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Abstract—The distribution of solutes between coexisting liquid and vapor phases of water can be expressed
by the distribution constant, i defined as

Kp = lim X,
x—0

where y and x stand for the mole fraction concentrations of a solute in vapor and liquid phases, respectively.
Research reported here is concerned with the prediction of this propgytjotvolatile nonelectrolytes, over
the whole temperature range of existence of the vapor—liquid equilibrium for water, i.e. from 273 K to the
critical temperature at 647.1 K. A simple empirical method is proposed to extrapolate the valygé$rofrK
298 K to 500-550 K. Calculations at higher temperatures are based on the theoretical relation that establishes
the proportionality between RTInKand the Krichevskii parameter, A which is the single most important
property of a solute at near-critical conditions, and can be evaluated using the method proposed here. The
comparison of predicted and experimental values gfafd A, for a few well-studied solutes reveals the
satisfactory performance of the proposed method. It appears that the accuracy of predictions in the framework
of this method is limited mainly by the accuracy of the values of the thermodynamic functions of hydration
of solutes at 298 K, and that the best way to improve the quality of predictions, afiid A, is to increase
the inventory of accurate calorimetric enthalpy and heat capacity data for aqueous solutes at 298 K. We stress
that the values of the Krichevskii parameter, such as those generated in this study, are of crucial importance
for reliable predictions of the chemical potential and its derivative$, @) for aqueous solutes at
near-critical and supercritical conditions. Values qf End A, are predicted for many inorganic volatile
nonelectrolytes and some halogenated derivatives of methane and ethene. We show that jathdm\g
for aqueous organic solutes follow group additivity systematics, and we derive a set of corresponding group
contribution values for several functional groups (material points,&HH,, CH, C, C= C, HC = CH, C=C,
HC,, C.» Cue OH, O, S, SH, CO, COO, COH, COOH, CN, F, Cl, Br, NHNH, N, etc.). Copyright
© 2003 Elsevier Ltd

1. INTRODUCTION havior of dissolved compounds along the liquid—vapor equilib-
rium curve for water are known (Alvarez et al., 1994; Ferna
dez-Prini et al., 2003) for a few gases (He, Ne, Ar, Kr, Xg, H
N,, O,, CO, CQO, H,S, CH,, C,Hs SK)). Many more com-
pounds may be of interest for hydrothermal geochemistry in

t . . . o
connection with the eternal geochemical problem of redistribu-
tion of chemical elements in natural processes. The presence of
aqueous solutions in meteorite parent bodies, terrestrial planets
and icy satellites means that the distribution of nonelectrolytes
Ebetween liquid and vapor phases of®has had consequences

throughout the history of the solar system.

These considerations determine the goal of this contribution:

If a hydrothermal solution exists in equilibrium with a gas-
eous phase, or, in other words, if boiling occurs, then the
dissolved compounds fractionate between coexisting liquid and
vapor phases. Solutes that are more volatile than the solven
will concentrate in the vapor phase, whereas nonvolatile com-
pounds (salts, or metal oxides and sulfides, for examples)
dominate the liquid phase. This fractionation of solutes be-
tween coexisting liquid and gaseous phases is recognized as
major factor in the evolution of hydrothermal systems, affect-
ing the acidity/alkalinity, oxidation states, salt and volatile
g??;‘r’g,”gl‘i nizrr]]ttesmest’c!ig?fg;g&pgﬁglgnhsmﬂshfgse;’ g;e”::;eto'provide a quantitative framework for describi_ng_ the fraction-
and Seward 199,7' Giggenbach, 1997; Scott 1§97' Séward anol"’ltlon of voIatHe .nonellectrolyte.s between coexstmg pttasgs of
Barnes, 199,7' Roe'dder and Bod'nar, 1597' H;ainrich‘ etal., 1999; vyater by delivering reliable estlmate§ O.f yapot—I|QU|d distribu-
Shmulovich e't al., 1999 among many oth'ers). ’thr_\ constants for these solutes at infinite dllutlpn up to the

Highly accurate thermodynamic data characterizing the be- crltlcgl temperature of \_Nat_er,c. AL T, the compositions qf the_

coexisting vapor and liquid phases of water become identical
and, therefore, the vapor-liquid equilibrium is terminated. The
* Author to whom correspondence should be addressed, at DepartmentValues of the gas-liquid critical constants for pure water used in

of Geological Sciences, Arizona State University, Box 871404, Tempe, this contribution are taken from Levelt Sengers et al. (1985):
AZ 85287-1404, USA (Andrey.Plyasunov@asu.edu). the critical temperature T= 647.096 K, the critical pressure P
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= 22.064 MPa; the critical density p, = 322 kg - m™ 3. Volatile
nonelectrolytes under consideration in this work consist of
many inorganic and organic compounds. However, the ap-
proach developed is not applicable to neutral ionic pairs like
HCI and NaCl, neutral compounds containing metals (solutes
like Hg, AgCl, ZnBr,, Sn(OH).,, all metal-organic species), and
hydroxides like H,SiO, and B(OH)5;. An essential factor in
excluding these species is the inapplicability of corresponding-
state correlations employed in this study, see below, to describe
the strong deviations from ideality for interactions between
water and these solutes. Another limitation is the consideration
of pure water as a solvent, in contrast to natural hydrothermal
solutions which are practicaly always multicomponent mix-
tures. Nevertheless, the limiting case of pure water is a foun-
dation on which more elaborate approaches should rest.

An additional reason to work with the vapor-iquid distri-
bution constants arises from our interest in predicting the
properties of agueous solutes over a wide range of the state
parameters (Plyasunov et al., 2000a,b). Typically, experimental
data are available at ambient conditions, i.e., at low tempera-
tures and high water densities. Therefore, we need data at very
low (the range of validity of the virial eguation of state trun-
cated at the second coefficient) and intermediate densities. In
our view, the vapor-liquid distribution coefficients (rather than
Henry's constants or partial molar derivatives of the chemical
potential of a solute) are the properties for which accurate
predictions can be made at temperatures up to the critical
temperature of water, mainly due to theoretical constraints on
variations of these properties at near-critical conditions.

2. THERMODYNAMICS OF VAPOR-LIQUID
DISTRIBUTION OF SOLUTES IN WATER

A rigorous and modern account of the problem of the dis-
tribution of solutes between coexisting vapor and liquid phases
of water was made in the geochemical literature by Alvarez et
al. (1994). The partitioning of solutes between coexisting vapor
(or gaseous phase, or steam) and liquid phases of water can be
described by either Henry’ s constant, k,,, or by the distribution
congtant, K. The following definition of Henry’s constant is
employed here (note that the term “Henry’s constants’ has
become quite generic, with its definitions being different, for
example, in environmental chemistry and chemical engineer-
ing. An operating definition is necessary to escape any misun-
derstandings):

b
kH: |Im;, (1)

x—0

where f, stands for the fugacity of asolute, and x represents the
concentration (in mole fraction) of a solute in a liquid phase.
Therefore, Henry’s constant is defined as the limiting value of
the fugacity/concentration ratio for a solute along the vapor—
liquid coexistence curve for pure water, and k,,, defined in this
way, is only temperature dependent. At the critical point of a
solvent k,, has a quite definite value, specific for each solute.

For a solute at infinite dilution the vapor-iquid distribution
constant is defined as:

Y

Kp=1 Xl E:) 2 2
where y and x stand for the mole fraction concentrations of a
solute in vapor and liquid phases, respectively. Obviously, K
is defined only along the vapor-iquid coexistence curve for
water. At the critical point of a solvent K, = 1 for all solutes.
The following relations connect K, kg, and the standard
chemical potentials of a solute in the coexisting vapor (u3,)
and liquid (u3 ,) phases, and in the state of the ideal gas (1)

at the same temperature:

RTInk, = u3, — p° ©)
and
RTINKo = gy — . @

In other words, Henry’s constant is proportional to the differ-
ence between the standard chemical potentials of asolutein the
liquid phase of water and in the ideal gas state, whereas the
distribution constant is proportional to the difference between
the standard chemical potentials of a solute in the coexisting
vapor and liquid phases of water. Asthe difference between the
chemical potentialsin the vapor phase and in the ideal gas state
defines the fugacity of a solute, it follows that there is the
following relation between K and ky, (Alvarez et al., 1994):

ky = Kp- @3- P, )

where @5 stands for the fugacity coefficient of a solute at
infinite dilution, and PY is the vapor pressure of pure water.

Basically, Eqn. 5 indicates that to evaluate the distribution
constant of a solute, one has to know itsfugacity coefficient and
its Henry’s constant as functions of temperature. This way of
evaluating of Ky from predicted ®3 and k,, data is hardly
practical if one hasto cover the whole temperature range of the
vapor-liquid equilibrium of pure water, from the triple point
temperature, 273.16 K, to the critical temperature, T, = 647.1
K. Indeed, if one considers a nonpolar solute, for example, then
at ambient conditions its thermodynamic properties in the lig-
uid phase of water are determined by the so-called “hydropho-
bic hydration.” As aresult, for such a solute both the enthal py
and entropy of hydration are negative, wheress the heat capac-
ities of hydration have positive values, quickly decreasing with
increasing temperature. However, at near-critical conditionsthe
picture is quite different: all derivatives of the standard chem-
ical potential of a solute (the partial molar enthalpy, entropy,
heat capacity, etc.) diverge, i.e., quickly increase (for nonpolar
compounds in water), going to infinite values on the way to the
critical point of water. The typical temperature course of the
standard partial molar heat capacity of a hydrophobic solute at
the saturated vapor pressure is qualitatively depicted in Figure
1 by the thick solid line. This complicated temperature depen-
dence of the thermodynamic functions of a solute makes accu-
rate predictions of Henry’ s constant over the whole temperature
range of the existence of the vapor—liquid equilibrium for water
a very challenging task.

Equally (and maybe even more) difficult is the prediction of
the fugacity coefficient of a solute. Values of ®3 describe the
deviations from ideality (when ®3 = 1) of interactions between
water and a solute in the vapor phase at the limit of infinite
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Fig. 1. A typical temperature dependence of the standard partial
molar heat capacity of hydration, A,C(T), for a hydrophobic solute at
the saturated water vapor pressure (solid line). The merits of different
approximations for A,C5(T) are discussed in the text.

dilution with respect to a solute. At very low water densities,
say, way below 0.01 g - cm™3 or at T << 480 K aong the
vapor-liquid coexistence curve for water, an approximation of
ideal mixing is expected to be satisfactory for interactions
between water and volatile nonelectrolytes. However, as the
density of water in the vapor phase increases, one has to
consider sequences of interactions (“collisions”) between mol-
ecules of water and a solute. At rather low water densities, say,
below 50 kg - m~3, or at T < 570 K for the vapordiquid
equilibrium for water, mainly binary interactions of one water
molecule with one molecule of a solute will contribute to the
deviations from ideal mixing in the gaseous phase. As the
density of the coexisting vapor phase goes up, then the prob-
ability of simultaneous “collisions’” of two water molecules
with a molecule of a solute increases and has to be taken into
consideration. For agueous gaseous mixtures involving nonpo-
lar compounds a rather accurate account of the deviations from
ideality (but not very closeto the critical point of water!) can be
done using the cubic equations of state, see Fernandez-Prini
and Crovetto (1989); Akinfiev (1997); Fernandez-Prini et d.
(2003). However, in general the problem of accurate prediction
of ®J up to the critical density of the solvent cannot be handled
in a simple way due to the complicated picture of intermolec-
ular interactions between water and the solute.

Fortunately, recent advances in the theory of infinitely di-
luted mixtures near the critical point of a solute enable a
significant simplification of the problem of predicting the va-
por-liquid distribution constants through the direct employ-
ment of Eqgn. 5, which is exactly the subject of this contribution.

The region around the critical point of a solvent was recog-
nized long ago (for an edifying historical account see Levelt

Sengers, 1976, 2002) as a particular space with seemingly
paradoxical properties, which are in principal contradictions
with the predictions of the otherwise successful so-called “clas-
sical” equations of state, from which the Van der Waals equa-
tion is the best known example. (“Classical” equations assume
that the Helmholtz energy of a system can be given by an
analytica function around the critical point of the system,
which turned out not to be the case. Nevertheless, the investi-
gations of the “classical” variant of the near-critical theory of
mixtures were extremely fruitful for elucidation of unusual
properties of mixtures close to the critical point of a system,
because conclusions of such an analysis are qualitatively valid
for strongly-diverging derivatives of the chemical potential of a
solute). The fundamental reason for the “anomalous’ behavior
of near-critical systems is the universal development of long-
range ordering close to the critical point, where peculiarities of
solvent-solute interactions and the molecular structure of the
solute, which determine the thermodynamic properties of a
solute away from the critica point, no longer matter. A pio-
neering analysis of the thermodynamics of infinitely diluted
critical solutionswas done by Krichevskii and his colleaguesin
the USSR (Krichevskii, 1967, 1975; Rozen, 1969, 1976 and
others) using the “classical” variant of the near-critical theory.
(Note that many important results were first obtained in the
Netherlands at the turn of 20th century, but for a number of
reasons were not appreciated by contemporary scientists and
forgotten for more than a half of century, see Levelt Sengers,
1976, 2002). Further important investigations of the properties
of near-critical mixtures were done for both “classical” and
“nonclassical” variants of the theory, for reviews see Levelt
Sengers (1991a,b). The most important for the purposes of this
presentation are the asymptotic relations, first derived by Japas
and Levelt Sengers (1989), that must be valid for the temper-
ature dependence of Henry’s constants and distribution con-
stants of an infinitely dilute solute close to the critical point of
the solvent:

k 1) - pe
RTInH = a P —Pe ©)
fy Pc
and
l —_
RTINK, = 2AKr7p( )pz Pe. @)

Here p(l) stands for the density of liquid water (in mol - 17%)
and p with the subscript ¢ standsfor the critical density of water
(pc = 322 kg - m™3 = 17.87 mol - I™Y); f, represents the
fugacity of pure water; D is a proportionality constant. The
parameter A, has a specia place in the thermodynamics of
near-critical solutions, and it was caled by Levelt Sengers
(19914a) the Krichevskii parameter. This parameter is given by

the relatior
A = o 0 8
Kr X ' ( )

T.V.x=0

with P and V being the pressure and volume of a system; the
superscript ¢ indicates that the evaluation is done at the critical
point of the pure solvent. The Krichevskii parameter ubiqui-
tously appears in most applications of near-critical theory and



4984 A. V. Plyasunov and E. L. Shock

governs such seemingly different problems as the initial coor-
dinates of the critica lines, the sign and magnitude of the
partial molar properties of a solute, etc. In other words, the
Krichevskii parameter isthe fundamental thermodynamic prop-
erty of a solute at conditions corresponding to the critical
temperature and the critical density/pressure of the solvent, and
any successful thermodynamic model hasto reproduceits value
correctly. Therefore, one of the motivations for this paper is to
derive values of the Krichevskii parameter for as many volatile
nonelectrolytes in water as possible.

Returning to Eqgns. 6 and 7, we note that these relations state
that close enough to the critical point of the pure solvent the left
hand sides of Egns. 6 and 7 must be linear functions of the
liquid water density, with the value of the slope dictated by the
Krichevskii parameter. The theoretical analysis employed to
derive these relations can not specify the temperature range of
validity of these limiting, and therefore called “asymptotic,”
equations. Only comparison with experimental data may reveal
the temperature range of applicability of relations given by
Egns. 6 and 7. Such an analysis for agueous systems was done
by the USA and Argentine groups of researchers (Harvey et d.,
1990; Alvarez et al., 1994; Harvey et al., 1998; Fernandez-Prini
et a., 2003). They reached the conclusions that for Henry's
constants the temperature range of validity of the near-critical
asymptotic relations may be very small, within a few K from
the critical point of water. However, it turned out that for the
distribution constants the slope is nearly constant over 100—-150
K (in some cases up to 200 K) below the critical point of water.
Thisfinding isempirical, but it is supported by the large variety
of experimental results we have today, exemplified by the
experimental data shown in Figure 2.*

There are two main implications of this finding.

(1) Egn. 7 may be used to check the internal consistency of
high-temperature data on the compositions of coexisting vapor
and liquid phases as done by Fernandez-Prini et a. (2003)
when deriving the recommended values of K, and k, for afew
gasesin water. One of the conclusions reached by these authors
is that there are no accurate experimental K, and k,, data for
hydrogen sulfide in water at temperatures in excess of 450 K.
Reported literature K, data for aqueous H,S at high tempera-
tures (Kozintseva, 1964; Suleimenov and Krupp, 1994) are
shown in Figure 3. According to Egn. 7 values of the TInK,
function at T>500 K should fall on a straight line from the
origin of the TInK - (p(l)-p.) plane. Available experimental
data show considerable scatter and, what is of more concern, do
not extrapolate to the origin of the coordinates, at least at
temperatures in excess of 550 K. New experimental investiga-
tions of the vapor-iquid distribution would be useful for a
compound of such major importance for hydrothermal geo-
chemistry as H,S.

(2) Another use of Eqn. 7 is for extrapolating the values of
the distribution constants toward the critical point of the sol-

11t may be worth noting that the relation given by Egn. 7 is not
applicable over extended temperatures for solutes for which the value
of the Krichevskii parameter is close to zero, and that other termsin the
Helmholtz energy expansion dominate the properties of such mixtures
at near-critical conditions. An example of such “unusua” behavior was
observed experimentally and explained for D,O in water by Japas et al.
(1995).

TEMPERATURE, K
647.1 637 587 475 278

4000 - 1-Octene

2000 -

TInK,

-2000 1 , . .
0 10 20 30 40
(p—p.), mol/l

Fig. 2. Examples of validity of the asymptotic relation, given by Eqgn.
7, far away from the critical point of water. Vapor-liquid distribution
constants for 1-octene, ammonia, and boric acid are taken from Econo-
mou et a. (1997); Jones (1963); and Kukuljan et al. (1999), respec-
tively.

vent. From the discussion given above, it follows that the
asymptotic slope, in other words the value of the Krichevskii
parameter for the solute under question, can be reliably esti-
mated from K, data at temperatures between 500 and 550 K,
i.e., 100-150 K below the critical temperature of water, T..
This means that if one measures, or is able to evaluate, values
of the distribution constants up to 550 K, then the values of K
at higher temperatures, all the way to T, can be reliably
predicted.

TEMPERATURE, K

647.1 637 587 475 278
2500 '
2000 H
a 1500 -
X
c
= 1000 -
500 -
0. ® Kozintseva (1964)
O Suleimenov and Krupp (1994)
0 10 20 30 40

(p—p,), mol/l

Fig. 3. The use of Eqgn. 8 for checking the internal consistency of
literature K, data for H,S. The solid line shows the asymptotic slope
recommended by Fernandez-Prini et a. (2003).
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This circumstance greatly simplifies the evaluation of K, by
means of Eqgn. 5 using extrapolated or predicted values of ®3
and k,,. Indeed, at temperatures below 550 K the density of
saturated water vapor is rather low, less than 40 kg - m™3, and
the first-order correction for deviations from ideality, the sec-
ond virial coefficient approximation, will be sufficient for pre-
dicting accurate values of ®3, see Section 3. Concerning k,, we
note that its accurate evaluation at temperatures below 550—
570 K is afar less demanding exercise compared to its predic-
tion over the whole temperature range up to T.. A simple
approximation of the temperature course of the standard partial
molar heat capacity of hydration, A,C5, which completely
ignores the diverging near-critical branch of A, C?, is accurate
enough for evaluating k,, up to 550 K by means of a thermo-
dynamic integration, see Section 4.

With the preceding discussion in mind, here is what we have
done: simple methods are proposed on an essentially empirical
basis for evaluating ®2 and k,, for many nonelectrolytes in
water over a limited temperature range, up to 550 K. This
information is used to calculate values of K, using Eqn. 5 over
the same temperature range. Assuming from the empirical
observations that the slope of the distribution constants versus
liquid water density at temperatures between 500 and 550 K is
close to the asymptotic near-critical slope, we estimate the
Krichevskii parameter for a wide variety of agueous solutes.
Finally, we correlate the values of K over the whole temper-
ature range of existence of the vaporliquid equilibrium for
water. These calculations are done for many inorganic and
organic compounds, and for the latter a group contribution
approximation was employed to represent values of Ay, and In
Kp-

3. EVALUATION OF THE FUGACITY COEFFICIENT OF
A SOLUTE AT INFINITE DILUTION, @3, UP TO 550 K

The values of the fugacity coefficient of a component of a
mixture can be calculated from equations of state, E0S, de-
scribing the volumetric properties of the mixture. The problems
with mixtures involving water are that they are particularly
difficult to describe by means of simple few-parameter EoS due
to a variety of forces (dispersion, electrostatic, chemical) con-
tributing to the potential energy of interactions between the
polar molecule of water and other molecules. However, thereis
a universal equation of state, the so-called viria equation of
state, given as a polynomial series in inverse volume, that is
valid for al systems, including mixtures:

PV B(T) C(T)
ﬁ: +T+ V2 + ... i (9)

where B(T), C(T), ... are the temperature dependent properties,
called the second, third, ... viria coefficients. Contrary to the
empirically-introduced equations of state, the virial EOS can be
theoretically derived from statistical mechanics (Mason and
Spurling, 1969), with B(T), C(T), ... relating to the potential
energy of intermolecular interactions. Importantly, the compo-
sition dependence of viria coefficients is given rigorously by
the theory, with the following relation valid for the second
virial coefficient of a mixture, B, as an example:

Bn = Zgyiy,-Bu, (10

with B;; designating the second virial coefficient between in-
teracting components i and j of a mixture of unlimited number
of components, and y standing for the mole fraction of a
component in a mixture.

