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Abstract 
 
A new equation of state (EoS) for describing the thermodynamic properties of aqueous 
non-electrolytes at infinite dilution is proposed. It is based on the accurate EoS for the 
solvent (H2O) given by Hill (1990) and requires only three empirical parameters to be 
fitted to experimental data, and these are independent of temperature and pressure. 
Knowledge of the thermodynamic properties of the pure gas, together with these three 
parameters, enables prediction of the whole set thermodynamic properties of the solute 
at infinite dilution (chemical potential, entropy, molar volume, and apparent molar heat 
capacity) over a wide range of temperatures (0 - 500°C) and pressures (1 - 2000 bar), 
including the near-critical region. In the cases where experimental thermodynamic data 
are lacking, the empirical parameters can be estimated solely from the known standard-
state properties of the solute. The proposed approach has been tested for non-polar (Ar, 
Ne, H2, N2, O2, CO2), polar (H2S, NH3, H3BO3) dissolved molecules, ion pairs (HCl, 
HF), and aqueous hydrocarbons (CH4, C2H4, C2H6, C3H8, C4H10, C6H6). Some 
preliminary calculations show that the approach also has promise for the description of 
electrolytes. 
 
Introduction 
 
Proper thermodynamic description of neutral (uncharged) aqueous species in a wide 
pressure - temperature range is an important task with many practical applications in 
geochemistry and technology. Nevertheless, presently available thermodynamic 
descriptions of non-electrolytes are far less accurate than those of ionic species. For 
instance, the well known Helgeson-Kirkham-Flowers (HKF) equation of state (EoS) [1] 
provides excellent predictions of thermodynamic properties of aqueous ions over a wide 
range of conditions (0-600°C, 1-5000 bar). However, when extended to neutral aqueous 
species [2, 3], the HKF model does not predict the behaviour of non-electrolyte solutes 
correctly in the near-critical and supercritical regions of water [4 – 6].  
 
This general deficiency is one of the reasons for the recent activity in the development 
of alternative EoS for aqueous non-electrolytes [5, 7 – 11]. The study presented here is 



one such attempt. We propose a simple, low parametric EoS for aqueous non-
electrolytes that is valid for a wide range of state parameters spanning ambient, near- 
and supercritical conditions. 
 
Basic relations and development of the new EoS 
 
The detailed derivation of the proposed EoS is given in our previous paper [12]. Here 
we shall give only a brief outline. 
 
Proceeding from the virial EoS framework for a binary mixture, in which H2O is the 
solvent (component 1) and in which a dissolved non-electrolyte is the solute (dissolved 
gas, component 2) at given pressure, P in bars, and temperature, T in K, the fugacity 
coefficient of the solute at infinite dilution, , can be expressed as (see, for example, 
[13]) 
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Here R = 83.1441 cm3⋅bar⋅K–1⋅mol–1 is the gas constant, Mw = 18.0153 g·mol–1 is the 
molar mass of H2O,  (in g⋅cmo

1ρ
–3) indicates density of the pure solvent, and B12 stands 

for a virial cross-coefficient that characterizes interaction between the dissimilar 
molecules of the solute and the solvent. Evidently, in order to describe  over a wide 
range of P, T conditions, we must know the dependence of B

∞
2ϕ

12 on P and T. The 
description of this function, in the simplest way possible, is the principal task of our 
study. 
 
Prior to developing the function, some additional comments are due. Whereas the 
"traditional" formulation of the virial equation assumes that the second virial coefficient 
is independent of pressure and density (that is, B is a function of T only), our 
formulation treats B as a function of both P and T. Thus, to avoid any confusion, the 
term virial will no longer be used when referring to our B parameters below. It is 
nonetheless important to realise that our B parameters, as their original virial brethren, 
maintain their physical meaning as measures of close-range interactions between 
molecules.  
 
