1nKHgiven by Clever and Battino [27] for the 

hypothetical solution process 
M(gas, hyp. 1 atm pr) M(soln., hyp, x2)  

where ∆G0
m,2 is the molar Gibbs free energy transfer from 

vapor phase at temperature 298.15K and 1 atmosphere 
pressure. For gases such as methyl fluoride and methyl 
chloride experimental values more than a factor of 1. In all 
fairness to the theory, this implies that it does much better in 
predicting the Gibbs free energy change associated with the 
solution process. 

Table 1.  The cavity formation energies (CFEor βµcav) of water at temperature 298.15K and 1 atm. pressure 

Ratio of hard sphere diameter(d) 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 2.0 

CFE( in kj/mol) 2.34 4.15 6.584 9.642 13.23 17.63 22.55 28.11 40.15 

Table 2.  Selected physical parameters of liquid water at temperature 298.15K 

solvent density(g/cc) σ1/(A0) (ε1/k) m1/(D) α2/1024cm3mol-1 v1/(cm3mol-1) η 

Water(H2O) 0.99687a 2.77b 79.3b 1.84b 1.45c 18.07 0.371 

a. Ref 23, b. Ref.16, c. Ref 24 

 

Figure 1.  Cavity formation energy, CFE(kj/mol) of water with ratio of hard sphere diameter at 298.15k 
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Table 3.  Solubilities in terms of Henry’s law constant some polar gases 
dissolved in water at temperature, T=298.15K and pressure p2=1 atm 

Gas 1n(KH/atm)calc. 1n(KH/atm)expt. 

NO 10.3469(10.4884) 10.266d 

N20 8.8362 7.7326 d 

CO 10.7188(10.7922) 10.9683 d 

CH3F -13.850(7.8705) 6.850 d 

CH3CL -8.670 6.278 d 

d. Ref.25 

Table 4.  Selected physical polar gases 

Gas σ2/(A0) (ε2/k)e/(K) µ2
c/(D) α2

c/1024(cm3mol-1) 

NO 3.17e 131 0.153 1.70 

N20 3.816e 237 0.167 3.03 

CO 3.59e 110 0.112 1.95 

CH3F 3.43e 302 1.850 2.97 

CH3CL 5.43e 327 1.010 9.50 

e. Ref 26 

Ben-Naim thermodynamically quantity, ∆Gs* for 
aqueous solution  

Ben-Naim [28] has warned against using the hypothetical 
standard state, particularly when the goal is to derive 
salvation properties from arguments of statistical mechanics. 
Hence, it is preferable to introduce the Gibbs energy of 
salvation on the density number scale. 

∆Gs*=∆G0
m,2-RT1n(RT/Vm,1)=Gm,c+Gm,i where RTln 

(RT/Vm,1) is a term to correlate ∆Gs* with the standard state 
bases on mole fraction . From above relations it is clear that 
∆G0

m,2 take into pure solvent properties whereas ∆Gs* 
express directly the interaction of the solute. We will see 
later that these differences have importance consequences. 
The experimental values of ∆Gs* for polar gases in water 
were given in the Table 5. For all the gases, methyl fluoride 
and methyl chloride the salvation process is not favored 
thermodynamically under Ben-Naim considerations as   
∆Gs*> 0. This indicates that a prevalence of cavity term 
(positive) and (negative). This explains the low solubility 
gases consider here in water at 298.15K temperature and 1 
atmosphere pressure. For methyl fluoride and methyl 
chloride ∆Gs*< 0. So, dissolution process in water for these 
gases is favored thermodynamically under Ben-Naim 

consideration. Hence, mole fraction, methyl fluoride and 
methyl chloride are relatively large or lnKH are low than 
other gases consider there. 

4. Conclusions 
There is some discrepancy between calculated 

experimental Henry’s law constant. But the discrepancy for 
polar gases especially methyl fluoride and methyl chloride 
are very large. The results in Table 4 within the first backed 
that if these solutes are consider non-polar(only dispersion 
force contribution to interaction energy) then calculated and 
experimental logarithm of Henry’s law constant will be 
closed to each other. It is as if the collective effect of solvent 
electric field on the solute particle. In, addition lnKH in water 
depends upon two factors: one is cavity formation energy 
and other is interaction energy. The calculated cavity term 
extremely sensitive to the choice of the diameter of the water 
since hard sphere diameter of solvent water (σ1) is raised to 
the sixth power in the calculations.  

The value of hard sphere diameter of solvent and solute 
available in the literature may be calculated from the surface 
tension viscosity, second virial coefficient, heat of 
vaporization, molecular dynamic simulation and gas 
solubility etc. The results obtained from different experiment 
are not unique. As example hard sphere diameter in 0A of 
water are 2.77(ref16), 2.76, 2.75(ref 15) 2.86(ref 29) 2.89(ref 
30) 2.56 and 2.922 ref(31) 2.65(ref 32) so exact choice of this 
parameter is difficult and it is possible that values used were 
in error. The differences between experimental and 
calculated values arise from this choice. Moreover the solute 
and solvent interaction energy is sensitive to the values of ε/k 
the Lennard-Jones parameter of the solute and solvent. The 
value of this parameter is not also unique as for example 
argon ε/k range from 117 to 125. So proper choice of ε/k and 
σ gibes the exact experimental result s as expected.  