As discussed in the previous Section, at low densities only
binary interactions contribute significantly to the deviations of
thermodynamic properties of mixtures from ideality. So, we
assume that at temperatures below 550-570 K, i.e., a pure
water densities below 50 kg - m™3, the virial equation of state
truncated at the second virial coefficient (i.e., neglecting ternary
and higher interactions) will be adequate for representing the
properties of the vapor phase. The virial equation of state
truncated at the second virial coefficient gives the following
relation for the fugacity coefficient of a solute at infinite dilu-
tion (Prausnitz et a., 1986):

P
In®3 = (2By, — Bll)ﬁl (11)

where B, is the second viria coefficient of pure water; By, is
the cross second viria coefficient for interactions between
water and a solute; P, as before, stands for pressure.

Therefore, the task of predicting ®3 values for solutes at
infinite dilution in water vapor at T < 550 K is essentially the
task of evaluating B,; and B;,. The second virial coefficient of
water, B,,, is sufficiently well known over extremely wide
temperature ranges (Wagner and Pruf3, 2002; see Appendix A).
However, evaluating the second cross virial coefficients for
interactions between water and other solutesis achallenge. Our
attempts to tackle this problem are reported elsewhere (Plya
sunov and Shock, 2003; Plyasunov et al., 2003). Here we give
a brief outline of the procedure proposed to evauate and
predict the values of the second cross virial coefficients for
interactions involving water.

The practical option to reproduce or predict values of the
second virial coefficients is to employ corresponding-states
correlations. The corresponding-states principle in its simplest
formulation, which descends from pioneering discoveries of
Van der Waals, postulates the existence of a universal EoS in
the reduced variables (with the reduced temperature, volume
and pressure, T, Vi and Pg, defined by Ty, = T/T_, Vg =
VIV, and Py = P/IP,, where T, V. and P stand for critical
temperature, volume and pressure, respectively), which all sub-
stances will obey. A comparison with experimental PVT data,
see, for example Prausnitz et al. (1986), showed that this
formulation is accurate only for rare gases and small nonpolar
compounds, like methane, with spherically symmetric force
fields. The subsequent theoretical analysis showed the necessity
to account for the nonspherical shape and electric properties of
interacting molecules, for the formation of “hydrogen bonds’
or chemical associates, etc. (Prausnitz et al., 1986). A number
of semiempirical corresponding-states correlations are pub-
lished in the chemical engineering literature to evaluate the
second viria coefficients of pure substances. We employed the
Tsonopoul os correlation (Tsonopoul os, 1974; Tsonopoulos and
Heidman, 1990), which can be extended to mixtures, or to cross
interactions, by means of only one mixture-specific parameter.
Elsewhere (Plyasunov et a., 2003) we present a method to
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estimate this mixture-specific parameter and, therefore, to pre-
dict B, values for interactions between water and a number of
volatile nonelectrolytes. The use of the Tsonopoulos correlation
for calculating B,, requires knowledge of many properties:
critical temperatures, pressures, volumes, acentric factors, di-
pole moments, “hydrogen-bonding” parameters for both com-
ponents of a binary mixture, the mixture-specific parameter,
etc. So, instead of tabulating these parameters, it was decided to
fit the values of B, correlated by means of the Tsonopoulos
method with a simple analytical relation valid for the square-
well potential (SWP):

2 e
B, = 3 WNAUiz{l - (AL - 1)<9Xp[k871;- - 1])},
(12)

where N, = 6.02214 - 10%® stands for Avogadro’s number and
kg represents Boltzmann's factor; o, £,./Kg, A, are the
SWP-parameters, representing the collision diameter in A
(10~1° m), the depth of the potential well in K, and the well
width in collision diameters, respectively. A more detailed
description of the procedure used is given in Plyasunov et al.
(2003). Parameters of the sguare-well potential were deter-
mined for interactions between water and many inorganic and
organic compounds. For organic compounds the group contri-
bution approximation was employed to represent B,, values,
therefore, the SWP-parameters were evaluated for functional
groups as well.

4. EVALUATION OF HENRY'S CONSTANT, k,, up to
550-570 K

Different methods can be used for estimating Henry’s con-
stant at elevated temperatures including approaches based on
electrostatic considerations (Shock et a., 1989; Shock and
Helgeson, 1990), or extensions of near-critical theories (Harvey
and Levelt Sengers, 1990; Harvey, 1996), etc. However, the
simplest and most universal way of estimating k,, at tempera-
tures up to 550-570 K seems to be the method of thermody-
namic integration.

This method exploits the connection between Henry’s con-
stant and the Gibbs energy of hydration (i.e., the Gibbs energy
change associated with transfer of one mole of a compound
from the state of the ideal gas at the reference pressure of 0.1
MPato the state of the standard agueous sol ution, defined asthe
state of unit activity in a hypothetical solution of unit molality
referenced to infinite dilution at any temperature and pressure)
given by the following relation:

1000
AyG*(T) = RTlnky — RTIn = = RTInk, — RTIN(55.51),

(13)

where M, = 18.015268 g - mol ~* (Wagner and PruR, 2002)
stands for the molar mass of water, and the second term is
needed for conversion between the molality concentration scale
employed for the Gibbs energy of hydration to the mole frac-
tion concentration scale, which is used for Henry’s constant.
Note that the value of k, has to be converted into the bar
pressure units, because the standard pressure for theideal gasis
0.1 MPa = 1 bar. Values of the Gibbs energy of hydration can

be calculated by thermodynamic integration from a reference
isotherm:

T T-T,
AG(T) = TA,GT) = ——AH(T)
T TACYT)
+ [ AC(T)dT-T T dT, (149
Tf Tf

whereA H(T,) is the standard partial molar enthalpy of hydra-
tion at the reference isotherm, and A, C(T) stands for the
temperature-dependent standard partial molar heat capacity of
hydration. The natural selection for the reference isotherm is
298.15 K, where most experimental determinations of the ther-
modynamic functions of hydration are performed. Some expla-
nation may be necessary. Note that Henry’ s constant is defined
as only a temperature-dependent function along the vapor—
liquid equilibrium of water, regardless of the pressure increases
along this path. Strictly speaking, A,C(T) values used in Eqgn.
14 should be isobaric values at some pressure, P, in excess of
the saturated water vapor pressure, P, and the additional term,

P
f V(T, P)dP,

P

should be employed to bring the calculated values of A, G°(T)
to the saturated water vapor pressure. However, for the sake of
simplicity the pressure correction is omitted from Egn. 14
because its effect at temperatures 273-550 K is minor. As a
matter of fact, this small correction is implicitly included into
the parameters of the heat capacity function proposed below.

The values of the heat capacities of hydration at T > 373 K
are known only for a few nonelectrolytes. However, accurate
calculations of A, G°(T) at elevated temperatures do not require
exceedingly accurate A,C(T) values. This fortunate circum-
stance is due to the particular form of Eqn. 14. Indeed, system-
atic errors in A,Cp(T) will result in systematic errors in both
integrals in Eqn. 14 and these errors to a great extent cancel
when calculating A,,G°(T). Therefore, the practical option isto
look for a simple but general approximation for A,C(T), the
use of which will alow calculations of A,G°(T) up to 550 K
with, say, accuracy of = 0.05 log units, if one log unit is
defined as AG®/(In10 - RT).

The approximation that the standard partial molar heat ca-
pacity of hydration does not depend on temperature, i.e., that

ALCYT) = A,C3(298), (15)

allows accurate calculations of A,G°(T) up to 400—450 K, but
not at higher temperatures that are of interest in this study. The
departures resulting from using Eqgn. 15 to calculate values of
A,G°(T) in log units are shown as dashed curves in Figure 4.
Note that for larger compounds such as n-octane (Fig. 4b), this
approximation fails dramatically even at relatively low temper-
atures, resulting in errorsin the A,G°(T) value corresponding to
0.41 log units at temperature 450 K. Explaining why this
approximation is unsatisfactory, especially for hydrophobic
species, is helped by Figure 1. The integral of Eqn. 14,
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Fig. 4. The performance of approximations to the standard partial
molar heat capacity of hydration given by Eqn. 15 (dashed line) and
Eqn. 16 (solid line) for calculating A,G(T) for some solutes by the
method of thermodynamic integration. Differences are given as depar-
tures in log units as described in the text.

.
J ACy(T)dT,
.

f

is given by the area under the solid line in Figure 1, and the
approximation that A,C3(T) = A,C;(298 K), which is shown
by the horizontal short-dash line, generally gives a poor eval-
uation for this integral, although the upper limit of integration
may meatter in how poor this evaluation will be.

The next simplest approximation, namely that the standard
partial molar heat capacity of hydration depends linearly on
temperature (but must reproduce the experimental value of
A,Cp at 298.15 K), i.e, that

ACY(T) = a+ bT, (16)

turns out to be sufficient for calculating A,,G°(T) up to 570 K.
This conclusion was checked by fitting the temperature depen-
dence of the Gibbs energy of hydration for more than 30
solutes, spanning the range from nonpolar rare gases to strong-
ly-polar alcohols, amines, carboxylic acids and amides, and
from small solutes like anmonia or oxygen to large ones like
n-octane or benzene (Table 1). Some examples are shown by
the solid curves in Figure 4. Returning to Figure 1, it can be
seen that this approximation, which usually overestimates A,.Cp
at lower temperatures and underestimates it at higher ones,
gives a reasonable value of the

.
f ACY(T)dT
T

r

integral, i.e., the area under the solid line. Certainly the optimal
value of b (or the slope in Fig. 1) varies with the upper limit of
integration, which was in our case fixed at 573 K.

Using Egn. 16, the analytical expression forA,G°(T), con-
sistent with Egn. 14, is given by

0 T 0 T- T’ 0
MGH(T) = TAG(T) =+ AH(T)
r r

T\ b ,
+a<T—T,—TInf) —5(T-T). (1D

To perform calculations, one needs, in addition to A, G°(T) and
A H®(T) data at the reference isotherm T, = 298.15 K, the
values of the parameters a and b of the heat capacity function,
Egn. 16. If an experimental A, Cp vaue is available at the
reference temperature, then only one parameter, say, b, has to
be known independently, with the parameter a given then by

a=ACYT)—b-T,. (18)

We attempted to find a way to estimate the b parameter from
information readily available at T, = 298.15 K. To meet this
goal, we selected a training set of solutes, for which reliable
values of Henry's constant at temperatures up to 570 K are
either measured directly or can be calculated using experimen-
tal ACp°(T,P) and V5(T,P) data. When searching empirical
correlations, it is important to work with a representative array
of data. In our case, the training set needed to include solutes of
different sizes and shapes (neon, benzene, n-octane as exam-
ples), and greatly varying in strengths of water-solute interac-
tions (argon, ammonia, acetic acid, etc.). The selected set is
presented in Table 1. Numbers in parentheses in various col-
umns of Table 1 show uncertainties, given as a humber of
significant figures, so, 19.44(3) means 19.44 =+ 0.03 and
—0.07(37) means —0.07 = 0.37. The optimal values of the b
coefficient of Egn. 16 for each solute were determined by the
least squaresfit of A, ,G°(T) data using fixed values of A ,G°(T,),
ApHO(T,), and ACQ(T,). However, the uncertainties of the b
coefficients given in Table 1 include contributions, calculated
using usual rules of error propagation, arising from uncertain-
ties in the values of the thermodynamic functions at the refer-
ence isotherm 298.15 K. A quick analysis of the b results in
Table 1 shows that there is a strong negative correlation be-
tween A,CJ(298) and the coefficient b: the larger the
A,Cp(298) datum the more negative the value of b is. The
second observation is that for compounds with similar
A,C(298) values the coefficient b seems to depend on polarity
of the solute, and for polar compounds the values of b are less
negative. This could be seen by comparing b results for argon
and ethanol, two solutes with similar A,Cp(298) values of
~200J- K™t mol %

Accepting values of the Gibbs energy of hydration at 298.15
K, 0.1 MPa, A,G°%298), as an approximate measure of the
polarity of a solute, we propose the following empirical corre-
lation for the b coefficient:

b= b, + b, A,C3(298) + 10° - b, A,G°(298),  (19)

where the dimensions of A,C3(298) are J - K~* - mol ~* and
those of A, G°(298) are kJ - mol ™. The fit of datain Table 1
gives the following values of the coefficients of Egn. 19: b, =
0210J-K™2-mol™% b, = —284 103K % b, = —8.04
-107® K2, lllustrating the quality of the correlation given by
Egn. 19 is hampered by the fact that b depends on two param-
eters. If one defines the auxiliary quantity IT as

I1=b— 10°- b, - A,G°(298), (20)

then there should be a linear relation between II and
A,C(298), because from Eqgn. 19 it follows that

IT = b, + by - A,C(298). (21)
The quality of the correlation is seen in Figure 5, where
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Table 1. The training set of solutes employed to test the methods of predicting k,, at high temperatures together with thermodynamic functions of
hydration at 298.15 K, 0.1 MPa and parameters a and b for Eq no. 16.

AG (T)
Compound Formula A GO A Ho3P A,CRae a b sources
Helium He 19.44(3)° -0.7(2)" 130(10)"© 182 -0.17 = 0.15 h
Neon Ne 19.07(3)® —3.8(2)" 145(10) 278 —0.44 +0.16 h
Argon Ar 16.28(3)° —12.0(1)" 200(10)° 373 -0.58 + 0.15 h
Krypton Kr 14.83(3)° —15.3()" 220(10) 443 -0.75+ 0.15 h
Xenon Xe 13.44(3)° —19.0(2)" 250(10)° 440 —0.64 = 0.16 h
Hydrogen H, 17.73(3) —4.0(5) 140(15)! 236 -0.32+0.23 h
Nitrogen N, 18.21(3) —10.4(3)« 214(10) 388 —0.58 + 0.16 h
Oxygen 0, 16.55(3)' —12.1(0)"mf 200(5)""9 339 —0.47 = 0.09 h
Carbon monoxide CO 17.19(3)" —10.8(3)" 215(10)" 386 —0.57 = 0.16 h
Sulfur hexafluoride SFs 20.62(10)’ —20.7(5)° 311(25)° 467 —0.53 = 0.37 h
Carbon dioxide CO, 8.41(5)° —-19.7()P" 180(10)® 305 —0.42 = 0.15 h
Hydrogen sulfide H,S 5.66(10)! —18.0(15)! 144(10)" 247 —0.35+ 0.27 h
Ammonia NH3 -10.1()"v™ —35.4(2)* 39(5)Y -13 0.17 = 0.09 z
Methane CH, 16.26(3)* —13.1(1)"0P 216(10)5*° 368 —051+0.14 h
Ethane C,Hg 15.57(5)« —19.4(5)% 280(20)™ 411 —0.44 +0.28 h
Propane C,Hg 16.1(1)%¢ —22.9(3)% 330(30)™ 444 —0.38 + 043 ee
n-Butane CHio 16.6(2)™ —25.9(3)™ 385(20)% 589 —0.69 = 0.29 e
n-Pentane Hio 17.5(3)% —28.8(3)% 454 778 —1.09 + 0.44 ee
n-Hexane CeH1a 18.1(4)% —31.6(4)™ 518 967 —151+ 045 ee
n-Heptane His 18.9(4)% —36.2'" 582 1080 —1.67 =054 ee
n-Octane CgHyg 19.4(5)% —39.9 646 1213 —1.90 + 0.56 ee
Ethene C,H, 13.25(10)% —16.5(3)% 210(20)« 440 —0.67 = 0.29 z
Propene CsHe 12.9(2)« —21.6(3)™ 280(30)% 398 —0.39 = 0.43 e
I-Butene Hs 13.6(2)% —24.9(4)% 366" 676 —1.04 + 044 ee
I-Hexene CeH1o 15.1(3) -31.7" 494" 957 —155+ 0.54 ee
I-Octene sHis 16.7" —39.2f 622 1225 —2.02 + 0.56 ee
Cyclohexane CeHio 13.0(2)« —33.1(3)™ 410(30)* 629 —0.73 = 0.43 =
Benzene Hs 4.3(2)%d —31.7(3)% 290(15)™ 436 —0.49 + 0.23 ee
Toluene Hg 4.6(2)% —36.3(3)™ 340(30)™ 513 —0.58 + 0.43 ee
Methanol CH,O —13.2(2)% —45.1(2)% 114(5)% 138 —0.08 = 0.10 99
Ethanol C,HsO —13.0(2)% —52.6(2)% 199(5)« 264 -0.22 +0.10 99
I-Propanol C,HO —12.4(3)% —57.7(2)% 268(6)% 402 —0.45 + 0.15 99
I-Propanamine C3HoN —10.4(5)"™ —55.8(10)™ 231(15)™ 251 -0.07+0.31 99
Acetic acid C,H,0, —21.0(5)% —52.8(20)™ 105(10)%9 84 0.07 + 0.37 99
Propanoic acid C3HO, —20.4(9)%° —56.5(20)™ 160(10)"™ 168 -0.03+0.37 99
Propanamide C,H,NO —31.5(10)% —73.4(30)% 168(10)%° 185 —0.06 * 0.59 99

aAt 298.15 K, 0.1 MPa,°kJ - mol~%,°J- K=t - mol~%9J - K~2 . mol ~%,® Krause and Benson (1989)," Olofsson et al. (1984),9 Hallén and Wadsd
(1989)," Fernandez-Prini et al. (2003),' Dec and Gill, (1985a),] Wilhelm et a. (1977),% Rettich et al. (1984),' Rettich et a. (2000),™ Dec and Gill,
(1984a)," Rettich et al. (1982),° Crovetto, (1991),° Berg and Vanderzee, (1978)," Gill and Wadsb (1982),° Hnedkovsky and Wood, (1997),' Cox et al.
(1989)," Barbero et a. (1982),Y Clegg and Brimblecombe (1989)," Kawazuishi and Prausnitz (1987),* Vanderzee and King (1972),Y Allred and
Woolley (1981),2 Plyasunov et a. (2000b),® Rettich et al. (1981),°° Dec and Gill (1984b),°° Dec and Gill (1985b),% Plyasunov and Shock
(2000a),% Plyasunov and Shock (2000b)," group contribution value from Plyasunov and Shock (2000a),% Plyasunov et al. (2001)," Cabani et al.

(1981).

“experimental” II values, calculated from Eqn. 20, are plotted
asfilled circles against A,C(298), and all “predicted” values of
[T fall on the solid line, which is given by Egn. 21. Note that the
error bars show the uncertainties of the “experimental” points
due to uncertainties in both the b coefficients and A,C;(298)
vaues. Given the success of Eqn. 19 for the large and diverse set
of compounds in Table 1, which contains results for polar and
nonpolar solutes of spherical, linear and ring shapes, we expect
that Egn. 19 can be applied to various agueous compounds.

To launch the procedure of estimating high-temperature k,
values for aqueous sol utes described above, one needs to know
the values of the thermodynamic functions of hydration at
298.15 K. Experimental values of A,G°(298) are available for
many compounds from vapor—iquid and liquid-liquid equilib-
ria studies, whereas experimental determinations of A, H°(298)
and A,C;(298) are often not available. Therefore, general methods
for estimating the standard partial molar enthalpy and heat capac-

ity of hydration at 298.15 K would be useful. This task is in
genera far from simple. One possible approach to the problem
is outlined in Appendix B. The method assumes the existence
of “universal” correlations between the values of A G° A H®,
and AhCS at 298.15 K, with deviations from these “universal”
correlations depending on the chemical composition of a solute
(see Appendix B for details). Fit results are given in Table B1,
and numerical values of universal terms and atomic contribu-
tions to A H°(298) and A,,C;(298) are given in Table B2.

5.. CALCULATION OF VAPOR-LIQUID DISTRIBUTION
CONSTANTS, Kp, UP TO Tc

5.1. Calculation of K at Temperatures up to 550 K
5.1.1. Expected Accuracy of Ky Predictions

According to Eqgn. 5 the uncertainty of K, depends on
uncertainties in ®3 and k, as follows:
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Fig. 5. The relation between the “experimental” (filled circles, cal-
culated using Egn. 20) and correlated (solid line, given by Egn. 21)
values of the quantity I1, see text. Error bars show the uncertainties of
the "experimental” data due to uncertainties of A,Cp(298) values and
the b coefficients.

81nKp = [(8IndY)? + (81nk,)? %, (23)

where & stands for the uncertainty in each quantity. Let us
discuss the expected errors in In®3 and In k, values.

From Egn. 11, ignoring rather small errors in the second
viria coefficients of pure water, B,,, we obtain

2P
8l n<1>g=R—T15512. (24)

The errors in predicted B,, values, 6B,,, are larger at low
temperatures. However, the vapor pressure of water is rather
low at ambient temperatures, and, therefore, the resulting errors
inInd3 are also small at these conditions. For example, even an
error as large as 3000 cm® - mol~* in B,, around 300 K will
result in an error of lessthan 0.01 in In®$. Both absolute values
and uncertainties of the predicted B, values are much larger
for polar compounds. Some representative estimates of 6B,
and 8Ind3 for nonpolar and polar solutes are given in Table 2.

There are several contributions to the errors in predicted ki,
values. First, thereisan “intrinsic” error due to the approximate
character of Eqgn. 16 for the temperature dependence of the
standard partial molar heat capacity of hydration. This “intrin-
sic” error is appreciable for larger hydrophobic solutesand it is
less for polar solutes. Second, errors in predicted values of k,,
also arise because of uncertainties in the values of A,G°, A H®,

Table 2. Expected uncertainties in the predicted in K values.

TK 8B,,° slnd3 8in k,,° sin Kp

350 30-200° 0.001-0.006 0.02-0.03 0.02-0.03
450 15-50° 0.008-0.024 0.09-0.23 0.10-0.24
550 10-20° 0.027-0.054 0.24-0.73 0.25-0.73

2The lesser value refersto atypical nonpolar solute (n-pentane), and
the larger value referes to a strongly polar compound (methanol).

P The lesser and larger values refer to “well-studied” and “poorly-
studied” solutes, respectively; see text.