The essential step of our approach is to find empirical P-T dependencies not directly for 
B12, but with respect to the known B values of the solvent (i.e. B1). The simplest route to 
this end is to use an expression analogous to (1) for the fugacity coefficient of the pure 
solvent: 
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and to "compare" equation (1) for ln  not directly with equation (2) for pure H∞

2ϕ 2O, but 
with a "scaled H2O molecule", increased in size by (1-ξ) times (ξ being a dimensionless, 
empirically fitted factor, as introduced by Plyasunov et al. [10]). Thus, we multiply (2) 
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by (1-ξ) and then subtract it from (1). Using the well-known relation between Henry 
constant of the solute kH (in bars) and  [13] ∞
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we finally obtain  
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Here  stands for the fugacity (in bars) of the pure solvent (HPf o

1
o

1 ϕ≡ 2O) at given P-T 
conditions, ∆B = ∆Bρ⋅Mw , ξ is the empirical scaling factor, and ∆B ≡ B12 - (1-ξ)⋅B1 
stands for the difference in interaction between dissimilar molecules, versus that 
between "scaled" pure solvent molecules.  

 
In order to find the appropriate P-T dependency of ρB∆ , we have tested diverse two- 
and three-parameter formulations using available experimental data on kH for various 
dissolved gases at different temperatures (Ar – [14, 15]; CH4 – [14, 16, 17]; CO2 – [18 -
23]; N2 – [15, 24]; H2 – [15, 24, 25]; H2S – [26 -30]; O2 – [15, 31]; NH3 – [32, 33]). It 
was found that the best fit within the group of two-parameter equations is given by the 
approximation 
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Here a (in cm3⋅g–1) and b (in cm3⋅K0.5⋅g–1) denote the adjustable parameters.  
 
Taking into account the basic thermodynamic relation between kH and the chemical 
potential of the dissolved component,  [13], aq
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In these expressions,  is the chemical potential of the pure perfect gas in cal·mol)(o Tgµ

-1 
at standard pressure (1 bar), and ~R  = 1.9872 cal·mol-1⋅K-1 is the gas constant. 
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Thus, our equation of state (7) contains three empirical constants that are independent of 
pressure and temperature: a "scaling" factor ξ, and two others (a and b) to account for 
the temperature dependence of ∆Bρ (5). Equation (7) yields the correct low-density limit 
for all thermodynamic properties of the solute, as noted for similar equations by 
Plyasunov et al. [10]. 
 
Derivatives of (7) with respect to pressure and temperature provide the relations for 
partial molar volume, entropy and heat capacity of the dissolved component, as follows: 
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Estimation of the empirical parameters (ξ, a, and b)  
 
Calculation of thermodynamic properties of the dissolved species using equations (7) to 
(10) is extremely sensitive to the properties of the pure solvent. Thus, the properties of 
H2O must be known with high accuracy over the entire range of state parameters. In this 
study the thermodynamic properties of pure water were calculated using the unified EoS 
given by Hill [34]. Data for ideal gaseous H2O (steam) were taken from CODATA Key 
Values for Thermodynamics [35]. 
 
Having derived a modified virial-like equation of state (7-10), we now describe the 
fitting of the 3 empirical constants, ξ, a and b. Experimental values of V  at standard-
state conditions were used with available experimental data on k