In conclusion we can say that however, present statistical 
mechanical approach, in spite of the rigid hard sphere model 
employed, is able to reproduce rather successfully to predict 
solubility of gases in water. If we could choose proper value 
of molecular parameters then it can give exact experimental 
results as expected. 

Table 5.  Cavity formation energies, interaction energies, Gibbs free energies of solution and Ben-Naim thermodynamic quantities of polar gases in water at 
298.15K 

Gas CFE/(kjmol-1) -Gm,i/(kj/mol) ∆G0
m,2

calc./(kj/mol) ∆G0
m,2

expt./(kj/mol) ∆Gs
*calc/ (kj/mol) ∆Gs

*expt./ 
(kj/mol) 

NO 18.824 11.526 (10.703) 25.649 (26.000) 25.434 7.262 (8.121) 7.559 

N20 21.923 17.894 21.890 19.156 4.029 1.281 

CO 19.871 11.180 (10.998) 26.555 (26.753) 27.172 8.691  (8.873) 9.298 

CH3F 7.4598 -28.517 (6.890) (19.510) 16.964 (1.634) -0.094 

CH3CL 10.154 -17.400 (10.149) (17.887) 15.587 (-0.012) -2.303 

  

 



 International Journal of Ecosystem 2015, 5(3A): 1-5 5 
 

 

REFERENCES 
[1] Desnoyers J.E. and  Jolicoeur C, “Compressive Treatise of 

Electrochemistry” edited by Conway B.E., Bockris J.O.M. 
and Yeager E, Plenum Press, New York, Vol. 5, 1983. 

[2] Franks F, Water “A Compressive Treatise”, Plenum Press, 
New York, Vol. 2&3, 1973. and 1982.  

[3] Bernal J.D, and Fowler R.H., J. Chem. Phys.,1933,1515.   

[4] Frank H. S., and Evans W. M., J. Chem. Phys., 1945,13,507. 

[5] Nethmey G and Schrage H. A., J. Chem. Phys., 1962, 36, 
3382, 3401. 

[6] Ben-Naim A., J. Chem. Phys., 1965,69,3420. 

[7] Bernal J.D, Proc. R. Soc. London, Ser. A, 1964,280,299. 

[8] Schmid R., Monatsh.Chem. 2001,132,1295-1326. 

[9] Eisenberg D, and Kautzmann W., TheStructure and the 
properties of water, Oxford, University Press, London, 1969.  

[10] Ben-Naim A., “Water and aqueous solution”, Plenum Press, 
New York, 1974. 

[11] Swope S.C. and Anderson H.C. J. Chem. Phys., 
1984,88,6584. 

[12] Reiss, H., Frich HL, and Lebowitz, J.L., J. Chem. Phys., 
1959,31,369.  

[13] Reiss, H., Frich HL, Helfard E, and Lebowitz, J.L.,J. Chem. 
Phys., 1960,32,119. 

[14] Reiss, H, Adv. Chem. Phys., 1966,9,1. 

[15] (a) Pieroitti R A, J. Phys. Chem.,1963,67,1840(b) Pieroitti R 
A, J. Phys. Chem,1965,69,281 

[16] Pieroitti R A, Chem. Rev., 1976,67,717. 

[17] 145: Matyushov D A and Ladanyi B M, J.Chem Phys., 
1997,107,5815. 

[18] Guha A and Panda Debaprasad, Int. J. Chem. Sci.: 2008 6(3), 
1147-1167. 

[19] Guha A and Panda Debaprasad, J. Fluorine Chem., 2004, 125, 
653-659. 

[20] Guha A and Panda Debaprasad, Indian J. Chem.,2 003, 42A, 
2501-2505. 

[21] Guha A and Panda Debaprasad , Indian J. Chem.,2001, 40A, 
810-814. 

[22] Guha A and Panda Debaprasad, J. Indian Chem. Soc., 1999, 
76, 483-486. 

[23] Yamamoto H, Jchikawa K and Tokunega J, J.Chem. Eng. 
Data 1994,39,155. 

[24] CRC Handbook of Physics and Chemistry”, 71th edition, 
editor, David R. Lide, CRC Press Inc., 2001-02. 

[25] Ben-Naim A. “Statistical Thermodynamics for chemist and 
bio-chemist” Pleum Press, NY, 1992 

[26] Hirschfelder J.O., Cutiss C.F., and Bird R.B., “Molecular 
Theory of Gases and Liquids”, Willy, London, 1991 

[27] Ckever H L and Battino R “Techniques of Chemichest” 
Wiley, New York, 1975 , Vol-1, Part-1 

[28] Ben-Naim A and Marcus Y J.Chem. Phys., 81,2016, 1984, 

[29] Tripel E.W. and Gibbins K.E., Ind.Eng. Chem.Fundam, 12,18, 
1973. 

[30] Nen-Amotz D and Herschbach D H, J.Phys. Chem., 1990, 94, 
1038. 

[31] Souza de L E S and Ben- Amotz, J.Chem Phys., 1994, 
101,9858 

[32] Rowlison J.S., Trans. Faraday Soc., 1949, 54,979.

 

 


	1. Introduction
	2. Methodology
	3. Results and Discussion
	4. Conclusions