€ Units: cm® - mol .
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Fig. 6. Comparison of experimental (various symbols) and predicted
(solid lines) values of the vaporliquid distribution constants for some
agueous solutes. The dashed line shows predictions for 1-ethylnaph-
thalene with a different value of A,G° employed, see text.

and A.Cp a the reference isotherm. Considering al these
sources of errors to be independent, we obtain the estimates of
8(In k) shown in the fourth column of Table 2. The smaller
and larger error estimates refer to “well-studied” and “poorly-
studied” solutes, for which the “intrinsic” errors are similar, but
the uncertainties of A,G°(298), A,H%(298), and A,C{(298) are
different. In these examples, values of 8A,,G°(298) are equal to
+ 0.2 and + 0.5kJ - mol~*, 6A,H°(298) are + 0.5 and + 2.0
kJ-mol ~*, and 8A,,C5(298) areequal to + 10and = 30J- K™+
- mol~* for the “well-studied” and “poorly-studied” solutes,
respectively. Very often, uncertainties in A,G°(298),
ALH(298) and A,H(298), A, CJ(298) pairs are correlated (if
the enthalpy is determined from the temperature dependence of
the Gibbs energy, or the heat capacity is evaluated from the
temperature course of enthalpy data), therefore, we believe that
the uncertainties of predicted Ink,, values in Table 2 are over-
estimated. However, in the case of solutes for which both
AH®(298) and A,CJ(298) are estimated as described in Ap-
pendix B, the values of 8lnk,, may bear large uncertainties.

From this discussion it follows that the main contributions to
the uncertainties of predicted K, values, §(In Kp), listed in the
last column of Table 2, arise from uncertainties in Henry’s
congtants,§(In k).

5.1.2. Examples of K Predictions

To perform the most stringent test of our methods to predict
Kp vaues, only the thermodynamic functions of hydration at
298 K were employed, and the parameter b of Egn. 17 was
estimated using the empirica correlation with A,,G°(298) and
A,Cp(298), according to Egn. 19. In all cases the Tsonopoulos
(1974) correlation was employed to caculate ®3, with the
mixture-specific parameters k,, evaluated according to Plya
sunov et al. (2003). Calculated values of K, are compared with
high-temperature experimental datain Figure 6 for 2-propanoal,
cyclohexanamine, ammonia and 1-ethylnaphthalene.

For 2-propanol (Fig. 6a) the values of A,G° A,H° and
A,Cpat 298 K are taken from our earlier compilation (Plya
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sunov and Shock, 2000a). The high-temperature K, values are
caculated by us from isotherma xy data (compositions of
coexisting liquid and vapor phases) reported by Barr-David and
Dodge (1959) as follows: first, we calculated values of concen-
tration quotients, Q = y/x, for diluted solutions, where x<<0.09
(5 points at each isotherms), then we extrapolated these results
to infinite dilution assuming the validity of approximation In Q
= In Kp + kx, where k stands for the proportionality coeffi-
cient. The resulting In K, values are expected to have uncer-
tainties of 0.1-0.2 in In units.

For cyclohexanamine the values of the thermodynamic func-
tions of hydration at 298 K are taken from Bergstrom and
Olofsson (1975). As amines are used to regulate pH values of
boiling water in steam power plants, there are 3 sets of exper-
imental K, values for cyclohexanamine at high temperatures.
The scatter of experimental resultsis obviousin Figure 6b. The
most accurate set of K values was reported by Lewis and
Wetton (1988), who worked with low concentrations of solutes
and employed dilute NaOH solutions to suppress the ionization
of amines. Our prediction describes these data closely.

For ammonia the values of A,G° A H® and A,Cp at 298 K
are collected in Table 1. The results of K, predictions are
compared in Figure 6¢c with experimental values measured by
Jones (1963). Only above 550 K departures become significant.

The final example is presented for 1-ethylnaphthalene (Fig.
6d), with experimental K values evaluated from compositions
of coexisting vapor and liquid phases measured aong the
three-phase equilibrium by Economou et al. (1997). The solid
line in Figure 6d shows the calculated K results, which are
obtained using the following data for the thermodynamic func-
tions of hydration at 298 K, al caculated from the group
contribution values of Cabani et al. (1981): A, G° = —1.91 kJ
-mol %, A\H® = —52.1 kJ - mol ~* andA,C5 = 429 J - K™+
mol ~%. One can see the systematic deviations between the
experimental and predicted data. Changing the value of the
Gibbs energy of hydration at 298 K to A,G° = —0.90 kJ -
mol ~* as determined by Altschuh et al. (1999), improves the
agreement between experimental and calculated values as in-
dicated by the dashed line in Figure 6d. This example demon-
strates the importance of the accuracy of the thermodynamic
properties of a solute at the reference isotherm.

In general, these examples confirm the success of the pro-
cedure proposed to predict the values of the vapor-iquid
distribution constants of aqueous solutes up to 550 K, provided
that there are reliable values of the thermodynamic functions of
hydration for a solute of interest at 298 K.

5.2. Evaluation of the Krichevskii Parameter, A,

As discussed in Section 2, the values of K at temperatures
above 500 K aready belong to the asymptotic slope given by
Egn. 7. This empirica finding introduces a simple way to
evaluate the Krichevskii parameter, A,,, by using Egn. 7 to
calculate A, from predicted K5 values at temperatures around
500, 525 and 550 K. The higher the temperature, the larger the
uncertainties in the predicted K and, therefore, Ay, values
are. On the other hand, there is always the possibility that, for
aparticular solute, the K, value at lower temperature, say, 500
K, will deviate from the one given by the asymptotic relation.
As a compromise, we gave equal weights to data at 500, 525,

and 550 K, when averaging A, results calculated at these
temperatures. Using values of 8ln K, obtained above, we
estimate the uncertainties in the predicted values of A, to be
around = 7 MPa and = 20 MPa for the “well-studied” and
“poorly-studied” solutes (as defined in Section 5.1.1), respec-
tively, at least for hydrophobic solutes with positive values of
A, Of course, large errorsin the values of the thermodynamic
functions of hydration of a solute at 298 K will result in errors
of the predicted values of the Krichevskii parameter that are
larger than these estimates, reemphasizing the importance of
high-quality thermodynamic data at the reference isotherm.

In Table 3 we compare predicted and “experimental” values
of the Krichevskii parameter for some agueous solutes. Predic-
tions were done for compounds for which there are both inde-
pendent values of Ay, reported in the literature and reliable
values of the thermodynamic functions of hydration at 298 K.
Predicted values of A, are collected in Table 3, together with
their estimated uncertainties, given in parentheses as the num-
ber of significant figures, so, 168.6(70) means 168.6 + 7.0. The
uncertainty of the calculated value of the Krichevskii parameter
represents the standard deviation from the mean (calculated
from Ky at 3 temperatures, 498, 523 and 548 K), if this
standard deviation exceeds the minimal expected uncertainty of
Ay, Otherwise, the uncertainties are given as = 7.0 or = 20
MPa. The values of A,G°, A H® and A,C{ at 298 K employed
in the calculations are given in footnotes in Table 3 for solutes
not listed in Table 1. The necessary values of the fugacity
coefficients are calculated using the square-well potential pa-
rameters for compounds or organic functional groups from
Plyasunov et al. (2003).

Methods of calculating A, other than from variations of K
in accordance with Egn. 7, require accurate experimental data
at near-critical conditions. We discussed methods for evaluat-
ing the Krichevskii parameter elsewhere (Plyasunov and
Shock, 2001b), which may be consulted for further details
about the abbreviations used in Table 3: CRL stands for the
method of evaluating from the initial slopes of the critical line
in a binary system; DB from dew-bubble curves, K from
high-temperature vapor-liquid distribution constants; V3 from
values of the partial molar volumes at near-critical conditions,
obtained from highly accurate measurements of dilute solutions
using a vibrating-tube densimeter; and PVTX from the volu-
metric studies of binary systems in the neighborhood of the
critical point of water. “Global fit” means that the value of A,
is obtained through the overall fit of V3, A,G°, A,H® and A,C
data, including those at near-critical conditions, in the frame-
work of the Fluctuation Solution Theory based model (Plya-
sunov et a., 2000b). The most accurate Ay, results were
obtained for a few solutes by Fernandez-Prini et a. (2003) and
Alvarez et a. (1994) after critical evaluation of high-tempera-
ture vapor—iquid equilibrium data (“gas solubility”). Our esti-
mates of the Krichevskii parameters for these solutes are not
completely independent of these publications. Indeed, we used
A, G° results up to 570 K from these works when deriving Eqgn.
19, which represents the core of our method to extrapolate k,,
data up to 550 K. Nevertheless, the comparison for these
solutes is valid, since we did not used their A, G° data at
near-critical conditions, and our K, predictions are absolutely
independent of K data given by Fernandez-Prini et al. (2003)
and Alvarez et a. (1994). Methods for evaluating the Krichev-
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Table 3. Calculated and “experimental” values of the Krichevskii parameter for some agueous nonelectrolytes.

Compound Formula AP Literature Ay, results
Helium He 168.5(70) 168.4° Kp; 167.0¢ K
Neon Ne 173.7(70) 186.3° Kpp; 177.9° K
Argon Ar 163.0(70) 171.7° Kp,; 170.9% K; 130° CRL; 170.1 Global fit
Krypton Kr 156.1(70) 169.2° K5; 163.7% K
Xenon Xe 148.4(70) 150.3° K; 148.79 K; 150.6" Global fit; 166(15)° V3
Hydrogen H, 162.0(70) 169.9° K ; 163.2¢ K; 150° CRL
Nitrogen N, 171.7(70) 177.5° Kp; 171.0° Kp; 180° CRL
Oxygen 0, 166.1(70) 171.2° K5; 163.6% K; 140° CRL
Carbon monoxide CO 161.9(70) 174.3° Kp
Sulfur hexafluoride SFs 213.0(70) 214.5°Kp
Carbon dioxide Co, 121.7(70) 124.3° K; 118.29 K5; 100° CRL; 127.2° Global fit; 130(10)% VS
Hydrogen sulfide H,S 96.6(70) 98.0° Kp; 103% K; 100.9° Global fit; 105(10)9 V,°
Ammonia NH, 44.4(70) 40° K; 47.17 Global fit; 52(10)9 VS; 42" (CRL); 43" (CRL)
Tetrafluoromethane CF, 202.8(70) 210(20)9 (CRL)
Methane CH, 162.6(70) 164.6° K, 158.29 K5; 150° CRL; 166.1" Global fit; 163(10)% VS
Ethane C,Hs 162.9(70) 159.3° K ; 194(40)° DB
Propane CsHg 153.8(70) 160(20)9 CRL; 153(40)° DB
n-Pentane C:Hi 164.4(70) 181(30)¢ CRL; 180(40)° DB
n-Hexane CeHia 169.0(70) 151(15)9 CRL; 197(40)¢ DB; 170(10)° V$; 96.4' PVTX
n-Heptane CHi 176.4(70) 234(40)9 CRL; 167(40)° DB; 115.1™ PVTX
n-Octane CgHig 178.4(71) 191(7)™ Kp; 127.5™ PVTX
n-Dodecane CioHa 191(12)° 152(30) CRL
Ethene C,H, 141.3(70) 142.6" Global fit; 176(15)° V3
Propene CiHs 135.8(70) 132(25)% CRL
I-Hexene CeHyo 149(20) 152(4)™ K
I-Octene CgHis 163(20) 177(10)™ Ko
Cyclohexane CeHio 145.3(70) 152(25)9 CRL; 130(15)° V3
Benzene CeHs 93.6(70) 66(25)% CRL; 95(10)° VS; 52.4™ PVTX
Toluene C,Hg 100.0(70) 105(10)9 V,°; 137.7° PVTX and CRL
Ethanol C,HO 37.7(70) 52(25)% CRL; 42% K
2-Propanol C5HgO 52.9(70)f 50" Kp
Dimethylamine C,H,N 78.7(70) 754 Kp
Diethylamine C,HuN 79.6(70)" 80" Kp
Piperidine CsHy;N 52.0(70)" 57" Kp; 67" Kp
Cyclohexanamine CgHisN 55.3(70)* 57w KD, 63" Kp; 53 Kp
2-(Diethylamino)ethanol CeH,sNO 35.9(70)* 414 Kp; 35 KD

aMPa,b our evauation from K using the method outlined in the text, Fernandez-Prini etval. (2003), Alvarez et al. (1994),° Harvey et al.
(1990)," Plyasunov et a. (2000b),° Plyasunov and Shock (2001b)," Rizvi and Heidemann (1987),' Our calculations of A, Sassen et al. (1990),¢ At
298 K: AhG° = 20.98 kJ - mol " (Scharlin and Battino, (1994)), A,H° = —14.54 kJ - mol ™% A,C) = 268 J- K™ - mol ~* (HaIIen and Wadsb,

(1989)) Abdulagatov et a. (2001) Abdulagatov et a. (1998)," He|dman et a. (1985),° At 298 K: AhGO = 2245 kJ - mol™

mol %; A,C3 =902 J - K~

1A, HO = 54.96 kJ -

- mol 2, group contribution values (Plyasunov and Shock, (2000a)),” Kiselev et al., 20029 Barr David and Dodge
(1959)," At 298K AG°® = —11.93 kJ mol ~%, A;H® = —58.5 kJ - mol~

AC,° = 2723 - K™ (Plyasunov and Shock 2000a),° At 298 K: A,G°

= —9.97kJ-mol" L ACH=194J-K™* ol 1(Cabanl et al. 1981); A, Ho = —54.0 kJ - mol~ 1 (Parker, 1965),! Balakrishnan (1988)," At 298 K:
A, GP = —006kJ mol L A, HO = 65123 mol % &, Cp = 3713 K~ - mol~* (Cabani et al., 1981)." At 208 K: A, G° — —13.42 kJ -

mol ~%, A, H° = —65.41 kJ - moI L Ah
-mol %, A, H° = —66.2 KJ - mol~

—3193- K1 - mol-% (Cabani et . 1981)™ L ewis and Wetton (1988) % At 298 K- A, G° = —13.6 k]
5 A,Co=325J-K™*-mol~* (Bergstrom and Olofsson, 1975),” Anerousis et a. (1979),” At 298 K: A, G° =

~19.7kJ - mol? , A, H° = —785 K- mol (preliminary results of our data evaluation); A, C3 = 358 J- K™* - mol ~* (Cabani et al. 1981).

skii parameter, other than from K, data, typically give values
of Ay, with relatively large uncertainties: we expect the typical
uncertainty to be = 25-40 MPa for CRL data, = 40 MPa for
DB data, + 10-15 MPa for V2 data.

In our opinion, data in Table 3 strongly suggest that the
method proposed allows evaluation of the Krichevskii param-
eter for many agueous solutes with accuracy close to the best
determinations currently available. We would like to emphasize
the expected high accuracy of estimates of A, from K, data,
where uncertainty of most determinations is less than = 20
MPa. This level of accuracy is difficult to achieve when cal-
culating Ay, from, say, the initial slopes of the critica line or
from the slope of dew-bubble curves, as a direct consequence
of the differentiation of experimental data of limited accuracy.
We used this method to calculate the values of the Krichevskii
parameter for many inorganic compounds and halogenated

derivatives of methane and ethane. The results obtained are
collected in Tables 4 —6 together with necessary auxiliary data
(ARG®, ApH®, ALCY at 298.15 K and parameters of the square-
well potential).

5.3. Group Contribution Values of the Krichevskii
Parameter for Aqueous Organic Solutes

5.3.1. Applicability of the Group Contribution
Approximation for the Krichevskii Parameter of
Aqueous Solutes

Using the method outlined above we evaluated values of the
Krichevskii parameter in water for severa members of the
homologous series of normal akanes and 1-alcohols. The re-
sults are shown in Figure 7, where values of A, are plotted
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Table 4. Thermodynamic properties of hydration at 298.15, 0.1 MPafor some inorganic compounds together with Krichevskii parameter and values
of the C, parameter (Eqn. 42) as well as the parameters for the square-well potential (Eqn. 12).

Solute A,GP2P A Ho3P A, Coe Al C, Aot 0.5 £10/Kg®9
He" 19.44(3)’ —0.7(2)! 130(10)' 167.63 —35.13 — 2.35 0
Ne" 19.07(3)’ —3.8(2) 145(10)' 185.78 —88.65 1.454 2,533« 61.6¢
Arh 16.28(3)’ —12.0(2)' 200(10)' 175.16 —90.52 1.455 2.734 211
Kr" 14.83(3)’ —-15.3(1)' 220(10)' 174.30 —111.38 1.454 3.21 253
Xe" 13.44(3)’ —19.02)' 250(10)' 149.74 —-16.14 1.454 3.36 298
Rn 11.60(5)™ —21.4(10)™ 293(15)™ 125.8 6.69 1.458 3.49 337
SF" 20.62(10)' —20.7(5) 311(25)' 219.27 —155.85 1.358 3.74 308
NP 18.21(3)’ —10.4(3)' 214(10)' 177.95 —59.89 1.436 3.17 202
H," 17.73(3)’ —4.0(5)" 140(15)' 165.24 —29.38 1.454 2.38 111
NF, 17.7(2)" —15.5(20)' 293(50)' 163.3 —16.70 1.351 3.36 317
D, 17.57(5)° —4.6(5)° 160(20)° 156.0 —24.16 1.533 2.94 91.0
N,F, 17.5(1)" —20.5(20)" (260)° 195.9 —68.91 1.308 3.67 368
o, 16.55(3)’ —12.1(0) 200(5)! 170.82 —57.04 1.443 3.10 185
CD, 16.30(3)7 —13.0(5)¢ 206(15)9 166.2 —39.22 1.438 3.25 241
con 17.19(3)’ —10.8(3)' 215(10)' 179.72 —103.90 1.398 3.19 215
NO 15.49(5)" —11.9(10)" 190(30)" 157.3 —3112 1.212 3.04 429
PH, 11.91(10)™ —16.6(10)™ 174(20)™ 147.3 —38.45 1.356 3.25 418
AsH, 11.69(10)™ —17.1(15)™ 180(30)™ 146.0 —38.42 1.401 3.38 410
NO, 11.6(10)" (-17.5)P (193)° 143.1 —33.65 1.245 3.27 687
0, 10.9(10)" (-17.3P (189)° 1337 —19.75 1.294 3.23 447
Cos 9.5(10)™ (—-15.0 (200)° 105.3 13.56 1.328 3.33 492
N,O 9.2(1)" —21.4(10)" (180)° 138.2 —36.55 1.345 321 459
Cco," 8.41(5)' —19.7(0) 180(10)' 121.23 —2.05 1.355 3.19 468
cl, 6.9(3" —23.4(10)" (230)° 106.1 4.38 1.421 343 419
H,Se 6.1(2™ —15.7(20)™ 76(30)™ 114.6 —33.18 1.380 3.25 48
H,S" 5.66(10)’ —18.0(15)’ 144(10)' 98.86 —6.26 1.324 3.10 554
NOCI 1.1(2)° (—27.6)° (a78)P 81.1 6.52 1.225 2.64 996
Br, 0.8(3)° —33.5(30)° (179)° 106.2 —33.33 1.398 2.58 814
S0, —0.51(10)" —27.0(3" 155(10)" 69.5 11.33 1.249 3.07 857
N,O, 0.0(20)" (—34.0P (188)° 94.7 —1551 1.193 3.20 834
N,O, 0.0(20)" (—37.0P (214)° 101.7 —25.05 1.286 352 702
clo, 0.0(2" —27.8(30)" (A75)° 717 13.89 1.216 2.80 1010
I, —2.4(30)! (—37.5P (180)° 93.9 —36.45 1.401 2.49 1068
HCN —5.0(10)" —24.4(30)" (81 36.1 26.75 1.183 2.72 1286
HN, —6.2(5)" —33.0(30)" (207)P 54.1 -0.19 1.183 2.80 1272
HNO, —9.6(5)" —40.5(30)" (112)° 52.9 —-16.32 1.197 2.92 1296
NH, —10.1(2)" —35.4(2)" 39(5)" 444 —10.40 1.248 2.04 1391
HF —23.6(5)° —49.0(5)° —16(10)Y -16.1 4.60 1.209 248 1527
H,0, —28.5(5)" —54.9(5)" 19(10)" -345 3.97 1.205 242 2052
N,H, —31.3(5)" —61.1(5)" —34(10)" —324 —-10.85 1.226 2.28 1791

aAt 298.15 K, 0.1 MPaPkJ - mol=1°J - k™ - mol 1,9 MPa® From Plyasunov et al. (2003) unless otherwise indicated,” 10~°m,9 K," K5 from
Fernandez-Prini et al. (2003) at 273-623 K were used,' see Table 1 for data sources; from B,, at 200-1200 K (Hodges et al. 2002a) * from B, at
2001400 K (Hodges et al. 2002b),' from B, at 200—2000 K (Hodges et al. 2002b),™ Wilhelm et al. (1977)," see Table B1 for data source,® Muccitelli
and Wen (1978),P calculated using the method outlined in Appendix B,* Gomes and Grolier (2001)," Schwartz and White (1983),> Wagman et al.
(1982),' Benlhima et al. (1989) + Cox et al. (1989)," Kotlik and Lebedeva (1974)," Parker (1965).

against the number of the methylene groups, CH,, in the
structure of each solute. The compounds with zero methylene
groups are ethane for n-alkanes and methanol for 1-alkanols,
respectively. The uncertainty brackets represent the standard
deviation from the mean, if it exceeds the expected minimal
uncertainty of the evaluated A, value, = 7 MPa The results
suggest that the group additivity approximation holds for the
Krichevskii parameter of agueous organic solutes. Therefore,
we adopted the group additivity approximation as an economic
way to represent the A, values for agueous organic solutes.
The finding that the Krichevskii parameter follows the group
additivity approximation is hardly surprising. Indeed, the prop-
erties of agueous organic solutes both at high water densities,
for example, the Gibbs energy of hydration, see Cabani et al.
(1981); Plyasunov and Shock (2000b), and at low water den-
sities, for example, the second cross viria coefficients, see

Plyasunov et al. (2003), are consistent with the group additivity
approximation at different temperatures. So, one would expect
that the Krichevskii parameter for aqueous organic solutes, as
the property defined at the critical values of the density and
temperature of water, can also be represented by a sum of the
functiona group contributions.