o
2

H of the dissolved 
species to estimate the three empirical parameters. The estimation procedure is iterative. 
In the first step the scaling factor is set to zero. The available experimental data on kH at 
various temperatures and pressures are then used to calculate values of the a and b 
parameters by means of the least-squares method. Using these initial a and b values the 
ξ parameter is calculated on the basis of the known partial molar volume of the solute 
(V ) at standard-state conditions (25°C and 1 bar), according to (8). The resulting ξ 
value is then used to estimate a and b in the next iteration, and so on. This fitting 
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procedure usually needs less than 4 iterations to reach a precision of ≈0.03 cm3⋅mol–1 
for  at 25°C and 1 bar. The retrieved empirical parameters of the EoS for several 
species are given in Table 1, and the quality of the fit for some dissolved gases is 
illustrated in Figs. 1 to 3. 
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 1. Natural logarithm of Henry's constant, lnkH, for non-polar (CO2) and polar (NH3) 
olved molecules at vapour-saturated water pressure (Psat.) and other specified pressures, 
ted against reciprocal temperature. Symbols correspond to experimental data. Continuous 
es are our EoS predictions using equations 6 and 7 and data from Table 1. 
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The empirical parameters could be easily estimated even when high-temperature 
experimental data were lacking. It can be seen that equations 7 to 10 are linear with 
respect to the empirical parameters ξ, a, and b. Thus, the parameters could be readily 
obtained using only known standard-state ,  , and V  values of the dissolved 
species. Data for aqueous species retrieved on the basis of known standard-state 
properties are also given in Table 2, and the quality of corresponding description is 
illustrated in Fig. 4, 5 for aqueous B(OH)
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ig. 4. Logarithm of equilibrium constants for acid dissociation reactions for HCl and boric 
cid as a function of temperature at specified pressures. Symbols represent experimental data, 
urves are theoretical predictions. Data for neutral species are taken from Tables 1 and 2 and 
alculated using our EoS; ionic species are calculated using the HKF EoS with data for Cl–, and 
H- from SUPCRT92 [46], and for B(OH)4

– from Pokrovski et al. [42]. 
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ig. 5. Volumes and heat capacities of boric acid at subcritical (left) and supercritical (right) 

emperatures. Symbols denote experimental data. Solid curves are our EoS predictions at 
nfinite dilution (equations 8 and 10, model parameters in Table 2). 
iscussion 

he new EoS can be viewed as a development of the semi-empirical approach derived 
y Japas and Levelt Sengers [44]. These authors adopted a linear relationship between 
B and the reciprocal temperature, T–1, whereas we have used an approximation (5) that 
rovides better linearity to the T-derivative of lnkH. It is interesting to observe that 
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equation (15) is similar to the Redlich and Kwong equation [45], where the 
intermolecular parameter is set proportional to T –0.5. 
 
Our new EoS works well even for strongly dipolar molecules (HFaq , HClaq, Fig. 4) and 
for boric acid (H3BO3,aq) (Figs. 4 and 5). The latter is known to exhibit negative 
divergence of V  and C  near the critical point of Ho

2
o

2p 2O, in contrast to most other non-
electrolytes [43]. Accordance between the experimental data and our model predictions 
is quite fair, especially considering that the empirical parameters for H3BO3,aq were 
retrieved solely on the basis of known standard-states properties. 
 
We have also made a preliminary attempt to describe an aqueous electrolyte (Na+Cl–) 
using the proposed approach. Here, however, some new assumptions must be 
introduced. 
 
Let us break down the process of hydration of gaseous ion, Ag (process 1 in Fig. 6) into 
several steps: transfer of NA solvent molecules from the liquid to the ideal gaseous state 
(stage 2), "hydration" of Ag in the gaseous phase, forming a cluster, Ag,h ≡ Ag·(H2O)NA 
(stage 3), and transfer of the cluster from ideal gaseous to the aqueous environment Aaq 

(stage 
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Here, as above, ξA , aA , and bA are the empirical model parameters for species A. 
 
For the electrolyte of AB type (i.e. Na+Cl–), we then obtain 
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where N ≡ NA +NB , and ξ ≡ ξA +ξB . Derivation of (13) leads to the following 
modifications of (8, 10) for partial molar properties of the electrolyte 
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Here C  (the sum of heat capacities of the gaseous cluster molecules) 

and N (the hydration number of the electrolyte) should be assumed as additional 
adjustable parameters. 
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Equations (14, 15) with N = 10.502, ξ = -10.802, a = 21.819, b = -18.017 and  = 

75.0 cal·mol

o
,hgApC

–1·K–1 were used to describe temperature dependencies of partial molar 
volumes and heat capacities of Na+Cl– at different pressures. The very plausible result 
of the description is shown in Fig. 7. 
 
Concluding remarks 
 

Figures 1 to 3 demonstrate that our EoS provides good predictions of the entire set 
of investigated thermodynamic properties (chemical potential, entropy, molar volume 
and heat capacity) of aqueous species at infinite dilution, over a wide P – T range 
encompassing the H2O critical region. The EoS works well with both non-polar (CO2, 
N2, etc.) and polar (NH3, H2S, etc.) neutral species. In terms of the Henry constant, kH, 
the standard deviations of the predictions with respect the experimental data are less 
than 0.05 log10 units, and the standard deviation is about 0.08 units in the case of H2S. 
The accuracies of the calculated temperature dependencies of V  and  are good o
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measures of the predictive capacity of the new EoS, since the corresponding 
experimental data were not used in the estimation procedure.  
 

Our new EoS is formulated with the same standard state as the HKF model, which is 
highly successful for charged species, and it is fully compatible with the SUPCRT92 
database of thermodynamic properties [46]. Therefore, there are no restrictions on 
applying our equation to reactions involving minerals, gases and aqueous ions, in 
addition to uncharged species.  
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Fig. 7. Volumes (left) and heat capacities(right) of aqueous electrolyte NaCl vs. temperatures 
at specified pressures. Symbols denote various experimental data available on the web-site at 
www.kfy.vslib.cz/aqueous/download.htm. Solid curves are our EoS predictions at infinite 
dilution (equations 14 and 15, model parameters in the text). 

 
The performance of our new EoS is remarkably promising, considering that only 3 
empirical constants need to be fitted to experimental data. Other published EoS perform 
equally well in some instances, but these equations contain 5 or more empirical 
parameters. Nevertheless, the development of our EoS is far from complete. One of the 
goals of this paper is to call the attention of the scientific community to the advantages 
of our approach, so that it may be improved by common efforts. Firstly, some 
discrepancies in C , especially at low temperatures and for large molecules, must be 
reduced. Secondly, the EoS cannot be used automatically to describe aqueous 
electrolytes. Our preliminary attempts have required the introduction of two additional 
parameters to describe V  and C  behaviour for electrolytes. Nevertheless, we hope 
that using the ab initio calculations presented by Wood [47] to predict the properties of 
hydrated gaseous species, may reduce the number of adjustable parameters for 
electrolytes. 

o
2p

o
2

o
2p

 
The new EoS is available in the form of a computer code allowing calculations in units of 
calories or joules, in a format which is directly compatible with the SUPCRT92 database [46]. 
The code can be free downloaded from the http://www.geo.unibe.ch/Akinfiev/index.html. 
 

 9

http://www.geo.unibe.ch/Akinfiev/index.html
www.kfy.vslib.cz/aqueous/download.htm


References 
 
[1] J.C. Tanger, H.C. Helgeson, Amer. J. Sci. 288 (1988) 19-98. 
[2] E.L. Shock, H C. Helgeson, D.A. Sverjensky, Geochim. Cosmochim. Acta 53 

(1989) 2157-2183. 
[3] M.D. Schulte, E.L. Shock, R.H. Wood, Geochim. Cosmochim. Acta 65 (2001) 

3919-3930. 
[4] A.V. Plyasunov, Dokl. Ak. Nauk SSSR 321 (1991) 1071-1074 (in Russian). 
[5] J.P. O'Connell, A.V. Sharygin, R.H. Wood, Ind. Eng. Chem. Res. 35 (1996) 2808-

2812. 
[6] A.V. Plyasunov, E.L. Shock, Geochim. Cosmochim. Acta 65 (2001), 3879-3900. 
[7] A.H. Harvey, AIChE J. 42 (1996) 1491-1494. 
[8] V. Majer, In High Pressure Chemical Engineering. Proc. of Intern. Meeting of 

GVC-Fachausschuss Hochdruckverfahren Technik, Karlsruhe, 1999, 145-150. 
[9] J. Sedlbauer, J.P. O'Connell, R.H. Wood, Chemical Geology 163 (2000) 43-63. 
[10] A.V. Plyasunov, J.P. O'Connell, R.H. Wood, Geochim. Cosmochim. Acta 64 

(2000), 495-512. 
[11] A.V. Plyasunov, J.P. O'Connell, R.H. Wood, E.L. Shock, Geochim. Cosmochim. 