5.3.2. Krichevskii Parameter for an Ideal Gas (Material
Point) as a Solute

When discussing the group contribution method for any
property, it is always a useful ideato consider first the limiting
case of a compound without any groups at al. Thisis the case
of amaterial point, or a point mass, or an ideal gas, an abstract
substance devoid of size and any interactions with themselves
or with other compounds, including water. Group additivity
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Fig. 7. Predicted values of Ay, for members of homologous series of
n-alkanes (filled circles) and 1-alkanols (filled diamonds) in water.

models for high-temperature properties of agueous compounds,
developed during the last decade beginning with the works
from R. H. Wood laboratory (Criss and Wood, 1996; Y ezdimer
et a., 2000), include this contribution. Our point hereisthat the
value of the Krichevskii parameter for an ideal gas in water, or
in any other solvent, is not equal to zero, but has a finite
positive value. Or in other words, counterintuitive as it may
sound, the addition of a small amount of an ideal gas to a
solvent at constant values of temperature and volume, equal to
their critical values, see Egn. 8, will increase the pressure of the
system.

We are aware of two ways to evaluate the value of the
Krichevskii parameter for an ideal gas (or for a material point,
we do not distinguish between them).

1.). The first way: starting from Eqgn. 4 one writes

RTINKp = pg) — pay = AnG2(l) — AGY(V),  (29)

where A,G°(1) and A,G°(v) denote the Gibbs energy of hy-
dration of a solute in coexisting liquid and vapor phases,
respectively. Based on theoretical models, see, for example,
Pierotti (1976), the transfer of a material point (designated by
mp) from an idea gas to the standard agueous solution is
accompanied by a nonzero change of the Gibbs energy, equal
to (for the mole fraction concentration scal€):

RT
AG°(mp) = RTI nW (26)
1

where V¢ stands for the molar volume of the solvent. There-
fore, for the material point we have

RTINKo(mp) = RTInY) _ gy 7
P Vi) p(v)’

with subscripts v and | denoting, as before, the coexisting vapor
and liquid phases of the solvent. The limiting behavior of the
distribution constant for a material point at the solvent critical
point can be found as follows (using the expansion In(1 + x) =~
x if x << 1 and ignoring higher order terms):

e V) L VoY)
ARy T MREVe Tsv)
RT,
= e (BV(v) - 3V (D), (29)
1,c

where T and V7 . stand for the critical temperature and volume
of the solvent; 8V (v) = V3(v) — V¢, and 8V(1) = V(1) —
V2o with V(v) and V(1) being the molar volumes of coex-
isting vapor and liquid phases of the solvent, respectively. This
equation should be compared with the following statement for
the variations of K, close to the critical point of the solvent

RTINK, = A (8V(v) — 8V(1)), (29)

which was obtained by Japas and Levelt Sengers (1989) and is
a“precursor” of Eqns. 6 and 7. The comparison revealsthat for
the material point

RT,
Ax(mp) = Ve (30a)

2). The second way: the theory of near-critical phenomena in
dilute solutions (Chang et al., 1984) states that at the critical
point of solvent, when approaching it along any path but the
critical line of a binary system, one has

o

. V3
lim— = Ay -V, (31)

x—0 KT

where k stands for the isotherma compressibility of the pure
solvent.
For an ideal gas (or material point) as a solute we have

Va(mp) = k:RT. (32

Eqn. 32 may be obtained through the link between V3 and the
solute-solvent direct correlation function integral, C32,
(O’ Connell, 1990, 1994):

\B
kRT’

CL,=1- (33)
As the material point (no size, zero value of the solute-solvent
potential energy of interactions) and solvent molecules are
uncorrelated, then

C.=0 (34

and, therefore, we again come to Eqn. 32. Combining Egns. 31
and (32) at the critical point of a solvent we obtain

RT,
Ax(mp) = Ve (300)

which is identical to Eqn 30a.

For the particular case of water we obtain A, (mp) =
96.17(90) MPa, where the main contribution to the uncertainty
is due to ~1% uncertainty of the V7 . value (Levelt Sengers et
al., 1985).

An anonymous reviewer of the original manuscript proposed
avery simple and lucid way to obtain Egn. 30: “Think of the
definition of the Krichevskii parameter: A, = (IP/9x)\,+- Fill
acell with 1 mol of acritical fluid, and ask what happens if an
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infinitesimal amount of the fluid is replaced by a perfect gas.
The gas just fills the space and does not see the fluid, which
remains critical at the same temperature. Within two lines you
will find the pressure increase, as we as the expression” (30).
This is a very clear explanation from the point of view of
physics, and the credit for it should be given to the anonymous
reviewer.

5.3.3. Values of the Krichevskii Parameter for Functional
Groups of Aqueous Organic Compounds

In accordance with the logic outlined above, the group con-
tribution approximation for the Krichevskii parameter should
be given as

RT,
Agr = Ag(mp) + EipiAKr,i = Ve, + EipiAKr,ir (35)

where p, stands for the number of a functional group i in the
structure of a compound, and A, ; represents the contribution
of the group i to the value of the Krichevskii parameter for this
compound.

We treat every functional group as an individual compound,
and used the procedure outlined above to evaluate the val ues of
A, for these functional groups. Note that to convert a func-
tional group to an individual compound one should add the
properties of the material point to the properties of the func-
tional group. Then one uses the thermodynamic properties
(ARG®, A H®,ACY) of this “pseudo compound” to launch the
procedure of evaluating Ay, and In K. The final operation is
to convert the properties of the “pseudo compound” to the
properties of the functional group under consideration by ex-
tracting the values of A, and InK; for the material point from
the evaluated A, and In K, data for the “pseudo compound.”

For illustration of this procedure we consider the determina-
tion of the Krichevskii parameter for the OH functional group.
The necessary parameters, AG®, AH%ALCp Ao, 012, £15/Kg,
are given in Table 7. All the calculations are done for temper-
atures of 498.15, 523.15, and 548.15 K.

a). Thefirst step isthe calculation of In®3. Using Eqn. 12 we
obtain B, results equal to —171.8, —146.7, and —126.6 cm® -
mol . The values of B,, and the saturated water vapor pres-
sure at these three temperatures are equal to —171.5, —148.3,
—129.5 cm® - mol~* and 2.550, 3.976, 5.946 MPa, respec-
tively. Inserting these valuesin Egn. 11 we obtain the values of
In®3 of —0.106, —0.133, and —0.161.

b). The second step is the calculation of the Henry constant
for the OH group by means of Eqgn. 13. To begin with, we
convert the functional group OH to the “pseudo compound”
OH by adding the properties of the materia point (the first
group in Table 7) to those of the group OH. Therefore, for the
“pseudo compound” OH we obtain at 298.15 K: AG° =
—25.404+7.96 = —17.44kJ - mol ~*, A|H®° = —39.79-2.29 =
—42.08kJ-mol~*, and A,C3=6+0=6J-K*-mol~*. The
parameter b of Egn. 16 is determined from the correlation 19:
b = +0.333J-K 2. mol~* and then the parameter a of Eqn.
16 is calculated by means of Egn. 18: a = —93.3J- K.
mol ~*. Now all the necessary coefficients are known, and one
calculates by means of Egn. 17 the following values of the
Gibbs energy of hydration of the “pseudo compound” OH at

498.15, 523.15, and 548.15 K: —2.38, —0.82, and +0.63 kJ -
mol ~*, respectively. The corresponding values of In k,
(Henry’ constant isin bar units) are equal to 3.443, 3.827, and
4.155, as calculated from Egn. 13.

¢). The third step is the calculation of the vapor-iquid
distribution constant for the “pseudo compound” OH by means
of Egn. 5. We will not forget to convert the water pressure to
bar units. Values of In K for temperatures of 498.15, 523.15,
and 548.15 K are: 0.310, 0.277, 0.231.

d). The final step is the calculation of the Krichevskii pa-
rameter from these K results by means of Egn. 7. Evaluations
from In K, at these three temperatures result in the following
values of Ay,: 7.22, 7.26, and 6.92 MPa. By averaging these
values, we finaly accept for the “pseudo compound” OH the
Krichevskii parameter equal to 7.13 MPa. To obtain A, for the
functional group OH, we extract from the obtained result the
value of A, for the material point equal to 96.17 MPa: 7.13—
96.17 = —89.0 MPa, which is the value of the Krichevskii
parameter for the group OH.

Values of the Krichevskii parameters for different functional
groups, evaluated using this procedure, are given in Table 7
together with all relevant thermodynamic data (A.,G°, A H®,
A,Cp at 298.15 K and parameters of the square-well potential
for B,,) for each group. Only the CH, group was treated
differently. For this group the value of the Krichevskii param-
eter was determined from A, values for the first ten members
of homologous series of n-alkanes and 1-alkanols, see Figure 7.
For some functional groups (CH5, CH,, CH, C = C, HC,,, OH,
CO, etc.) the values of the thermodynamic functions of hydra-
tion at 298.15 K are based on our comprehensive compilation
of experimental data (Plyasunov and Shock, 2000a, 2001a) and
are, probably, the most reliable values currently available.
However, for many groups in Table 7 the values of A,G°,
AH®, ACp are estimated by us from a single compound,
therefore, we consider results for such groups to be prelimi-
nary. The preliminary results are shown in italics.

Some comments concerning group selection may be nec-
essary. The C,-C, group was found necessary to “con-
struct” some aromatic compounds, because biphenyl, for
example, is not identical to the sum of 10 HC, and 2 C,,
groups, so, it was decided to consider it as a sum of 10 HC,,
groups and 1 C_,-C_, group. The “fused” carbon group, C;,,
is necessary for polyaromatic hydrocarbons. We also define
as separate groups CF;, CCl; (completely halogenated
groups) to account for possible nearest-neighbor effects,
when the properties of two or more functional groups in
close proximity due to intermolecular interactions differ
from the properties of the same groups in “isolated” states
(thisiswhy we treat halogenated derivatives of methane and
ethane asindividual compounds; Tables 5 and 6). In general,
we suggest using these groups to “construct” only mono-
functional noncyclic compounds. The reason is that the
simple first order group contribution method considered here
may fail for polyfunctional compounds (i.e., containing
more than one polar group, like OH, COH, NH, COO, etc.)
due to its ignorance of proximity effects. As every cyclic
compound bears different amount of “strain” energy, de-
pending on its structure and elemental composition, each
representative structure has to be treated separately. Of
course, cyclic and polyfunctional solutes may be treated as
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Table 5. Thermodynamic properties of hydration at 298.15, 0.1 MPa for some halogenated derivatives of methane together with Krichevskii
parameter and values of the C, parameter (Eqn. 42) as well as the parameters for the square-well potential (Eqn. 12).

Solute A,GP3P A, Ho2P A, C,%2¢ Al C, At 01,5 £10/Kg®9
CH, 16.26(3)" —13.1()" 216(10)" 164.52 —37.70 1.449 3.29 230
CH,F 7.0()" —18.1(20)" 151(40)" 108.9 —853 1.257 3.27 586
CH.CI 5.6(1)" —23.2(10)" 195(40)" 103.6 -334 1.267 3.15 710
CH,Br 45(3)" —25.5(10)" 183(30)" 106.5 —14.07 1.258 3.15 737
CH,l 41(5)" —29.4(30)" (206)! 112.9 —22.59 1.263 3.28 736
CH,F, 6.6(1)« —19.8(20)« (164) 108.4 -8.35 1.232 3.29 667
CH,Cl, 2.2(3)" —30.5(10)" (249)! 83.2 16.15 1.298 3.47 671
CH,Br, —0.2(3)" —32.4(20)" (201y 83.8 —4.23 1.264 3.36 829
CH.l, —2.1(5)" —41.6(40)" (232) 985 —34.76 1.292 3.62 840
CH,FCI 4.7(1)" —21.7(20" 154(40)" 101.1 —9.85 1.264 3.42 663
CH,CIBr 1.0(5)' (—31.0y (223)! 82.1 7.78 1.253 331 827
CH,CII 0.3(5)" —35.8(40)" (242) 90.6 —5.08 1.261 3.40 815
CHF, 10.9(2)" —19.6(10)" 232(50)" 133.3 —1481 1.244 3.33 538
CHCl, 3.4(3)" —32.1(10)" (308)! 84.2 27.04 1.273 3.36 775
CHBr, —1.6(5)" —35.8(30)" (228) 76.2 2.23 1.294 3.65 752
CHF.CI 8.4(2)" —24.6(10)" 236(60)" 125.2 —13.47 1.261 3.42 573
CHCIBr 1.7(3)" —32.4(30)" (278)! 772 25.82 1.273 358 719
CHCIBr, 0.1(5)" —33.3(30)" (250) 75.3 14.47 1.273 3.45 824
CF, 21.0()" —14.5(2)" 268(20)" 202.8 —60.84 1.373 351 264
ccl, 8.2(3)" —32.4(30)" (390) 108.6 26.55 1.367 401 463
CF,Cl 17.3(2)" -215(5)" 278(25)" 192.1 —61.61 1.309 3.58 372
CF,Br 15.4(5)™ (—20.2) (262) 171.2 —43.44 1.301 3.63 412
CF.Cl, 14.4(2)" —26.0(5)" 315(15)" 169.6 —38.75 1.309 3.69 436
CFCl, 11.2(5)" —19.8(20)" (330) 102.2 42,61 1.314 378 492

aAt 29815 K, 0.1 MPa”kJ - mol~*°J - K~ - mol~% MPa? Values from Plyasunov et al. (2003),"107*° m,9K," sce Table B1 for data
sources, K, from Fernandez-Prini et al. (2003) at 273-623 K are used, calculated using the method outlined in Appendix B, Abraham et al.
(2001), Tewari et a. (1982) + Stephenson and Maanowski (1987),™ Cabani et al. (1981)," Hunter-Smith et al. (1983).

individual compounds, if all necessary auxiliary data are
available for such calculations.

We note that values of the Krichevskii parameter are positive
for most hydrocarbon groups and negative for al functional
groups except CF,. Thereis at least a qualitative correlation of
Ay, for a functional group with the strength of interactions
between water and that functional group, and the most negative
values of the Krichevskii parameter are for the groups that are
expected to form hydrogen bonds with water like CONH,, NH,
COOCH, OH, etc.

5.4. Temperature Dependence of the Vapor—Liquid
Distribution Constants up to the Critical
Temperature of Water

5.4.1. The General Analytical Form of the Correlating
Equation

The temperature dependence of K, over the whole temper-
ature range of interest, i.e.,, between T = 273.15 K and T, =
647.096 K, can be accurately reproduced by the following
five-parameter equation (Alvarez et al., 1994; Fernandez-Prini
et a., 2003):

E To—T
|nKD:?'f(U)+(F+ G'IFI3+H'U)'GXP<W> + 1,

(36)

wherev = (1 — T/T); T, = 273.15K; f(v) = p(1)/p. — 1; and
E, F, G, H, | are the solute-specific coefficients. Alvarez et a.
(1994) pointed out that one of the coefficients is not indepen-
dent, since K, = 1 a T = T, therefore,

To—T
o F.exp< - ): — 0023767-F.  (37)

As temperature approaches the critical temperature of a
solvent, the contributions of the last termsin the right hand side
of Eqgn. 36 become exceedingly small, and the asymptotic
relation, given by Eqgn. 7, is recovered. The coefficient E is
related to the Krichevskii parameter (Fernandez-Prini et al.,
2003) by

£ 27,
Rpc

(398)

Although Eqgn. 36 is successful for description of the temper-
ature dependence of K, of agueous solutes, we decided to
modify it to make it more suitable for group contribution
approximation. We explicitly include in the correlating equa-
tion the “ideal gas’ or “materia point” term, with the general
form of the equation to be

InKp = n-In(%) + (v), (39

where n is a scaling coefficient to the material point term; and
P(v) is a not-yet-specified function of v = (1 — T/T.), which
should become exceedingly small close to the critical point of
water to recover the asymptotic form given by Eqgn. 7. For the
material point (or ideal gas) n = 1 and Y(v) = 0. Egn. 39
without the last term is practically identical to the equation
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Table 6. Thermodynamic properties of hydration at 298.15, 0.1 MPafor some halogenated derivatives of ethene together with Krichevskii parameter
and values of the C, parameter (Eqn. 42) as well as the parameters for the square-well potential (Egn. 12).

Solute A,GoP A Ho3P A, Coae Al C, At 0.5 £10/Kg®9
C,H, 13.25(10)" —16.5(3)" 240(20)" 141.3 —19.42 1.413 3.46 332
C,H.Cl 7.6(3)" —24.6(20)" (248)' 113.3 —0.45 1.295 3.36 587
1,1-C,H,Cl, 8.2(5)" —25.8(20)" (300)' 107.6 18.03 1.249 3.49 649
1,2-C,H.Cl, 0.5(5)" —32.8(5)" 258(10)" 71.4 28.39 1.355 3.78 504
C,HCl, 5.3(5)" —32.4(20)" (344) 93.3 28.56 1.283 3.66 658
C,F, 16.0(5)! —17.3(20) 296(40)! 150.0 —0.67 1.354 3.66 342
c.cl, 7.1(3)« —41.5(30)¢ 407(50)¢ 134.6 —15.74 1.359 4.07 523

aAt 298.15 K, 0.1 MPakJ - mol=%¢J - K~* - mol~%,* MPa? Values from Plyasunov et al. (2003)," 107° m9K,"see, Table B1 for data
sources,' calculated using the method outlined in Appendix B, Wilhelm et al.(1977), Knauss et al. (2000).

p(V)>
INKp=m In<p(1) , (40)
widely used by a number of research groups, most prominently
by those of Styrikovich and Martynova in the USSR (Marty-
nova, 1964, 1979; Styrikovich, 1969), for successful correla-
tion of vapor—liquid distribution constants at elevated tem-
peratures, with m often called “the hydration number” of a
solute. Eqn. 39 is also related to equations that assume the
proportionality of the standard chemical potential of solutes
and the logarithm of the density of a solvent (Marshall,
1970; Marshall, 1972; Marshall and Mesmer, 1984). With-
out exploring these interconnections, we note that previous
attempts to derive Egn. 40 used the idea of hydrate forma-
tion. We obtain Egn. 39 by scaling the rigorous eguation for
the material point and adding the low-temperature ys(v)
function. The theory says that this form is correct in the
neighborhood of the critical point of a solvent (Japas and
Levelt Sengers, 1989). A vast amount of experimental K
data, which were successfully correlated by Egn. 40, pro-
vides ample empirical evidence that Eqn. 39 will be suc-
cessful for most volatile and nonvolatile aqueous solutes.
Preliminary tests showed that the satisfactory form of the
low-temperature function s(v) can be obtained by the following
relation

Pv) =¥+ (Co+ Cy v+ Cyo ). (41)

Therefore, for individual compounds the K(T) correlating
equation is given by
B p(1)
InKp =n In<m> + ¥ (Co+ Cirv+ Gyt ).
(42)

The coefficient n, the scaling factor of A, of asolute compared
to that of the material point, is related to the Krichevskii
parameter (in MPa) by means of:

Vg,c ~ AKI’

N=AvRT.~ 9617

)

5.4.2. Additional Constraints on Coefficients of the
Correlating Kp(T) Equation

In the spirit of the method proposed above to evaluate K
values at elevated temperatures, we want to provide consis-

tency of the coefficients of Eqn. 42 with the values of A,G°
and A H° at 298.15 K and 0.1 MPa. This can be done
through the link between K, k, and A,G°, see Egn. 5 and
(13). At 298 K one can neglect deviations of the fugacity
coefficient, ®3, from 1 (if a solute is similar to water, then
the error introduced by thisislessthan 5J- mol ~* for A,,G°
and less than 50 J - mol~* for A, H°), accepting that

INKp =Inky —InP} = In®} = Inky — InPF. (44)

Combining Egns. 13 and 42 yields analytical relations for A, G°
and A H:

AG(T 1000 1
hR'I(' )= n 1_InW+ n-In(%>+1ﬁ-(Co+Cl-v

+ G, %)  (45)
and

AHT)  dinP 1 dp()) 1 dp(v)
~ RTZ T dT ’<@'d7T*W'd7T>

+3-1)2-<3#)-((C0+C1'v+ C, 1) + ¥+ (C,
dv
+2-c2-u)-<d—T>, (46)

where

dv 1

T

Cc

and analytical statements for In P, dInPy/dT, p(1), dp(1)/dT,
p(v), and dp(v)/dT are given in Appendix A.

At the reference temperature, 298.15 K, one obtains the
following linear relations between A, G° and A H® (both in kJ
- mol~%) and the coefficients of Eqn. 42:

AG°= — 18513 + 26.4600 n + 0.388721- C,
+ 0.209617 - C, + 0.113036- C, (47)

and
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Table 7. Thermodynamic properties of hydration at 298.15, 0.1 MPa for functional groups of organic compounds together with Krichevskii
parameter and values of the C, parameter (Eqn. 42) as well as the parameters for the square-well potential (Egn. 12). Results considered preliminary
are given in italics.

Group A, Go2P ApHo3P A, Ce A C, ApS 0.5 £12/kgS9
Material point” 7.96' —2.29 o] 96.17 0.0 — 0 0
CH, 3.63 —7.54 132 29.39 -12.31 1.430 2.788 283.8
CH, 0.72 —3.76 64 3.55¢ 5.04 1.430 2.226 2714
CH -1.79 -0.9 —2 —14.89 8.60 1.439 173 260
C —450 2.6 -63 —40.15 24.59 1.464 —2421 265.7
C(CH,), 2.76™ —12.48™ 201™ 18.79 9.59 1.420 2.957 261.4
C(CH>), 6.39™ —20.02" 333 48.65 0.84 1.39%4 3.668 304
H,C=CH 15" -10.5" 170" 7.8 12.91 1.348 2.96 446
HC=CH —2.41" -6.8" 105" -29.8 40.20 1.341 251 525
H,C=C —2.41" -6.8" 105" -29.7 39.85 1.356 258 504
HC=C -6.32" -3.1" 40" —67.4 67.56 1.348 1.89 702
Cc=C -10.23 -0.6 -25 —105.3 95.92 1.368 154 753
C,H, 1.5° —-12.31° 150° 6.26 4.94 1.368 3.39 404
HC=C —4.45P —8.89P 85° —344 33.08 1.304 2.72 662
c=C —8.36' —-5.19 20 -713 58.10 1.404 2.48 647
HC,, —0.65' —5.00 48’ 0.29 —2.65 1.435 2.202 439
C. —3.85 —0.67 —50 —-205 —-176 1.376 1.63 859
Crus —2.49 -2.3 —-214 -79 -7.69 1.449 0.77 1419
Co—Cy —4.56" 1.3 —185" 8.1 —62.38 1.430 0.52 1910
Cyclic CH, 0.83' —5.36 79 6.89 —0.06 1.435 2.294 316
CF, 6.6° -4.3° 130° 47.0 —-2381 1.303 3.02 314
CCl, —4.7 -19.3 (225)! -36.0 52.70 1.285 3.28 647
N —24.5¢ —26.8" —128¢ -95.8 2.17 1.354 251 816
NH —25.2 —34.8" —70" -85.3 —8.76 1.295 2.68 928
NH, —-23.0" —37.4" —27v —635 -24.71 1.276 2.70 988
o) —15.6¢ —22.1% —77* —39.2 —30.76 1.308 2.49 780
HS -9 -14.9 (38) —40.9 12.95 1.298 2.69 815
S -13.7¢ —14.17 —367 -68.1 21.38 1.301 2.72 818
COOo —20.3% —22.7% —50% —94.4 27.14 1.253 2.94 920
F —4.6% —8.3%® 19 -17.7 2.38 1.330 2.34 515
cl —5.1¢ —13.7°¢ ce -11.8 -6.31 1.327 250 814
Br —7.1% —15.7% 519d -19.2 -6.08 1.293 2,51 852
I —7.5% —-19.6% (74)= -128 —14.70 1.296 2.76 810
COH —18.3f —22.3f —41ff -765 10.42 1.236 2.85 1043
CcO —22.68% —23.299 —93% —-98.7 10.93 1.232 2.76 1266
CN —21.5™ —24.9™" e -111.6 48.61 1.206 2.75 1354
NO, —20.5" —25.91 18" —101.6 41.73 1.210 2.87 1231
CONH,, —44,3% —60.8%¢ —37% —1535 —17.90 1.188 3.08 1829
CONH —48.8" —-56.3" —108" —205.6 30.00 1.190 314 1703
CON —46.9" —46.3" —210" —207.4 34.79 1.220 3.08 1430
COOH (Acid) —33.0™ —43.0™ —32mm —141.2 36.03 1.355 2.49 1136
H-COOH —29.4™ —44.6™ 50" —1189 26.86 1.369 231 1352
OH —25.40 —39.79 6 —89.0 6.14 1.182 2.56 1349

aAt298.15K, 0.1 MPa kJ-mol~1,°J- K1 . mol 1,9 MPa®from Plyasunov et al. (2003) unless otherwise indicated,” 1072° m,% K," for amaterial
point n = 1, G=H=F=0,' Plyasunov and Shock (2000a),’ see Eq. (34).* by optimization of A, for n-alkanes and 1-alkanols,' by optimization of In
Kp, for the CH,, group as calculated from In K, data for n-alkanes and 1-alkanols,™ as a sum of values for CH5 and C groups from Plyasunov and
Shock (2000a)," as a sum of values for C=C and H groups from Plyasunov and Shock (2000),° as the values for ethyne from Plyasunov and Shock
(2000a) minus the contribution of the material point,” as a sum of values for C=C and H groups from Plyasunov and Shock (2000a), calculated from
data for naphthalene (Cabani et al. 1981)," calculated from data for biphenyl: A, G° = —3.1kJ - mol ~* (Cabani et al. 1981); A H° = —51 kJ - mol "%,
ACo =295 - K™ - mol™* (our preliminary evaluation),calculated using data for trifluoroethanol from Table B1,' calculated using data for
1,1,1-trichloroethane from Table B1," calculated using data for trimethylamine from Table B1, calculated using data for dimethylamine from Table
B1," calculated using data for methylamine from Table B1,* calculated using data for diethyl ether from Table B1,Y calculated using data for
ethanethiol from Table B1,? calculated using data for dimethylsulfide from Table B1,* calculated using data for methyl acetate from Table
B1," calculated using data for fluoromethane from Table B1,° calculated using data for 1,3-dichloropropane from Table B1,%? calculated using data
for bromomethane from Table B1,% calculated using data for iodomethane from Table B1,” calculated using data for acetaldehyde: A, G° = —6.7 kJ
~mol ™ ACH = 91J- K™ mol™* (Cabani et al. 1981); A |H° = —32 kJ - mol~* (our preliminary evaluation),% Plyasunov and Shock
(2001a),"" calculated using data for acetonitrile from Table B1," calculated using data for nitromethane from Table B1,%< calculated using data for
acetamide from Table B1," our preliminary evaluation,™™ calculated using data for acetic acid from Table B1,™ calculated using data for formic acid
from Table B1.

ficients C; and C,, one obtains analytical statements for these
coefficients of Eqn. 42, which automatically provide consis-
tency with the values of the Gibbs energy and enthalpy of
hydration at 298.15 K, 0.1 MPa:

AH® = — 44.064+41.8239 - n + 0.996405 - C,
+ 0.716414 - C, + 0.482907 - C,. (48)
Solving the system of Egns. 47 and (48) relative to the coef-
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C, = 195.562 + 23.853- A;G° — 5.58336 - A;H°

— 3.70886- C, — 397.631-n (49)
and

C,= —198.877 — 353869 A,G° + 10.354 - AH°
+ 343891 - C, + 503.294-n. (50)

One has to remember that relations 47-50 are obtained using
the approximations that at the reference isotherm, 298.15 K, &%
= 1 and d®3/dT = 0. Therefore, these relations will be inac-
curate for cases where errors due to these approximations
exceed the uncertainties of A,,G° and A, H® at 298 K (examples
of these cases are highly accurate measurements of solubility in
water for afew gases, see Fernandez-Prini et al., 2003). How-
ever, for the overwhelming majority of solutes errors intro-
duced due to these approximations are of little practical con-
cern.

There are two reasons why we did not explore the possibility
of providing consistency between the coefficients of the K-
correlating equation and the values of the standard partial molar
heat capacity of hydration of a solute at 298 K. First, the
“intrinsic” error of approximation given by Eqn. 44 appears to
exceed the experimental uncertainty of A,Cp. Second, even for
the best studied solutes K, values can be successfully repro-
duced by the four-term Eqgn. 41, and it appears that there is no
need for an additional term.

5.4.3. The Fitting Procedure and the Coefficients of Eqn. 42
for Individual Solutes

We employ the four-term Eqn. 42 together with the three
constraints, which are discussed in the previous Sections, to
correlate the temperature dependence of the vapor-iquid dis-
tribution constants for aqueous solutes. As aresult, the value of
only one coefficient of Eqn. 42, chosen to be C,, is determined
by the least-squares procedure. The value of the coefficient nis
fixed using the accepted value of the Krichevskii parameter
(see Section 5.2) in accordance with Eqgn. 43, and Eqgns. 49 and
(50) allow us to fix values of the coefficients C, and C,. In the
spirit of this approach, we collect in Tables 4—6 values of
ALG®, A H®, A, for each of the solutes rather than values of n,
C,, C,, because al these properties are linearly related. Two
sets of the generated In K, data are employed in the least-
square fit for each solute. The first set consists of the In Ky
values at 273-498 K generated as discussed in Section 5.1. In
addition, the In K values at 573, 598 and 623 K are calculated
by means of Egn. 7 using the accepted value of the Krichevskii
parameter for the solute under consideration.

A dslightly different procedure was employed for gases, for
which accurate values of K, are recommended over the whole
temperature range of interest by Fernandez-Prini et al. (2003).
In these cases we employ In Ky values at 273-623 K as
recommended by these authors. We also require consistency
with the selected values of A, ,G° and A H° at 298.15 K. Aswe
want to describe In K, data for these solutes as close to the
recommended values as possible, we allow two parameters,
Ak, and C,, to be freely adjustable. As a result, the values of
the Krichevskii parameter obtained differ from those in Fer-
nandez-Prini et al. (2003). However, the difference is small,

less than 6 MPafor all solutes and less than 3 MPafor 9 from
14 solutes. When employing Eqn. 42 to calculate the vapor—
liquid distribution constants, A, results from Table 4, not from
Table 3, should be used. For the 14 solutes the maximal
difference between the recommended and our fitted values is
less than 0.02 log unit at temperatures between 273 and 600 K
for 12 solutes, and is less than 0.04 log unit for all solutes at all
temperatures (273 to 623 K). Slight variations within the ex-
pected accuracy of the accepted values of A,G°, A H®, A, Cp at
298 K could improve the goodness of the fit at low tempera-
tures. However, this was decided not to be worthwhile, espe-
cially taking into account that recommendations of Fernandez-
Prini et a. (2003) at T < 333 K, as admitted by these authors,
are not in perfect agreement with highly accurate data available
in this temperature range.

5.4.4. The Fitting Procedure and the Coefficients of Eqn. 42
for Functional Groups of Organic Compounds in
Water

As discussed above, a property of an individual organic
compound can be represented as the sum of the properties of
functional groups times the number of these groups in the
structure of the compound plus the corresponding property of
the materia point:

E = E(mp) + 2pE, (51)

E isthe property of interest, and p; stands for the number of a
functional group i in the structure of a compound.

There are many reasons to expect the applicability of the
group contribution approximation to In K values for aqueous
organic solutes. Indeed, Henry’ s constant for these compounds
follow group additivity both at 298 K and at elevated temper-
atures (Cabani et a., 1981; Plyasunov and Shock, 2000b). In
addition, because B,, data can be reproduced by the group
contribution method (Plyasunov et a., 2003), it follows from
Eqn. 11 that Indg must be consistent with the additivity prin-
ciple at least up to 550 K, the expected temperature range of
validity of Egn. 11. Taking into account Egn. 5, these results
ensure the applicability of the group contribution method to In
Kp up to 550 K. On the other hand, if the Krichevskii param-
eter for organic solutes can be represented as the sum of
contributions of functional groups, then it follows from Egn. 7
that the same is true for In K at temperatures in excess of
500-550 K. Likewise, one can show that al the coefficients of
Eqgn. 42 will follow the group contribution approximation.

Again, we treat every functional group as an individua
compound, and use the procedure outlined above to evaluate
the values of the coefficient F for functiona groups of organic
solutes. As in the case of individual compounds, values of the
coefficients C, and C, can be calculated from Egns. 49 and
(50). Note again that first afunctional group hasto be converted
to an individual compound by adding the properties of the
material point to the values of A G° A H° and A, for this
functional group. Then the values of A, G°, A H®, and A, for
a“pseudo compound” constructed in this way are employed to
evaluate the necessary coefficients C, and C, using Egns. 49
and (50). These C,; and C, coefficients for the “pseudo com-
pound” are identical to ones for the functional group, because
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C, and C, for the materia point are both equa to zero. We
discussed in Section 5.3.3 the procedure for evaluating A, and
In K values for the “pseudo compound.” The resulting Ay,
and In K, data are employed in the fit to determine the
coefficient C,, which has a numerical value identical for both
the “pseudo compound” and the functional group under con-
sideration. The reader who is willing to employ our group
contribution method for caculating K, vaues for organic
solutes in water should follow these procedures to calculate
correctly the necessary C, and C, values.

Only for the CH,, group was the procedure slightly different,
with In K values being determined from the values of In K
generated for the first ten members of homologous series of
n-akanes and 1-alkanols.

All restrictions on the use of the group contributions dis-
cussed for the case of Ay, aso apply for the case of the
coefficients of the In K correlating equation. It is known that
the group contribution method may be inaccurate for the first
few members of a homologous series. In this case the solutes
with low carbon number may better be treated as individual
compounds.

6. DISCUSSION

This work is concerned with the evaluation of the vapor—
liquid distribution constants, K, for many aqueous solutes
over the whole temperature range of existence of this equilib-
rium, i.e., from 273 K to the critical temperature of water, T, =
647.1 K. The vapor-iquid distribution constant, rather than
Henry’s constants or the derivatives of the chemical potential
appears to be the property for which accurate prediction of
high-temperature values can be made. This unique position of
distribution constants arises from two main factors. First, there
are theoretical constraints on the temperature variations of this
property at T>500-550K. Second, the relatively short temper-
ature extrapolation of values of the chemical potentials of
solutes from 300 to 500-550 K is rather routine in hydrother-
mal geochemistry. Combination of these two factors allows the
accurate prediction of K al the way up to the critical temper-
ature of water.

Kp values may be directly employed for modeling the dis-
tribution of solutes between the coexisting vapor and liquid
phases of water. In addition, values of K for nonpolar com-
pounds can be combined with fugacity coefficients of these
compounds evauated from the cubic equations of state to
obtain values of Henry’s constants, k,,, for aqueous solutes at
temperatures up to T.. This route appears to be the most
accurate way to calculate k,, for nonpolar solutes at tempera-
tures in excess of 550 K. It is not expected that the traditional
cubic equations of state can be used to evaluate @3 for polar
solutes in water. However, for afew polar solutes, for example
ethanol, n-propylamine, etc., accurate values of k, at high
temperatures can be calculated by the thermodynamic integra-
tion of experimental C;, and V3 data In these cases the
combination of K and k,, alows evaluation of ®3, and such
data are scarce for polar solutes in water. In other words, the
relation between ky,, K, and &3, given by Eqn. 5, if explored
properly, can supply a wealth of thermodynamic information.

The single property that governs the thermodynamics of
dilute near-critical mixtures is the Krichevskii parameter, A,

80 60 -40 20 0 20 40
A,G°(298 K, 0.1 MPa), kJ/mol

Fig. 8. The correlation between A, and A,G° for agqueous solutes.
“Experimental” values of Ay, given by circles, are those collected in
Plyasunov and Shock (2001b) and in Table 3. The solid line is con-
sistent with the correlating equation given by Plyasunov and Shock
(2001b).

As one of many examples of its utility, we mention that the
derivatives of the chemical potential of a solute (V3, CJ,) at
near-critical conditions are proportional to the Krichevskii pa-
rameter. Therefore, even approximate values of A, will be
very helpful in improving the reliability of predictions of the
thermodynamic properties of aqueous solutes at high temper-
atures. So far the Krichevskii parameter was a rather exotic
property with accurate values available for a very few aqueous
solutes. This contribution provides estimates of A, for many
volatile nonelectrolytes in water, using methods that appear to
be accurate as judged by comparison of predictions with the
limited set of “experimental” Ay, values currently available.
The expected uncertainty of the predicted values of the
Krichevskii parameter is comparable to that of the best “exper-
imental” Ay, data. As a matter of fact, we expect that the
accuracy of Ay, prediction ismainly limited by the accuracy of
the thermodynamic functions of hydration for solutes at 298.15
K. If datafor A,G°, A, H®, or A,Cp at 298.15 K employed in the
calculations are inaccurate, then the evaluated A, values may
be serioudly in error.

Earlier we (Plyasunov and Shock, 2001b) proposed a linear
correlation between the Krichevskii parameter for agueous
solutes and the Gibbs energy of hydration of those solute at
298.15 K as away of estimating A, (Fig. 8). This correlation
was considered purely empirical. However, using the formal-
ism outlined in this work, one obtains the following statement
for Ag,:

2 T
AKr = %{AhGO(Tr) - AhSO(Tr)(T - Tf) + f AhCS(T)dT
¢ T

r

TALCY(T) q | D3P
-7 T AT = RTIngooomiyt 62

T

This equation shows that there is indeed the linear relation
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between A, and A,,G°(298), if the reference temperature T, is
chosen to be 298 K. In addition, as shown in Appendix B,
existing experimental A,G°, A H®, and A, Cdata at 298 K are
strongly correlated. On the other hand the term containing 3
is relatively small. All these considerations suggest that the
correlation between A, and A,,G°(298) must have some merit.
Nevertheless, the method outlined in thiswork provides a more
thermodynamically sound way of evaluating A,,.

7. CONCLUSIONS

This work presents the results of prediction of the vapor—
liquid distribution constants, K, for many agueous solutes up
to the critica temperature of water. We propose a simple
method for evaluating K using readily available information,
namely the values of the thermodynamic functions of hydration
for a solute at 298.15 K and 0.1 MPa. The comparison of our
predictions with a few available K, data at high temperatures
reveals the satisfactory performance of the proposed method.
The present method can be used for evaluating the Krichevskii
parameter, which governs the thermodynamics of a solute in
the neighborhood of the critical point of a solvent, for volatile
nonelectrolytes in water. It appears that the accuracy of pre-
dictions of both vapor-iquid distribution constants and the
Krichevskii parameter are limited mainly by the accuracy of the
values of the thermodynamic functions of hydration of solutes
at 298 K, and that the best way to improve the quality of
predictions of K, and Ay, is to increase the inventory of
accurate calorimetric enthalpy and heat capacity data for aque-
ous solutes at 298 K. Values of K and A, are predicted for
many inorganic volatile nonelectrolytes and halogenated deriv-
atives of methane and ethene. We show that both In K, and A,
for agueous organic solutes follow group additivity and we
derive a set of the corresponding group contribution values for
several functional groups (material point, CHg, CH,, CH, C, C
= C, HC = CH, C=C, HC,, C,, C;,o OH, O, S, SH, CO,
COO, COH, COOH, CN, F, CI, Br, NH,, NH, N, etc.).

Acknowledgments—It is our pleasure to make this contribution for the
special volume to honor Robert Walker. The fate of volétile elements
and compounds throughout the solar system has been a theme of his
research for many years. We hope there are sufficient fundamentals of
physical interactions to satisfy his sense for rigor, and applications that
are broad enough to fuel his imagination. One of us (ELS) wishes to
thank Bob for many helpful, constructive, challenging and sustaining
conversations. The authors are grateful to Natalia Plyasunova for
pointing out problems in an earlier version of the group contribution
method and to Robert H. Wood for continuing cooperation and con-
sultations. This work has benefited greatly from thorough comments
and constructive suggestions of Dennis K. Bird and two anonymous
reviewers. The careful editing and reconciliation of difference of opin-
ions by GCA Associate Editor David J. Wesolowski is much appreci-
ated. This research was supported by US Department of Energy (DOE)
grant number DE-FG02-92ER-14297.

Associate editor: D. Wesolowski

REFERENCES

Abd-El-Bary M. F., Hamoda M. F., Tanisho S., and Wakao N. (1986)
Henry's constants for phenol over its diluted agueous solution.
J. Chem. Eng. Data 31, 229-230.

Abdulagatov |. M., Bazaev A. R., Bazaev E. A., Saidakhmedova M. B.,
Ramazanova A. E. (1998) PVTx measurements and partial molar

volumes of water—hydrocarbon mixtures in the near-critical and
supercritical conditions. Fluid Phase Equil. 150151, 537-547.

Abdulagatov |. M., Bazaev E. A., Bazaev A. R., and Rabezkii M. G.
(2001) PV Tx measurements for dilute water + n-hexane mixturesin
the near-critical and supercritical regions. J. Supercritical Fluids 19,
219-237.

Abraham M. H., Gola J. M. R., Cometto-Muniz J. E., and Cain W. S.
(2001) Solvation properties of refrigerants, and the estimation of
their water-solvent and gas-solvent partitions. Fluid Phase Equil
180, 41-58.

Akinfiev N. N. (1997) Thermodynamic description of H,O-gas binary
systems by means of the Redlich-Kwong equation over awide range
of parameters of state. Geochem. Int. 35, 188—196.

Allred G. C. and Woolley E. M. (1981) Heat capacities of aqueous
acetic acid, sodium acetate, ammonia, and ammonium chloride at
283.15, 298.15, and 313.15 K: ACp for ionization of acetic acid and
dissociation of ammonium ion. J. Chem. Thermodyn. 13, 155-164.

Altschuh J., Bruggemann R., Snatl H., Eichinger G., and Piringer O. G.
(1999) Henry's law constants for a diverse set of organic chemicals:
Experimental determination and comparion of estimation methods.
Chemosphere 39, 1871-1887.

Alvarez J., Corti H. R., Fernandez-Prini R., and Japas M. L. (1994)
Distribution of solutes between coexisting steam and water.
Geochim. Cosmochim. Acta. 58, 2789-2798.

Anerousis J. P., Dyer D. B. and Schuck J. J. (1979) The distribution of
volatile amines in boiler steam and condensate systems. Mater.
Performance 18, No.2., 56-59.

Balakrishnan P. V. (1978) Volatility of amines used for water treatment
in steam generating systems. Can. J. Chem. 56, 2620—2623.

Balakrishnan P. V. (1988) Liquid-vapor distribution of amines and
acid ionization constants of their ammonium salts in aqueous sys-
tems at high temperature. J. Solut. Chem. 17, 825-840.

Barbero J. A., McCurdy K. G., and Tremaine P. R. (1982) Apparent
molal heat capacities and volumes of aqueous hydrogen sulfide and
sodium hydrogen sulfide near 25°C: The temperature dependence of
H,S ionization. Can. J. Chem. 60, 1872—1880.

Barnes H. L. and Seward T. M. (1997) Geotherma systems and
mercury deposits. In Geochemistry of Hydrothermal Ore Deposits
(ed. H. L. Barnes), pp. 699-736. Wiley.

Barr-David F. and Dodge B. F. (1959) Vapor-iquid eguilibrium at
high pressures: The systems ethanol-water and 2-propanol-water.
J. Chem. Eng. Data 4, 107-121.

Bastos M., Nilsson S--O,, SilvaM. D. M. C. R. D,, SilvaM. A. V. R.
D., and Wadsd |. (1988) Thermodynamic properties of glycerol.
Enthalpies of combustion and vaporization and the heat capacity at
298.15 K. Enthalpies of solution in water at 288.15, 298.15, and
308.15 K. J. Chem. Thermodyn 20, 1353-1359.

Bastos M., Kimura T., and Wadsd I. (1991) Some thermodynamic
properties of dialkylsulphides and dialkyldisulphides in agueous
solution. J. Chem. Thermodyn. 23, 1069-1074.