Acta 64 (2000) 2779-2795. 
[12] N.N. Akinfiev, L.W. Diamond, Geochim. Cosmochim. Acta 67 (2003) 613-627. 
[13] J.M. Prausnitz, R.N. Lichtenthaler, E. Gomes de Azeredo, Molecular 

thermodynamics of fluid-phase equilibria. Third edition. Prentice-Hall, New 
York, 1999. 

[14] R.Crovetto, R. Fernández-Prini, M.L. Japas, J. Chem. Phys. 76 (1982) 1077-1086. 
[15] A.Yu. Namiot, Solubility of gases in water (handbook), Moscow, Nedra, 1991 (in 

Russian). 
[16] A.Yu. Namiot, Russian J. Phys. Chem. 53 (1979) 3027-3033 (in Russian). 
[17] S.D. Cramer, Ind. Eng. Chem. Proc. Des. Dev. 23 (1984) 533. 
[18] S.D. Malinin Physical chemistry of hydrothermal systems with carbon dioxide. 

Nauka Press, Moscow, 1979 (in Russian). 
[19] R. Crovetto, J. Phys. Chem. Ref. Data 20 (1991) 575-589. 
[20] J.J. Carroll, J.D. Slupsky, A.E. Mather, J. Phys. Chem. Ref. Data 20 (1991) 1201-

1209. 
[21] A.V. Plyasunov, I.V. Zakirov, In: Physical Chemical Petrology Sketches. 

Moscow, Nauka 17 (1991) 71-88 (in Russian). 
[22] R. Crovetto, R.H. Wood, Fluid Phase Equil. 74 (1992), 271-288. 
[23] J.S. Gallagher, R. Crovetto, J.M.H. Levelt Sengers, J. Phys. Chem. Ref. Data 22 

(1993) 431-494. 
[24] J. Alvarez, R. Crovetto, R. Fernandez-Prini, Ber. Bunsengen. Phys. Chem. 92 

(1988) 935. 
[25] N. Kishima, H. Sakai, Earth Planet. Sci. Lett. 67 (1984) 79-86. 
[26] T.N. Kozintseva, Geochem. Intl. 1 (1964) 1739-1754. 
[27] E.C.W. Clarke, D.N. Glew, Can. J. Chem. 49 (1971) 691-698. 
[28] S.E. Drummond, Boiling and mixing of hydrothermal fluids: chemical effects of 

mineral precipitation. Ph. D. Thesis, Pennsylvania State Univ. 1981 
[29] N. Kishima, Geochim. Cosmochim. Acta 53 (1989) 2143-2155. 
[30] O.M. Suleimenov, R.E. Krupp, Geochim. Cosmochim. Acta 58 (1994) 2433-

2444. 

 10



[31] S.D. Cramer, Ind. Eng. Chem. Proc. Des. Dev. 23 (1984) 618. 
[32] M.E. Jones, J. Chem. Phys. 67 (1963) 1113-1120. 
[33] K. Kawazuishi, J.M. Prausnitz, Ind. Eng. Chem. Res. 26 (1987) 1482-1485. 
[34] P.G. Hill, J. Phys. Chem. Ref. Data 19 (1990) 1233-1274. 
[35] J.D. Cox, D.D. Wagman, V.A. Medvedev, CODATA Key Values for 

Thermodynamics, Hemisphere Publishing Corp., New York, 1984. 
[36] J.C. Moore, T. Battino, T.R. Rettich, Y.P. Handa, E. Wilhelm, J. Chem. Eng. Data 

27 (1982) 22-24. 
[37] J.A. Barbero, L.G. Hepler, K.G. McCurdy, P.R. Tremaine, Can. J. Chem., 61 