Becker K. H., Kleffmann J.,, Kurtenbach R., and Wiesen P. (1996)
Solubility of nitrous aicd (HONO) in sulfuric acid solutions. J. Phys.
Chem. 100, 14984-14990.

Benlhima N., Lemordant D., and Letellier P. (1989) Acidity scalesin
water-ethylammonium nitrate mixtures at 298 K. Solubility of or-
ganic compounds (in French). J. Chim. Phys. Phys. -Chim. Biol. 86,
1919-1939.

Benkelberg H.-J.,, Hamm S., and Warneck P. (1995) Henry's law
coefficients for agueous solutions of acetone, acetaldehyde and ace-
tonitrile, and equilibrium constants for the addition compounds of
acetone and acetaldehyde with bisulfite. J. Atmosph. Chem. 20,
17-34.

Berg R. L. and Vanderzee C. E. (1978) Thermodynamics of carbon
dioxide and carbonic acid: (a) the standard enthalpies of solution of
Na,CO4(s), NaHCO4(s), and CO,(g) in water at 298.15 K; (b) the
standard enthal pies of formation, standard Gibbs energies of forma-
tion, and standard entropies of formation, and standard entropies of
CO,(aq), HCO, ™ (aq), CO5? (aq), NaHCO,(s), Na,CO4(s), Na,CO,
- H,0(s), and Na,CO5 - 10H,0(s). J. Chem. Thermodyn. 10, 1113~
1136.

Bergstrom S. and Olofsson G. (1975) Thermodynamic quantities for
the solution and protonation of four Cg-amines in water over awide
temperature range. J. Solut. Chem. 7, 535-555.



Prediction of vaporliquid distribution constants 5001

Bergstrom S. and Olofsson G. (1977) Thermodynamic quantities for
the dissociation of the methylammonium ions between 273 and 398
K. J. Chem. Thermodyn. 9, 143-152.

Borisover M. D., Baitalov F. D., and Solomonov B. N. (1991) Enthal-
pies and Gibbs energies of hydration of aromatic hydrocarbons and
their halogenderivatives (in Russian). Zh. Obshchei Khim. 61, 2629—
2638.

Bushnell V. C., Hughes A. M., and Gilbert E. C. (1937) Studies on
hydrazine: Heats of solution of hydrazine and hydrazine hydrate at
25°C. J. Am. Chem. Soc. 59, 2142-2144.

Cabani S., Gianni P., Moallica V., and Lepori L. (1981) Group contri-
butions to the thermodynamic properties of non-ionic organic solutes
in dilute agueous solution. J. Solut. Chem. 11, 563-595.

Chang R. F., Morrison G. and levelt Sengers J. M. H. (1984) The
critical dilemma of dilute mixtures. J. Phys. Chem. 88, 3389—-3391.

Clegg S. L. and Brimblecombe P. (1989) Solubility of ammoniain pure
aqueous and multicomponent solutions. J. Phys. Chem. 93, 7237-
7248.

Cox J. D., Wagman D. D., and Medvedev V. A. (1989) CODATA Key
Values for Thermodynamics. Hemisphere Publishing.

Criss C. M. and Wood R. H. (1996) Apparent molar volumes of
agueous solutions of some organic solutes at the pressure 28 MPa
and temperatures to 598 K. J. Chem. Thermodyn. 28, 723-741.

Crovetto R. (1991) Evaluation of solubility data of the system CO,-
H,O from 273 K to the critical point of water. J. Phys. Chem. Ref.
Data 20, 575-589.

Dec S. F. and Gill S. J. (1984a) Steady-state gas dissolution flow
microcalorimeter for determination of heats of solution of slightly
soluble gases in water. Rev. ci. Instrum. 55, 765-772.

Dec S. F. and Gill S. J. (1984b) Heats of solution of gaseous hydro-
carbons in water at 25°C. J. Solut. Chem. 13, 27—41.

Dec S. F. and Gill S. J. (1985a) Enthalpies of agueous solutions of
noble gases at 25°C. J. Solut. Chem. 14, 417—429.

Dec S. F. and Gill S. J. (1985b) Heats of solution of gaseous hydro-
carbons in water at 15, 25, and 35°C. J. Solut. Chem. 14, 827-836.

Desnoyers J. E., Visser C. D., Perron G., and Picker P. (1976) Reex-
amination of the heat capacities obtained by flow microcalorimetry.
Recommendation for the use of a chemical standard. J. Solut. Chem.
5, 605-617.

D’Orazio L. A. and Wood R. H. (1963) The thermodynamics of the
solution of polar gases in water; the heat, free energy, and entropy of
solution of hydrazoic acid. J. Phys. Chem. 67, 1435-1438.

Drummond S. E. and Ohmoto H. (1985) Chemica evolution and
mineral deposition in boiling hydrothermal systems. Econ. Geol. 80,
126-147.

Economou |. G., Heidman J. L., Tsonopoulos C., and Wilson G. M.
(1997) Mutual solubilities of hydrocarbons and water: I11. 1-Hexene,
1-octene, C,4-C,, hydrocarbons. AIChE J. 43, 535-546.

Fasman G. D. (1975) Handbook of Biochemistry and Molecular Biol-
ogy. Physical and Chemical Data, Vol. 1. CRC Press.

Fernandez-Prini R. and Crovetto R. (1989) Evaluation of data on
solubility of simple apolar gases in light and heavy water at high
temperature. J. Phys. Chem. Ref. Data 18, 1231-1243.

Fernandez-Prini R., Alvarez J. and Harvey A. H. (2003) Henry's
constant and vapor—liquid distribution constants for gaseous solutes
in H,O and D,0O at high temperatures. J. Phys. Chem. Ref. Data, 32,
903-916.

Gaema S. A., Engberts J. B. F. N., Hoiland H., and Forland G. M.
(1993) Informative thermodynamic properties of the effect of stere-
ochemistry on carbohydrate hydration. J. Phys. Chem. 97, 6885—
6889.

Gierycz P., Denda M., Touhara H., and Nakanishi K. (1985) Molar
excess enthalpies for agueous solutions of 2-chloroethanol and
2-bromoethanol at 298.15 K. Thermochim. Acta 88, 241-246.

Giggenbach W. F. (1997) Geothermal systems and mercury deposits. In
Geochemistry of Hydrothermal Ore Deposits (ed. H. L. Barnes), pp.
737-796. Wiley.

Giguere P. A., Morissette B. G., Olmos A. W., and Knop O. (1955)
Hydrogen peroxide and its analogues. V11. Calorimetric properties of
the systems H,0-H,0, and D,0-D,0,. Can. J. Chem. 33, 804—820.

Giguere P. A. and Carmichael J. L. (1962) Heat capecities for the
water—hydrogen peroxide system between 25° and 60°C. J. Chem.
Eng. Data 7, 526-527.

Gill S. J. and Wadsb |. (1982) Flow-microcalorimetric techniques for
solution of slightly soluble gases. Enthalpy of solution of oxygen in
water at 298.15 K. J. Chem. Thermodyn. 14, 905-919.

Goldberg R. N. and Parker V. B. (1985) Thermodynamics of solution
of sulfur dioxide gas in water and of agqueous sulfur dioxide solu-
tions. J. Res. Natl. Bur. Stand. (U. S). 90, 341-358.

Goldberg R. N. and Tewari Y. B. (1989) Thermodynamic and transport
properties of carbohydrates and their monophosphates: The pentoses
and hexoses. J. Phys. Chem. Ref. Data 18, 809—880.

Gomes M. F. C. and Grolier J.-P. (2001) Determination of Henry's law
constants for aqueous sol utions of tetradeuteriomethane between 285
and 325 K and calculation of the H/D isotope effect. Phys. Chem.
Chem. Phys. 3, 1047-1052.

Gooch J. P, Landis E. K. and Browning J. S. (1972) Solubility of
1,1,2,2-tetrabromoethane in water as a function of temperature.
Report of Investigations 7656. U.S. Department of of the Interior,
Bureau of Mines.

Gothard F. A., Mentianu D. C., Breban D. G., and Cristea C. |. (1973)
Liquid—vapor equilibrium studies by use of excess properties. V.
Water - ethylene chlorohydrin system. J. Chem. Eng. Data 18,
381-384.

Hakin A. W., Duke M. M., Klassen S. A., McKay R. M., and Preuss
K. E. (1994) Apparent molar heat capacities and volumes of some
aqueous sol utions of aliphatic amino acids at 288.15, 298.15, 313.15,
and 328 K. Can. J. Chem. 72, 362-368.

Hallen D. (1993) Enthalpies of solution and heat capacities for some
a,w-dichloroalkanes in water. J. Chem. Thermodyn. 25, 519-524.
Hallen D. and Wadso I. (1989) A new microcalorimetric vessel for
dissolution of dlightly soluble gases. Enthalpies of solution in water
of carbon tetrafluoride and sulphur hexafluoride at 288.15, 298.15,

and 308.15 K. J. Chem. Thermodyn. 21, 519-528.

Harvey A. H. (1996) Semiempirical correlation for Henry’s constants
over large temperature ranges. AIChE J. 42, 1491-1494.

Harvey A. H. (1998) Applications of near-critical dilute-solution ther-
modynamics. Ind. Eng. Chem. Res. 37, 3080—3088.

Harvey A. H., Crovetto R., and Levelt Sengers J. M. H. (1990)
Limiting vs. apparent critical behavior of Henry's constants and K
factors. AIChE J. 36, 1901-1904.

Harvey A. H. and Levelt Sengers J. M. H. (1996) Correlation of
aqueous Henry’s constants from 0°C to the critical point. AIChE J.
36, 539-546.

Heidman J. L., Tsonopoulos C., Brady C. J., and Wilson G. M. (1985)
High-temperature mutual solubilities of hydrocarbons and water.
Part |1: Ethylbenzene, ethylcyclohexane, and n-octane. AIChE J. 31,
376-384.

Heinrich C. A., Gunther D., Audétat A., Ulrich T., and Frischknecht R.
(1999) Metal fractionation between magmatic brine and vapor, de-
termined by microanalysis of fluid inclusions. Geology 27, 755-758.

Hnedkovsky L. and Wood R. H. (1997) Apparent molar heat capacities
of agueous solutions of CH,, CO,, H,S, and NH; at temperatures
from 304 K to 704 K at a pressure of 28 MPa. J. Chem. Thermodyn.
29, 731-747.

Hodges M. P., Wheatley R. J., and Harvey A. H. (2002a) Intermolec-
ular potential and second viria coefficient of the water-helium
complex. J. Chem. Phys. 116, 1397—1405.

Hodges M. P., Wheatley R. J., and Harvey A. H. (2002b) Intermolec-
ular potentials and second virial coeffcients of the water—neon and
water—argon complexes. J. Chem. Phys. 117, 7169-7179.

Hoff J. T., Mackay D., Gillham R., and Shiu W. Y. (1993) Partitioning
of organic chemicals at the air-water interface in environmental
systems. Environ. Sci. Technol. 27, 2174-2180.

Holzwarth G., Bamer R. G., and Soni L. (1984) The fate of chlorine
and chloramines in cooling towers. Henry’s law constants for
flashoff. Water Res. 18, 1421-1427.

Hovorka S., Roux A. H., Roux-Desgranges G., and Dohnal V. (1999)
Limiting partial molar excess heat capacities and volumes of selected
organic compounds in water at 25°C. J. Solut. Chem. 28, 1289—
1305.

Hunter-Smith R. J,, Balls P. W., and Liss P. S. (1983) Henry's law
constants and the air-sea exchange of various low molecular weight
halocarbon gases. Tellus 35B, 170-176.



5002 A. V. Plyasunov and E. L. Shock

Huthwelker T., Peter Th., Luo B. P, Clegg S. L., Carslaw K. S, and
Brimblecombe P. (1995) Solubility of HOCI in water and agueous
H,SO, to stratospheric temperatures. J. Atmos. Chem. 21, 81-95.

Jakil G. and Hook W. A. V. (1981) Isotope effects in agueous systems.
12. Thermodynamics of urea-h,/H,0 and urea-d,/D,O solutions. J.
Phys. Chem. 85, 3480—3493.

Japas M. L. and Levelt Sengers J. M. H. (1989) Gas solubility and
Henry’s law near the solvent’s critical point. AIChE J 35, 705-713.

Japas M. L., Fernandez-Prini R., Horita J,, and Wesolowski D. J.
(1995) Fractioning of isotopic species between coexisting liquid and
vapor water: Complete temperature range, including the asymptotic
critical behavior. J. Phys. Chem. 99, 5171-5175.

Jasra R. V. and Ahluwalia J. C. (1982) Enthalpies of solution, partial
molal heat capacities and apparent molal volumes of sugars and
polyols in water. J. Solut. Chem. 11, 325-338.

Jayasinghe D. S., Brownawell B. J., Chen H., and Westall J. C. (1992)
Determination of Henry’'s constants of organic compounds of low
volatility: Methylanilines in methanol-water. Environ. Sci. Technol.
25, 2275-2281.

Jones M. E. (1963) Ammonia equilibrium between vapor and liquid
aqueous phases at elevated temperatures. J. Phys. Chem. 67, 1113~
1115.

Kawazuishi K. and Prausnitz J. M. (1987) Correlation of vaporliquid
equilibria for the system ammonia-carbon dioxide-water. Ind. Eng.
Chem. Res. 26, 1482-5.

Khan I., Brimblecombe P., and Clegg S. L. (1995) Solubilities of
puruvic acid and the lower (C,-Cg) carboxylic acids. Experimental
determination of equilibrium vapor pressure above pure agueous and
salt solutions. J. Atmosph. Chem. 22, 285-302.

Kieckbush T. G. and King C. J. (1979) An improved method of
determining vaporliquid equilibria for dilute organics in agueous
solution. J. Chromatogr. Sci. 17, 273-276.

Kim J.-H., Dobrogowska C., and Hepler L. G. (1987) Thermodynamics
of ionization of aqueous alkanolamines. Can. J. Chem. 65, 1726—
1728.

Kiselev S. B., Ely J. F., Abdulagatov M., Bazaev A. R., and Magee
J. W. (2002) Equation of state and thermodynamic properties of pure
toluene and dilute aqueous toluene solutions in the critical and
supercritical regions. Ind. Eng. Chem. Res. 41, 1000-1016.

Kiyohara O., Perron G., and Desnoyers J. E. (1975) Volumes and heat
capacities of cyclic ethers and amines in water and of some electro-
lytesin these mixed agueous solvents. Can. J. Chem. 53, 2591-2597.

Knauss K. G., Dibley M. J,, Leif R. N., Mew D. A., and Aines R. D.
(2000) The aqueous solubility of trichloroethene (TCE) and tetra-
chloroethene (PCE) as a function of temperature. Appl. Geochem.
15, 501-512.

Kotlik S. B. and Lebedeva G. N. (1974) Equilibrium pressures of HCN
and NH; over agueous solutions. J. Appl. Chem. USSR 47, 440-441.

Kozintseva T. N. (1964) Solubility of hydrogen sulfide in water at
elevated temperatures. Geochem. Int. 750—756.

Krause D., Jr and Benson B. B. (1989) The solubility and isotopic
fractionation of gases in dilute aqueous solution. lla. Solubilities of
noble gases. J. Solut. Chem. 18, 823-873.

Krichevskii I. R. (1967) Thermodynamics of critical phenomena in
binary infinitely diluted solutions. Russ. J. Phys. Chem. 41, 1332—
1343.

Krichevskii I. R. (1975) Thermodynamics of Critical Infinitely Dilute
Solutions (in Russian). Khimiya

Kruif C. G., de,, Voogd J., and Offringa J. C. A. (1979) Enthalpies of
sublimation and vapour pressures of 14 amino acids and peptides.
J. Chem. Thermodyn. 11, 651-656.

Kukuljan J. A., Alvarez J. L., and Fernandez-Prini R. (1999) Distribu-
tion of B(OH); between water and steam at high temperatures.
J. Chem. Thermodyn. 31, 1511-1522.

Lai J T.W., Lau F. W., Robb D., Westh P., Nielsen G., Trandum C.,
Hvidt A., and Koga Y. (1995) Excess partid molar enthalpies,
entropies, Gibbs energies, and volumes in aqueous dimethylsulfox-
ide. J. Solut. Chem. 24, 89-102.

Larsen J. W. and Magid L. J. (1974) Enthalpies of binding of organic
molecules to cetyltrimethylammonium bromide micelles. J. Phys.
Chem. 78, 834-839.

Leighton D. T. and Cdo J. M. (1981) Distribution coefficients of
chlorinated hydrocarbons in dilute air-water systems for groundwa-
ter contamination application. J. Chem. Eng. Data 26, 382—385.

Levelt Sengers J. M. H. (1976) Critical exponents at the turn of the
century. Physica 82A, 319-351.

Levelt Sengers J. M. H. (1991a) Solubility near the solvent’s critical
point. J. Supercritical Fluids 4, 215-222.

Levelt Sengers J. M. H. (1991b) Thermodynamics of solutions near the
solvent’s critical point. In Supercritical Fluid Technology: Reviews
in Modern Theory and Applications (eds. T. J. Bruno and J. F. Ely),
pp. 1-56. CRC Press.

Levelt Sengers J. M. H. (2002) How Fluids Unmix;. Discoveries by the
School of Van der Waals and Kamerlingh Onnes. Edita, KNAW.
Levelt Sengers J. M. H., Straub J., Watanabe K., and Hill P. G. (1985)
Assessment of critical parameter values for H,O and D,O. J. Phys.

Chem. Ref. Data 14, 193-207.

Lewis G. G. and Wetton E. A. M. (1988) Dissociation and liquid-
vapour equilibria of some amines in water at elevated temperatures.
J. Chem. Soc. Perkin Trans. I, 1057-1063.

Majer V. and Svoboda V. (1985) Enthalpies of Vaporization of Or-
ganic Compounds. Blackwell Scientific.

Marshall W. L. (1970) Complete equilibrium constants, electrolyte
equilibria, and reaction rates. J. Phys. Chem. 74, 346—355.

Marshall W. L. (1972) Predictions of the geochemical behavior of
aqueous electrolytes at high temperatures and pressures. Chem. Geol.
10, 59-68.

Marshall W. L. and Mesmer R. E. (1984) Pressure-density relationships
and ionization equilibria in agueous solutions. J. Solution Chem. 13,
383-391.

Martynova O. |. (1964) Some problems of the solubility of involatile
inorganic compounds in water vapour at high temperatures and
pressures. Russ. J. Inorg. Chem. 38, 587-592.

Martynova O. |. (1979) Transport and concentration processes of steam
and water impurities in steam generating systems. In Water and
Seam: Proceedings of the 9th International Conference on the
Properties of Seam (eds. J. Straub and K. Scheffler), pp. 547-562.
Pergamon Press.

Mason E. A. and Spurling T. H. (1969) The Virial Equation of Sate.
Pergamon Press.

Muccitelli J. and Wen W.-Y. (1978) Solubilities of hydrogen and
deuterium gases in water and their isotope fractionation factor. J.
Solut. Chem. 7, 257-267.

Murakami H., Okada T., Nitta T., and Katayama T. (1987) Gas solu-
bilities of rancid substances in water (in Japanese). Kagaku Kogaku
Ronbunshu. 13, 43-50.

Naghibi H., Ownby D. W., and Gill S. J. (1987) Heats of solution of
several freonsin water from 5 to 45°C. J. Solut. Chem. 16, 171-179.

Ngauv S. N., Sabbah R., and Laffitte M. (1977) Thermodynamics of
nitrogen compounds. I11. Thermodynamic study of glycine and L-
alpha-alanine (in French). Thermochim. Acta 20, 371-380.

Nichols N., Skold R., Spink C., and Wadsd |. (1976) Thermochemistry
of solutions of bhiochemica model compounds. 6. Alpha-omega-
dicarboxylic acids, -diamines, and -diols in agqueous solution.
J. Chem. Thermodyn. 8, 993-999.

Nichols N. and Wadsd |. (1975) Thermochemistry of solutions of
biochemical model compounds. 3. Some benzene derivatives in
aqueous solution. J. Chem. Thermodyn. 7, 329-336.

Nilsson S.-O. and Wadsd I. (1986) Thermodynamic properties of some
mono-, di-, and tri-esters. Enthalpies of solution in water at 288.15 to
318.15 K and enthalpies of vaporization and heat capacities at
298.15 K. J. Chem. Thermodyn. 18, 673—681.

O’Connell J. P. (1990) Thermodynamic properties of mixtures from
fluctuation solution theory. In Fluctuation Theory of Mixtures (eds.
E. Matteoli and G. A. Mansoori), pp. 45-67. Taylor & Francis.

O’ Conndll J. P. (1994) Thermodynamic and Fluctuation Solution The-
ory with some applications to systems at near- or supercritical
conditions. In Supercritical Fluids: Fundamentals for Application-
,NATO ASI Series Applied Sciences, Vol. 273 (eds. E. Kiran and
J. M. H. Levelt Sengers), pp. 191-229. NATO.

Oja V. and Suuberg E. M. (1999) Vapor pressures and enthalpies of
sublimation of p-glucose, D-xylose, cellobiose, and levoglucosan.
J. Chem. Eng. Data 44, 26-29.



Prediction of vaporliquid distribution constants 5003

Olofsson G., Oshodj A. A., Quarnstrom E., and Wadsd 1. (1984)
Calorimetric measurements on dlightly soluble gases in water.
J. Chem. Thermodyn. 16, 1041-1052.

Palmer D. A., Ramette R. W., and Mesmer R. E. (1985) The hydrolysis
of iodine: Equilibria a high temperatures. J. Nuclear Mat. 130,
280-286.

Park J. H., Hussam A., Couasnon P., Fritz D., and Carr P. W. (1987)
Experimental reexamination of selected partition coefficients from
Rohrschneider’s data set. Anal. Chem. 59, 1970-1976.

Parker V. B. (1965) Therma properties of aqueous uni-univalent
electrolytes. National Standard Reference Data Series, National
Bureau of Sandards 2. NSRDS-NBS 2.

Pierotti R. A. (1976) A scaled particle theory of aqueous and nonague-
ous solutions. Chem. Rev. 76, 717—726.

Plyasunov A. V. and Shock E. L. (2000a) Thermodynamic functions of
hydration of hydrocarbons at 298.15 K and 0.1 MPa. Geochim.
Cosmochim. Acta 64, 439—468.

Plyasunov A. V. and Shock E. L. (2000b) Standard state. Gibbs
energies of hydrocarbons at elevated temperatures as evaluated from
experimental phase equilibria studies. Geochim. Cosmochim. Acta
64, 2811-2833.

Plyasunov A. V. and Shock E. L. (2001&) Group contribution values of
the infinite dilution thermodynamic functions of hydration for ali-
phatic noncyclic hydrocarbons, acohols, and ketones at 298.15 K
and 0.1 MPa. J. Chem. Eng. Data 46, 1016—1019.

Plyasunov A. V. and Shock E. L. (2001b) Estimation of the Krichevskii
parameter for agueous nonelectrolytes. J. Supercrit. Fluids 20, 91—
103.

Plyasunov A. V. and Shock E. L. (2003) Second cross virial coeffi-
cients for interactions involving water. Critical data compilation.
J. Chem. Eng. Data 48, 808—821.

Plyasunov A. V., O'Connell J. P., and Wood R. H. (2000a) Infinite
dilution partial molar properties of agueous solutions of nonelectro-
lytes. |. Equations for partial molar volumes at infinite dilution and
standard thermodynamic functions of hydration of volatile nonelec-
trolytes over wide ranges of conditions. Geochim. Cosmochim. Acta
64, 495-512.

Plyasunov A. V., O'Connell J. P., Wood R. H., and Shock E. L.
(2000b) Infinite dilution partial molar properties of agueous solu-
tions of nonelectrolytes. |I. Equations for the standard thermody-
namic functions of hydration of volatile nonelectrolytes over wide
ranges of conditions including subcritical temperatures. Geochim.
Cosmochim. Acta 64, 2779-2795.

Plyasunov A. V., O’ Connell J. P., Wood R. H. and Shock E. L. (2001)
Semiempirical equation of state for the infinite dilution thermody-
namic functions of hydration of nonelectrolytes over wide ranges of
temperature and pressure. Fluid Phase Equil., 183-184: 133-142.

Plyasunov A. V., Shock E. L. and Wood R. H. (2003) Second cross
virial coefficients for interactions involving water. Correlations and
group contribution values. J. Chem. Eng. Data, in press.

Prausnitz J. M., Lichtenthaler R. N., and de Avezedo E. G. (1986)
Molecular Thermodynamics of Fluid-Phase Equilibria. Prentice-
Hall.

Przyazny A., Janicki W., Chrzanowski W., and Staszewski R. (1983)
Headspace gas chromatographic determination of distribution coef-
ficients of selected organosulphur compounds and their dependence
of some parameters. J. Chromatogr. 280, 249-260.

Reid R. C., Prausnitz J. M., and Poling B. E. (1987) The Properties of
Gases and Liquids. McGraw-Hill.

Rettich T. R., Handa Y. P., Battino R., and Wilhelm E. (1981) Solu-
bility of gasesin liquids. 13. High-precision determination of Henry
constants for methane and ethane in liquid water at 275 to 328 K. J.
Phys. Chem. 85, 3230-3237.

Rettich T. R., Battino R., and Wilhelm E. (1982) Solubility of gasesin
liquids. 15. High-precision determination of Henry coefficients for
carbon monoxide in liquid water at 278 to 323 K. Ber. Bunsenges.
Phys. Chem. 86, 1128—1132.

Rettich T. R., Battino R., and Wilhelm E. (1984) Solubility of gasesin
liquids. XVI. Henry's law coefficients for nitrogen in water at 5 to
50°C. J. Solution Chem. 13, 335-348.

Rettich T. R., Battino R., and Wilhelm E. (2000) Solubility of gasesin
liquids. 22. High-precision determination of Henry’s law constants

of oxygen in liquid water from T = 274K to T = 328 K. J. Chem.
Thermodyn. 32, 1145-1156.

Rizvi S. S. and Heidemann A. (1987) Vapor-liquid equilibria in the
ammonia - water system. J. Chem. Eng. Data 32, 183-191.

Robinson R. A., Smith P. K., and Smith E. R. B. (1942) The osmotic
coefficients if sime organic compounds in relation to their chemical
composition. Trans. Faraday Soc. 38, 63-70.

Rochester C. H. and Symonds J. R. (1973) Thermodynamic studies of
fluoroalcohols. Part 2. Enthalpies and heat capacities of solution of
liquid fluoroalcohols in water. J. Chem. Soc., Faraday Trans. 1 69,
1274-1281.

Roedder E. and Bodnar R. J. (1997) Geothermal systems and mercury
deposits. In Geochemistry of Hydrothermal Ore Deposits (ed. H. L.
Barnes), pp. 657-697. Wiley.

Rozen A. M. (1969) Thermodynamic properties of dilute solutions in
the vicinity of the critical point of the solvent. Soviet Phys. JETP 29,
494-501.

Rozen A. M. (1976) The unusual properties of solutions in the vicinity
of the critical point of the solvent. Russ. J. Phys. Chem. 50, 837—842.

Sassen C. L., van Kwartel R. A. C., van der Kool H. J,, and Swaan
Arons J.de. (1990) Vapor-liquid equilibria for the system ammonia
+ water up to the critical region. J. Chem. Eng. Data 35, 140-144.

Scharlin P. and Battino R. (1994) Solubility of CCl,F,, CCIF;, CF, and
¢c-C,Fgin H,0 and D,O at 288 to 318 K and 101.325 kPa. Thermo-
dynamics of transfer of gases from H,O to D,O. Fluid Phase
Equilib. 95, 137-47.

Schmelzer J. and Quitzsch K. (1973) Isobaric vapor—iquid equilibrium
of binary systems benzene-ethylenediamine and water-ethylenedia-
mine (in German). Z. Phys. Chem. (Leipzig) 252, 280—288.

Schwartz S. E. and White W. H. (1983) Kinetics of reactive dissolution
of nitrogen oxides into aqueous solution. In Advances in Environ-
mental Science and Technology, Vol. 12, Trace Atmospheric Con-
stituents: Properties, Transformations, and Fates (ed. S. E.
Schwartz), pp. 1-116. John Wiley, New Y ork.

Shiu W.-Y. and Mackay D. (1997) Henry's law constants of selected
aromatic hydrocarbons, alcohols, and ketones. J. Chem. Eng. Data
42, 27-30.

Shmulovich K. I., Landwehr D., Simon K., and Heinrich W. (1999)
Stable isotope fractionation between liquid and vapor in water-salt
systems up to 600°C. Chem. Geol. 157, 343-354.

Shock E. L., Helgeson H. C., and Sverjensky D. A. (1989) Calculation
of the thermodynamic and transport properties of aqueous species at
high pressures and temperatures. Standard partial molal properties of
inorganic neutral species. Geochim. Cosmochim. Acta 53, 2157—
2183.

Shock E. L. and Helgeson H. C. (1990) Calculation of the thermody-
namic and transport properties of aqueous species at high pressures
and temperatures: Standard partial molal properties of organic spe-
cies. Geochim. Cosmochim. Acta 54, 915-945.

Scott S. D. (1997) Submarine hydrothermal systems and deposits. In
Geochemistry of Hydrothermal Ore Deposits (ed. H. L. Barnes), pp.
797-875. Wiley.

Seward T. M. and Barnes H. L. (1997) Metal transport by hydrothermal
ore fluids. In Geochemistry of Hydrothermal Ore Deposits (ed. H. L.
Barnes), pp. 435-486. Wiley.

Sijpkes A. H., Oudhuis A. A. C. M., Somsen G., and Lilley T. H.
(1989) Enthalpies of solution of amides and peptides in agueous
solutions of urea and in N,N-dimethylformamide at 298.15 K.
J. Chem. Thermodyn. 21, 343-349.

Silva M. A. V. R. d,, Monte M. J. S,, and Ribeiro J. R. (2001)
Thermodynamic study on the sublimation of succinic acid and of
methyl- and dimethyl-substituted succinic and glytaric acids.
J. Chem. Thermodyn 33, 23-31.

Sovova M. and Boublik T. (1986) Vapour-iquid equilibrium in the
water(l)-morpholine(2) system at the pressures of 50 and 75 kPa.
Coll. Czech. Chem. Comm. 51, 1899-1902.

Stephenson R. M. (1992) Mutual solubilities: Water—ketones, water—
ethers, and water—gasoline—alcohoals. J. Chem. Eng. Data 37, 80—95.

Stephenson R. M. and Malanowski S. (1987) Handbook of the Ther-
modynamics of Organic Compounds. Elsevier.

Stern J. H. and Swearingen J. T. (1970) Thermodynamics of agueous
mixtures of electrolytes and nonelectrolytes. 1X. Nitromethane in



5004 A. V. Plyasunov and E. L. Shock

pure water and in 1 m potassium chloride from 15 to 35°. J. Phys.
Chem. 74, 167-169.

Stull D. R. (1947) Vapor pressure of pure substances organic com-
pounds. Ind. Eng. Chem. 39, 517-540.

Styrikovich M. A. (1969) Vapor solutions (in Russian). Vestn. Akad.
Nauk SSSR 39, 70-77.

Suleiman D. and Eckert C. A. (1994) Limiting activity coefficients of
diols in water by a dew point technique. J. Chem. Eng. Data 39,
692—696.

Suleimenov O. M. and Krupp R. E. (1994) Solubility of hydrogen
sulfide in pure water and in NaCl solutions, from 20 to 320°C and at
saturation pressures. Geochim. Cosmochim. Acta 58, 2433-2444.

Tang I. N. and Munkewitz H. R. (1991) Determination of vapor
pressure from droplet evaporation kinetics. J. Colloid Interface Sci.
141, 109-118.

Tewari Y. B., Miller M. M., Wasik S. P., and Martire D. E. (1982)
Aqueous solubility and octanol/water partition coefficient of organic
compounds at 25.0°C. J. Chem. Eng. Data 27, 451—-454.

To E. C. H., Davies J. V., Tucker M., Westh P., Trandum C., Suh
K. S. H., and Koga Y. (1999) Excess chemica potentials, excess
partial molar enthalpies, entropies, volumes, and isobaric thermal
expansivities of agqueous glycerol at 25°C. J. Solut. Chem. 28,
1137-1157.

Touhara H., Okazaki S., Okino F., Tanaka H., Ikari K., and Nakanishi
K. (1982) Thermodynamic properties of agueous mixtures of hydro-
phylic compounds. 2. Aminoethanol and its methyl derivatives.
J. Chem. Thermodyn. 14, 145-156.

Tremaine P. R., Shvedov D., and Xiao C. (1997) Thermodynamic
properties of agueous morpholine and morpholinium chloride at
temperatures from 10 to 300°C: Apparent molar volumes, heat
capacities, and temperature dependence of ionization. J. Phys. Chem.
B 101, 409-419.

Tse G., Orbey H., and Sandler S. I. (1992) Infinite dilution activity
coefficients and Henry’s law coefficients of some priority water
pollutants determined by a relative gas chromatographic method.
Environ. Sci. Technol. 26, 2017-2022.

Tsonopoulos C. (1974) An empirica correlation of second virial coef-
ficients. AIChE J. 20, 263-272.

Tsonopoulos C. and Heidman J. L. (1990) From the virial to the cubic
equation of state. Fluid Phase Equil. 57, 261-276.

Vanderzee C. E. and King D. L. (1972) The enthalpies of solution and
formation of ammonia. J. Chem. Thermodyn. 4, 675-683.

Wads0 I. (1965) Thermochemical properties of diacetamide, N-butyl-
diacetimid and N-phenyldiacetimide. Acta Chem. Scand. 19, 1079—
1087.

Wagman D. D., Evans W. H., Parker V. B., Schumm R. H., Halow I.,
Bailey S. M., Churney K. L. and Nuttal R. L. (1982) The NBStables
of chemical thermodynamic properties. Selected values for inorganic
and C; and C, organic substances in 51 units. J. Phys. Chem. Refer.
Data 11, Suppl. 2.

Wagner W. and Pruf3 A. (2002) The IAPWS formulation for the
thermodynamic properties of ordinary water substances for general
and scientific use. J. Phys. Chem. Ref. Data 31, 387-535.

Wilhelm E., Battino R., and Wilcock R. J. (1977) Low-pressure solu-
bility of gases in liquid water. Chem. Rev. 77, 219-262.

Wit De H. G. M., Van Miltenburg J. C., and De Kruif C. G. (1983)
Thermodynamic properties of molecular organic crystals containing
nitrogen, oxygen, and sulfur. 1. Vapor pressures and enthalpies of
sublimation. J. Chem. Thermodyn. 15, 651-563.

Wright D. A, Sandler S. |, and DeVoll D. (1992) Infinite dilution
activity coefficients and solubilities of halogenated hydrocarbons in
water at ambient temperatures. Environ. Sci. Technol. 26, 1828—
1831.

Yan X., Dong Q., and Hong X. (2003) Reliability analysis of group-
contribution methods in predicting critical temperatures of organic
compounds. J. Chem. Eng. Data 48, 374—380.

Yezdimer E. M., Sedlbauer J., and Wood R. H. (2000) Predictions of
thermodynamic properties at infinite dilution of agqueous organic
species at high temperatures via functional group additivity. Chem.
Geol. 164, 259-280.

Zheng D.-Q., Guo T.-M., and Knapp H. (1997) Experimental and
modeling studies on the solubility of CO,, CHCIF,, CHF;, C,H,F,
and C,H,F, in water and agueous NaCl solution under low pres-
sures. Fluid Phase Equil. 129, 197-209.

Ziekiewicz J. (1998) Excess molar volumes and excess Gibbs energies
in N-methylformamide + water, or + methanol, or + ethanol at the
temperature 303.15 K. J. Chem. Eng. Data 43, 650—652.

Appendix A. Some Properties of Water from the |APWS
Formulation

The International Association for the Properties of Water and Steam
(IAPWS) adopted in 1995 a new formulation of the thermodynamic
properties of water, with the forma publication following in 2002
(Wagner and Pruf3, 2002). We used this formulation to calculate the
properties of water.

a). The temperature dependence of the second viria coefficient of
water, By,, in units cm® - mol~2, is given by the following statement:

10° 1<
Bu(n) = g o 2 T (A1)
i=1

where M,, stands for the molar mass of water, M,, = 18.015268 g -
mol ~%; p, = 322 kg - mol ~* is the critical density of water; 7 = TJT,
with T, = 647.096 K being the critical temperature of water; and values
of n, and t; are given in Table Al. All numerical values are from
Wagner and Prul (2002). Egn. Al supplies B(T) values that are
reasonable up to very high temperatures, even up to 12000 K. The
following values (up to six significant figures), which were provided to
us by Prof. Wagner, can be used to verify calculations: 300 K, B,; =
—1201.30 cm® - mol ~%; 1273 K, B,; = —6.70720 cm® - mol ~; 12000
K, By; = 10.8451 cm® - mol .

b). Pressure along the vaporliquid equilibrium for water, P; in MPa,
is given by:

Py T
|n<51) = plaw+ an'®+ a’ + apfran’ + a’),  (A2)

and the temperature derivative of the pressure, in MPa - K™%, is

P, R | P’
ar - T " P
+ a + 1.5a,1°° + 3a5” + 3.5a,07°

+ daf + 7.536v6'5] . (A3)

Table Al. Coefficients of Eqns. Al to A7.

i f; N; 8 b G

1 -05 0.12533547935523 x 10°* —7.859 517 83 1.99274064 —2.03150240
2 0.875 0.789 576 347 228 28 X 10* 1.844 082 59 1.09965342 —2.68302940
3 1  —0.8780320330.3561 x 10 —11.786 6497 —0.510839303 —5.38626492
4 4  —0.668 565 723 079 65 226807411 —1.75493479 —17.2991605
5 6 0.204 338 109 509 65 —15.961 8719 —45.5170352 —44.7586581
6 12 —0.662 126 050 396 87 X 10~* 1.801 225 02 —6.74694450.10° —63.9201063
7

7 —0.107 936 009 089 32
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v=(1- TITY, P, = 22.064 MPa, and the numerical vaues of
coefficients a, are collected in Table AL.

C). Saturated liquid density, p(l), in kg - m™3, and its temperature
derivative, are given bhy:

p(1) = p(1 + by'® + b + b + bt + bgu® + bgu!'o?)
(Ad)
and

dp() e, e
dar 3T, (b
+ 2b,u ¥ + Bba?® + 16b,u1¥3 + 43b*3
+ 110bg™™®)  (A5)

where the numerical values of coefficients b; are collected in Table Al.
C). Saturated vapor density, p(v), in kg - m~3, and its temperature
derivative, are given by:

p(Vv) = pe* Exp(c?® + cv¥® + cnf® + ¢t + cv® + cu™f)

(A6)
and

dp(v)  p(v) e

R A

+ 4o ?® + 8e'?® + 18c,u'?® + B7ca™C +
71c™®)  (A5)

where the numerical values of coefficients ¢; are collected in Table Al.

Note that the Eqns. A2-A7 are not exactly the IAPWS formulation,
which results in equations for the properties of the coexisting phases
that are too complicated and lengthy. They are auxiliary equations,
endorsed by the authors of the IAPWS formulation, and the difference
between results from Egns. A2-A7 and the IAPWS formulation is said
to be extremely small.

Appendix B. Empirical Correlations for Estimating the Standard
Partial Molar Enthalpy and the Heat Capacity of Hydration of
Neutral Compounds at 298.15 K, 0.1 MPa

For many neutral compounds there are no experimental determina-
tions of the standard partial molar heat capacity in water. The reasons
may be numerous: a calorimetric experiment is expensive; many neu-
tral compounds have low solubility in water and only afew laboratories
in the world have the expertise and equipment for making accurate
calorimetric measurements for such compounds (Gill and Wadso,
1982; Olofsson et al., 1984; Dec and Gill, 1985; Hallén and Wadso,
1989). In addition to calorimetric determinations, values of the partial
molar heat capacities may be obtained from solubility measurements
performed over extended temperature ranges by means of the double
differentiation of the Gibbs energy of solution (Wilhelm et al., 1977,
Rettich et a., 1981, 1984, 2000). However, this method requires
extreme accuracy and, probably, will be of no use for compounds
undergoing chemical reactions in water (chlorine, COS, NO,, for
example), or dissociation (HNO,), polymerization (HF), or decompo-
sition (NH,CI, HN), where even moderate uncertainties in the values
of the thermodynamic and kinetic constants of side reactions will
strongly compromise the reliability of data interpretation.

Typically, values of the enthalpy of hydration are available for a
large number of compounds, either from cal orimetric measurements or
from determinations of solubility at different temperatures. Still, there
are many neutral compounds for which the experimental determina-
tions of the enthalpy of hydration are of uncertain quality or lacking
altogether.

These gaps can be overcome by methods to estimate the standard
partial molar heat capacity of hydration, A,C?, and enthalpy of hydra-
tion, A,H® for neutral compounds at 298.15 K and 0.1 MPa. For
organic compounds, group contribution methods may be successful for
predicting the thermodynamic functions of hydration. However, a
general estimation method must account for how the chemical compo-
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Fig. B1. The correlation between A,,G° and A H° values at 298 K for
compounds listed in Table B1.

sition and the structure determine the thermodynamic properties of a
compound. For example, at 298 K the Gibbs energies of hydration of
ethanol and dimethyl ether, two compounds of identical composition,
C,HgO, differ by ~13 kJ - mol~* (in other words the equilibrium
constants for identical reactions involving these compounds will differ
by ~190 times!).

Evidently chemical composition alone does not determine the ther-
modynamic functions of hydration of a compound, and ways must be
devised to account for the different chemical structures of compounds
and details of their interactions with water, a fundamental problem that
has yet to be solved. Possible empirical approaches to the problem of
estimation of A,H® and A,C} are outlined here. The starting point for
this discussion is the fact, mentioned above, that compounds of iden-
tical composition but different structures have markedly different val-
ues of Gibbs energy of hydration, A,G°. In this sense, values of A, G°
can serve as explicit proxies of chemical composition, structure of a
compound, and strength of water-solute interactions. From a pragmatic
point of view, values of the Gibbs energy (contrary to the heat capacity
and enthalpy) are the most readily available of al thermodynamic
functions of hydration, because they are experimentally measured for
several hundred chemical compounds, at least at 298 K.

There is a definite correlation between the values of A,G° and A H®
for neutral compounds at 298.15 K and 0.1 MPa, as shown in Figure
B1. Unfortunately, this correlation is of low accuracy: it describes 118
A H° data points in Table B1 (see below) with a standard deviation of
6.6 kJ - mol~* and for 42 compounds (more than 1/3 of all solutesin
Table B1) the difference between the experimental and fitted results
exceeds 6 kJ - mol %, A more accurate approximation can be built on
the assumption that deviations from the (presumably universal) corre-
lation between A G° and A H° depend on the elementa chemical
composition of individual solutes. Mathematically this can be ex-
pressed as:

AH = (4G + 2 bn) + Den@P+ ..., (BY
i=1 !

=1

where f(A,,G°) is some universal function of the Gibbs energy of
hydration; the index i stands for the chemical elements constituting a
given solute, so i = C,H,O,N,SF,Cl,...; n(i) represents the number of
atoms of a particular chemical element in a formula of a compound;
and b; and ¢, are numerical constants, specific for each chemical
element i under consideration.