(1983) 2509-2519. 
[38] G.C. Allred, E.M. Woolley, J. Chem. Thermodyn. 13 (1981) 155-164. 
[39] E.W. Tiepel, K.E. Gubbins, J. Phys. Chem. 76 (1972) 3044-3049. 
[40] E.L. Shock, H C. Helgeson, Geochim. Cosmochim. Acta 54 (1990) 915-945. 
[41] J.P. Amend, H.C. Helgeson, Geochim. Cosmochim. Acta 61 (1997) 11-46. 
[42] G.S. Pokrovski, J. Schott, A.S. Sergeyev, Chem. Geol. 124 (1995) 253-265. 
[43] L. Hnědkovsky, V. Majer, R.H.Wood, J. Chem. Thermo. 27 (1995) 801-814. 
[44] M.L. Japas, J.M.H. Levelt Sengers (1989), AIChE J. 35 (1989) 705. 
[45] O. Redlich, J.N.S. Kwong, Chem. Rev. 44 (1979) 233-244. 
[46] J.W. Johnson, E.H. Oelkers, H.C.Helgeson, Comp. Geosci. 18 (1992) 899-947. 
[47] R. H. Wood, W. Liu, D. J. Doren, Abstracts of the 12th Annual VM Goldschmidt 

Conference, Davos, Switzerland, 2002, A845. 
 
Tables 
 
Table 1. Empirical parameters of the EoS (ξ, a, b; see equations 7 to 10) for a number of 
dissolved gas species, estimated from the experimentally determined temperature 
dependence of Henry's constant. Where listed, the experimental value for partial molar 
volume of the solute, V , at standard-state conditions was used in the fitting. o

2

 
Species o

2V a Source 
for V  o

2

ξ a b 

 cm3⋅mol–1   cm3⋅g–1 cm3⋅K0.5⋅g–1 

Ar 32.6 [36] 0.0733 -8.5139 11.9210 
H2S 34.9 [37] -0.2102 -11.2303 12.6104 
O2 33.2 [36] 0.0260 -9.7540 12.9411 
N2 35.7 [36] -0.0320 -11.5380 14.6278 

NH3 24.4 [38] -0.0955 -4.7245 4.9782 
H2 25.2 [39] 0.3090 -8.4596 10.8301 

CH4 37.3 [39] -0.1131 -11.8462 14.8615 
CO2 32.8 [37] -0.0850 -8.8321 11.2684 
C6H6   -1.1010 -21.0084 22.9340 
HCl   -0.2800 11.6420 -7.4244 

 
(a) Partial molar volume of aqueous species at 298.15 K, 1 bar 

 11



 
Table 2. Empirical parameters of the EoS (ξ, a, b; see equations 7 to 10) for a number of 
dissolved gas species, estimated from known standard-state properties only. 
 
Species o

,2 aqµ a o
,2 aqS a o

2V a ξ a b 

 cal⋅mol–1 cal⋅mol–1K–1 cm3⋅mol–1  cm3⋅g–1 cm3⋅K0.5⋅g–1 

Ar 3900 b 14.30 b 31.71 b 0.0733 -7.6895 11.4657 
Ne 4565 b 16.74 b 20.40 b 0.5084 1.0014 4.7976 
H2S -6673 b 30.00 b 34.90 b -0.2029 -13.4481 13.8821 
CH4 -8234 c 20.99 c 37.30 c -0.1196 -10.9926 14.4019 
C2H4 19450 c 28.70 c 45.50 c -0.4499 -16.8037 18.8460 
C2H6 -4141 d 26.75 d 51.20 d -0.6091 -16.3482 20.0628 
C3H8 -2021 d 33.49 d 67.00 d -1.1471 -25.3879 28.2616 
C4H10 99 d 39.66 d 82.80 d -1.6849 -33.8492 36.1457 
C6H6 32000 d 35.62 d 83.50 d -1.9046 -39.1090 37.5421 

H3BO3 -231540 e 38.79 e 39.60 f -1.0850 -3.5423 3.4693 
HF -71662 b 22.50 b 12.50 b 0.1008 3.0888 -3.5714 
SO2 -71980 b 38.70 b 38.50 b -0.4295 -14.5223 14.3512 

 
(a) Standard-state properties of aqueous species at 298.15 K, 1 bar, used in the 
estimation procedure; , chemical potential at infinite dilution; , partial molar 

entropy; V , partial molar volume; (b) [2]; (c) [40]; (d) [41], (1997); (e) [42]; (f) [43]. 

o
,2 aqµ o

,2 aqS
o

2
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