To determine an appropriate functional form of f(A,G°), and to
retrieve the optimal values of the numerical coefficients, we selected a
set of data, that contains 118 experimental A, G° and A, H® values for
diverse chemical compounds in the C-H-O-N-S-F-Cl-Br-I system (Ta
ble B1). This set contains both inorganic and organic compounds. We
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Table B1. Experimental values of AH® and A,Cp and those fitted by means of Eqgns. B1 and B2.
A, H ACT
Compound Formula AG® Experimental Calculated A Experimental  Calculated A
Compounds in the subsystem H-N-O

Nitrogen N, 18.21(3)° —10.4(3)° -10.2 -02 214Q10)° 200 14
Oxygen 0, 16.55(3)¢ —12.0(2)%=f -9.8 —22  200(5)%"9 200 0
Hydrogen H, 17.73(5)" —4.0(5)" -6.8 28  140(15)" 161 -21
Nitrogen oxide NO 15.49(5)" —11.9(10)" -115 —0.4  190(30)" 188 2
Dinitrogen oxide N,O 9.2(1)" —21.4(10)" -20.3 —11  143(50)" 183 —40
Nitrous acid HNO, —9.6(5)! —40.5(30)' -381 -24 111

Hydrogen azide HN, —6.2(5) —33.0(30) —-36.5 2.6 107

Ammonia NH, —10.1()~! —35.4(2) -36.5 11 395" 69 -30
Ozone 0, 10.9(10)° —16.8(30)° -17.3 05 189

Hydrogen peroxide H,0, —28.5(5)° —54.9(5)° —55.5 0.6 19(10)P 6 13
Hydrazine N,H, —31.3(5)° —61.1(5)° —-63.9 2.8  —34(10) 8 —42

Compounds in the subsystem H-C-N-O
Carbon monoxide Co 17.19(3)° —10.8(3)° -76 -32  215(10)° 205 10
Carbon dioxide CO, 8.41(5)" —-19.7(1)*v -17.6 -21  180(10)" 183 -3
Formic acid CH,0, —21.4(5) —46.9(20)° —49.1 22 50(10)Y 55 —65
Nitromethane CH,NO, —8.9(5) —35.7(10)” —42.4 7.3 150(20)® 131 19
Methane CH, 16.26(3)"° —13.1(1)"ee -12.9 —02 216(10)wd 212 4
Methanol CH,O —13.2(2)*= —45.1(2)*= —41.7 -34 114(5)*= 107 7
Urea CH,N,O —51.3(20)*+99 —83 ()90 -91.2 82  30(20)™ -36 66
Methylamine CH:N —11.4(3)° —47.2(10)° —42.7 —45  105(5)Y 129 —24
Ethyne C,H, 7.89(15)% —14.6(3)* -17.1 25  150(20)*= 161 -11
Acetonitrile C,H.N —9.9(5)" —34.7(5)Y —387 40 138(10)! 109 29
Ethene JH, 13.25(10)* —16.5(3)*® —16.4 -01  240(20)%= 220 20
Acetic acid C,H,0, —21.4(5) —52.8(20)Y —54.0 1.2 100(10) 107 -7
Acetamide C,HNO —32.7(15)" —70.6(20)<<+!! —68.8 -18  95(10)Y 80 15
N-Methylformamide C,H;NO —29.1(10)™ —63.5(20)<<+m —64.9 14 92(10)Y 84 8
Glycine C,HsNO,  —73.5(20)°"PP —124 (5)%a+Pe —122.2 -1.8 -—51(20)"*= —42 -9
Ethane C,Hg 15.57(5)% —19.4(2)*= —-183 -11  280(20)* 260 20
Ethanol C,HsO —13.0(2)* —52.6(2)%= —46.4 -6.2  199(5)* 165 34
Ethanediol C,Hs0, —33.0(10)" —72.3(20)" —-70.2 -21 11410y 93 21
Dimethylamine SHoN —10.0(3)" —52.2(20)° —46.2 -6.0 194(10)” 189 5
2-Aminoethanol C,H,NO —31.6(10)™ —71.0(20)"" -713 03  91(15) 101 -10
Ethylenediamine C,HgN, —32.4(20)"w —76.8(10y>+ ™" —74.9 -1.9  93(10) 116 -23
Propionitrile C,HN -8.1(5) —39.7(10)Y —41.8 21 208(15)i*s 172 36
Propene He 12.9(2)*= —21.6(3)%= —216 0.0 280(30)*= 267 13
Cyclopropane C;Hq 11.0(1)*= —23.3(4)* —-232 -0.1 310(20)*° 258 52
Acetone C;HsO —8.2(3 —41.5(3)"Y —43.0 15 158(10" 187 —29
Methyl acetate C,H0, —5.1(3# —40.1(5)@2 —43.0 29  214(10)! 223 -9
Alanine C;H,NO,  —70.6(30)°"PP —131 (6)°+PP —123.2 -78  24(20)7Fs 35 -11
Propane CzHg 16.1(1)*= —22.9(3)*= —22.8 -0.1  330(30)*° 307 23
Propylamine CzHoN —10.4(5) —55.8(10)Y —515 -43  231(15) 230 1
2-Methoxyethanol C;Hg0, —20.4(5) —60.4(10)Y —-61.7 1.3 187(10) 183 4
Glycerol HgOs —51.2(20)%"eee —97.5(20)%d —99.2 1.7  124(15)ddd+ss 85 39
Trimethylamine C3HoN —5.6(5)" —51.7(10)° —47.0 —4.7  268(15)%= 253 15
Succinic acid C,Hs0, —50.4(30)ff 999 —94,5(30)*+999 —98.6 41 94(15yxts 107 -13
Tetrahydrofuran C,HO —6.6(5)Y —47.3(5) —46.4 -0.9 211(10)Y 250 39
2-Butanone C,HgO —7.2(3 —45.5(3)Y —47.0 -15 234010 240 6
1,4-Dioxane C,Hg0, —13.2(5)Y —48.0(5)" —55.6 7.6 127(10) 219 -92
Morpholine caHoNO —24.7(10)"" —69.5(15)" —70.0 05  142(10)7*ss 202 —60
Diethyl ether C,H,0 1.1(5)Y —47.0(20)” —431 -39  315(50)” 320 -5
1,2-Dimethoxyethane H100, —12.3(5)Y —59.3(10)Y —585 -08 24410y 274 -30
Pyridine CsHsN —11.7(5) —49.9(10) —476 -23  228(10) 218 10
Tetrahydrofuran CH, 0 —51.5(5)Y —48.9(10)Y —49.9 1.0 286(10)" 299 -13
Xylose CH100s —77.7(3)kxH —146 (5)"'Fmmm —145.9 —0.1  100(30)mmm*ss 126 —26
Phenol He —18.3(10)°® —56.9(10)Y —56.4 -05 211(10)Y 221 -10
Aniline CeH-N —15.4(10)PPP —54.0(10)9% —56.1 21 199(10)Y 236 -37
4-Methylpyridine CeH,N —12.7(5)Y —55.5(10)Y —535 -20 277(0)Y 261 16
Cyclohexane CeHiz 13.0(2)*= —-33.1(3)*= —-36.2 31  410(30)*= 402 8
Cyclohexanol CeH,,0 —15.1(3)* —70.7(7)* —64.4 -6.3  340(15)*= 326 14
Glucose CeH1206 —98.2(30)KKk+M! —183 ()"l *+mmm —1838 0.8  132(30)™nss 139 -7
4-Methylphenol C,HgO —17.7(10)Y —60.4(10)Y —60.7 03  259(10)Y 269 -10
Compounds containing S

Sulfur dioxide S0, —0.51(10)" —27.03)™ —25.4 -16 155(10)" 158 -3
Hydrogen sulfide H,S —5.66(10)SS —18.0(15) —-17.9 -0.1 144(10)™ 154 -10
Methanethiol CH,S 3.1(3)\ —23.8(30)" —25.0 1.2 186
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Table B1. continued
Ap H® ACP
Compound Formula AG® Experimental Calculated A Experimental  Calculated A
Ethanethiol C,HeS 313" —28.5(30)"" —29.9 14 234
Dimethylsulfide C,HeS 155" —31.5(2)"ww —-313 —0.2  228(10)wwwiss 231 -3
Dimethyldisulfide C,HeS, 0.1(5"W —34.7(3)"w —33.8 —0.9  286(15)wwwiss 272 14
Diethylsulfide C,Hy0S 1.2(5)"" —40.2(3)"™w —41.4 12  318(15)wwwiss 322 -4
Diethyldisulfide CHioS, 1.0(5)"" —41.3(5)"w —42.8 15  363(20)wwwiss 365 -2
Dimethyl sulfoxide C,HSO —34.4(10y —70.3(20) —-70.1 -09  97(10)¥ 101 -4
Compounds containing F
Sulfur hexafluoride SF, 20.62(10)" —20.7(5)° —-20.1 —0.6 311(25)° 316 -5
Dinitrogen tetrafluoride ~ N,F, 17.5(1)" —20.5(20)" —-22.7 22 260
Nitrogen trifluoride NF, 17.7(2)" —15.5(20)" -158 0.3 190(50)" 224 69
Fluoromethane CH,F 7.0()" —18.1(20)" -215 34  151(40)" 159 -8
Trifluoromethane CHF, 10.9(2Y —19.6(10)Y —20.5 09 232500 199 33
Tetrafluoromethane CF, 21.0()" —14.5(2)¢ -137 —-0.8  268(20)° 262 6
1,1-Difluoroethane C,H,F, 7.45(10)»"Y —23.1(20)""Y -27.2 4.1  230(40)YY 214 16
1,1,1,2- C,H,F, 10.2(1)"Y —24.2(20)""Y —27.1 29  280(50"YY 243 37
Tetrafluoroethane
Trifluoroethanol C,H,F;0  —10.1(5) —50.1(20)¥ —47.0 -31 200(20)** 186 14
Compounds containing C1
Chlorine cl, 6.9(3)° —23.4(30)° —20.0 -34 230
Chlorine dioxide clo, 0.0(2)¥ —27.8(30)Y -27.7 -0.1 175
Nitrogen trichloride NClg 5.7(15)%= —33.2(50)%== -28.7 -45 315
Dichloroamine NHCI, —8.3(20)%= —33.5(50)== —-39.2 5.7 165
Chloramine NH,CI —11.2(20)™== —38.6(50)%* —39.8 12 115
Hypochlorous acid HClO —16.1(20)P00 —48.7(40)P0P —41.9 -6.8 108
Chloromethane CH.CI 5.6(1)Y —23.2(10) —238 06  195(40) 207 -12
Dichloromethane CH.,Cl, 2.2(3)%ce —30.5(10)dddd+nn —28.9 -16 249
Chloroform CHCl, 3.4(3)ccce —32.1(10)dddd+nn -30.0 -21 308
Carbon tetrachloride ccl, 8.2(3)ccce —32.4(30)eeeeffft -281 -43 390
Chlorofluoromethane CH,CIF 4.7(1) —21.7(20)Y -25.7 4.0  154(40)Y 198 —44
Chlorodifluoromethane  CHCIF, 8.4(2Y —24.6(10)"Y -237 -0.9  236(60)""Y 238 -2
Chlorotrifluoromethane ~ CCIF, 17.3(2)99%9 —21.5(5)"hnh -17.6 -39  278§(25)"hh 299 -21
Dichlorodifluoromethane  CCI,F, 14.4(2)9999 —26.0(5)""nh —20.9 —51  315(15)"hh 333 —-18
Chloroethylene C,H,Cl 7.6(3)Y —24.6(20)Y —232 -14 248
1,1-Dichloroethylene C,H,Cl, 8.2(5)% —25.8(20)°%= —24.9 -0.9 300
1,2-Dichloroethylene C,H.Cl, 0.5(5)%® —32.8(5)"" -35.3 25  258(10)' 276 —-18
Trichloroethylene C,HCl, 5.3(5)% —32.4(20)% —29.6 -2.8 344
Chloroethane C,H<Cl 5.3(5)Y —23.2(20 —28.9 5.7 237
1,3-Dichloropropane C;HCl, 0.0(10) —37.3(5)"+m —40.6 3.3  325(10)fiitss 319 6
1,4-Dichlorobutane C,HgCl, —1.7(30)'" —41.2(5)"i+m —471 59  392(10)fii+ss 351 41
1,1-Dichloroethane C,H,Cl, 4.4(3)f —29.9(30)" -31.9 2.0 296
1,1,1-Trichloroethane C,H.Cl, 6.9(3)"" —29.1(30)"" -31.9 28 357
1,1,2-Trichloroethane C,HCl, —0.5(3)" —32.4(30)" —384 6.0 311
1,1,1,2- C,H.Cl, 2.3(3)" —39.9(30)"" -38.1 -18 401
Tetrachloroethane
1,1,2,2- C,H.Cl, —1.7(3) —41.6(30)" —41.6 0.0 376
Tetrachloroethane
2-Chloroethanol C,HCIO  —16.2(20)kkk+llll 49 5(3g)mmmm-+iill —51.8 23 175
Compounds containing Br
Bromomethane CH4Br 4.5(3)Y —25.5(10)¥ -25.7 0.2  183(30) 188 -5
Dibromomethane CH_Br, —0.2(3)" —32.4(20)" -33.0 0.6 201
Tribromomethane CHBrg4 —1.6(5)% —35.8(30)** -375 17 228
1,2-Dibromogthane C,H,Br, —1.0(5)"Mn+ooco 37 7(4Q)"nn+nn —-387 1.0 245
1,1,2,2- C,H,Br, —8.7(20)PPPP —55.1(30)PPPP —52.1 —3.0 296(30)PPPPss 295 1
Tetrabromoethane
Bromodichloromethane ~ CHBIrCl, 1.7(3)%= —32.4(30)* -325 0.1 278
Dibromochloromethane  CHBr,Cl 0.1(5)%=¢ —33.3(30)* -35.0 17 250
Bromobenzene CeHsBr 2.3(5)%99q —38.3(30)™" ™ -37.2 -11 328
Compounds containing |
lodine I, —2.7(30)== —36.6(40)S -37.7 11
lodomethane CH,l 4.1(5) —29.4(30)" —29.8 0.4
Diiodomethane CH,l, —2.1(5)u —41.6(40) —42.1 05

include our estimate of the accuracy of the experimental data, shown in
parentheses as the number of significant figures; that is, 10.2(3) means
10.2 = 0.3 and —50.0(20) means —50.0 = 2.0. To make this set of

solutes as diverse as possible we tried to include compounds containing
chemical elementsin various oxidation states (for example, Cl,, HCIO,
CHClj, etc.) and to include compounds of different structures (for



5008 A. V. Plyasunov and E. L. Shock

Table B1. continued

A, H ACT
Compound Formula AG® Experimental Calculated A Experimental  Calculated A
Chloroiodomethane CH,ICI 0.3(5)" —35.8(40) -35.3 -05
| odobenzene CgHsl —0.3(5)"""r oo —46.5(4Q)"" o0 —43.2 -33

akJ - mol1PJ - K1 . mol 1 Rettich et al. (1984),° Rettich et al., 2000,° Dec and Gill, 1984a," Olofsson et al., 1984,9 Hallén and Wadsd,
1989,"Wilhelm et al., 1977, Becker et a., 1996) D’Orazio and Wood, 1963, Clegg and Brimblecombe, 1989,' Kawazuishi and Prausnitz,
1987,™ Vanderzee and King, 1972)," Allred and Woolley, 1981,° Wagman et al., 1982,P Giguere and Carmichael, 1962, Giguere et al., 1955," Bush-
nell et a., 1937,° Rettich et al., 1982, Crovetto, 1991," Berg and Vanderzee, 1978, Gill and Wadsd, 1982, Hnedkovsky and Woody, 1997,* Khan
et al., 1995 Cabani et al., 1981,% Park et al., 1987, Stern and Swearingen, 1970,°° Rettich et al., 1981,° Dec and Gill, 1984(b),% Dec and Gill,
1985b,* Plyasunov and Shock (2000a)," Jakil and Hook, 1981,99 Wit et al., 1983,"" Desnoyerset al., 1976, Benkelberg et al., 19957 Hovorkaet al.,
1999, Sijpkes et al., 1989," Wadsd, 1965, Zielkiewicz, 1998," Majer and Svoboda, 1985,%° Krif et al., 1979,°° Fasman, 1975,%9 Ngauv et al.,
1977, Hakin et al., 1994,= the Benson method was used to estimate the ideal gas heat capacity," Suleiman and Eckert, 1994," Touhara et al.,
1982,"Y Kim et a., 1987, Schmelzer and Quitzsch, 1973 Nichols et a., 1976,”Y Plyasunov and Shock, 2001a% Kieckbush and King,
1979,22 Nilsson and Wadso, 1986,°°° To et al., 1999,°° Tang and Munkewitz, 1991 ddd Bastos et al., 1988,% Bergstrom and Olofsson, 1977, Rob-
inson et al., 1942,%9 Silva et 4., 2001," Sovova and Boublik, 1986, Tremaine et al., 1997, Klyohara et a., 1975, Goldberg and Tewari,
1989," Ojaand Suuberg, 1999, mmm Jasra and Ahl uwalia, 1982," Galema et a., 1993,°° Abd-El- -Bary et al. 1986, PP Jayasinghe et al., 1992,999 Ni-
chols and Wadsd, 1975, Goldberg and Parker, 1985, Cox et al., 1989,"™ Barbero et al., 1982“"“ Murakami et al., 1987 Przyazny et al.,
1983,""W Bastos et al., 1991, Lai et al., 1995, Zheng et al., 1997,%* Rochester and Symonds, 1973, Holzwarth et al., 1984,°°°° Huthwelker
et al., 1995,°°° Hoff et al., 1993,%9% |_arsen and Magid, 1974,%°% Tse et al., 1992, Wright et al., 1992,9999 Scharlin and Battino, 1994,""" Naghibi
et al., 1987, Hallén, 1993l Leighton and Calo, 1981,k Gothard et al., 1973 Stull, 1947,"™™™ Gierycz et al., 1985, Stephenson,
1992,°°° Stephenson and Malanowski, 1987,°PP° Gooch et al., 1972,99%9 Shiu and Mackay, 1997, Borisover et al., 1991, Pamer et a.,
1985,"™ Hunter-Smith et al., 1983.

example, propene and cyclopropane, both having formula C;Hg). A A
least-squares fit was employed to determine the optima form of the
correlating equation, which appears to be as follows:

C2 = aAG® + aAH° + > b n(i). (B3)
i=1

The set employed to determine the numerical values of the fitting
parameters contained 82 A,Cp data. Where necessary, the values of
AnCp were calculated from experimentally measured values of the
standard partial molar heat capacity, Cp ,, using the relation

A = G2 — Cig), (B4)

AH® = & + &A,G° + &(AGY? + . by n(i). (82)
=1

Theinclusion of the term quadratic in A,,G® improves the description of
data for compounds with A,G° < —50 kJ - mol~*. However, terms
quadratic in composition (the last summation in Egn. B1) were found

to be unnecessary. Numerical values of the parameters are given in
Table B2. The array of 118 A H® data points is described with a
standard deviation of 3.0 kJ - mol ~* as compared with 6.6 kJ - mol ~*
when the elemental composition isignored, and the difference between
the experimental and fitted results exceed 6 kJ - mol ™%, twice the
standard deviation, for only 7 compounds as compared with 42 when
only A,G° is used as a variable.

A similar approach can be employed to correlate A,Cp values of
neutral compounds. The optimal form of the correlating equation was
found to be

Table B2. Parameters of Eqgns. B2 for A;H® and B3 for A.Cp,
together with their uncertainties at the 0.95 confidence level, shown in
parentheses as the number of significant figures.

Parameter A H° ALCH
a, —17.87(196)

a 0.891(60) 7.68(55)
a —-3.27(125) - 103 —3.27(64)
be —1.16(57) 20.6(37)
by —1.87(35) 5.9(30)
bo —2.91(100) 16.9(80)
by —3.72(118) 12.8(111)
b —1.24(155) 40.4(107)
be —2.99(59) 8.2(68)
be —4.04(79) 50.1(94)
bg, —5.05(134) 32.1(161)
b, —8.72(321) 40°

2Thisvalueis estimated from the average between values for Cl and
Br.

where C(ig) stands for the heat capacity of acompound in theideal gas
state. In a few cases, the values of C(ig) are estimated using the
Benson group contribution method (Reid et a., 1987). The resulting
values of parameters of Eqn. B3 are given in Table B2. The array of
82A,,Cp, data is described with a standard deviation of 26 J - K™% .
mol ~%, and the difference between the experimental and fitted results
exceed 50 J- K1 - mol , or about twice the standard deviation, for 5
compounds.

The worst cases for correlation seem to be cyclic compounds (1,4-
dioxane, morpholine, cyclopropane, etc.) and compounds forming hy-
drogen bonds with water (urea, amines, acohols, but not polyamines
and polyols). For cyclic compounds the various ring geometries pro-
vide different amounts of strain energies, which contribute to the values
of the thermodynamic functions of hydration, and no single universal
“cyclic correction” is able to improve the fit. Attempts to introduce
simple corrections for the presence of hydroxyl and amine groups
resulted in only a modest improvement of the quality of the fit, and
were determined not to be worthwhile. One may speculate that the
(relative) failure of this correlation for urea is due to strong intramo-
lecular amine-amine interactions within this compound. In any case, it
appears that areal improvement can be reached only by introduction of
a much more elaborate atom/group contribution scheme including
second-order structural corrections, which is exactly what we aretrying
to avoid by pursuing the simplest correlating method possible.

One of the reviewers pointed out that this model is physically
unrealistic. We admit that it isapurely empirical correlation, developed
out of necessity to move forward in a situation where no satisfactory
methods seem to exist. Certainly, the argument that “something is
better than nothing” is weak. A development of more sound ways to
predict the hydration properties of many compounds would be of
definite value for many branches of science, including not least the
hydrothermal geochemistry. Still, we would like to note that the ap-
proach based on elemental composition, that ignores the structure and
the valent type of elements, may not be so naive and undefendable. For
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example, a number of methods are proposed in the literature for
predicting gas-liquid critical temperatures (see Yan et al., 2003). Most
of them require 40—160 parameters and limited only by organic com-
pounds in the C-H-O-N-S-halogens system. Compared to these mon-
sters, the Wilson-Jasperson method, which uses only 9 elemental, or
atomic, contributions and up to 12 secondary corrections, may appear

an inadequate dwarf. However, an independent test (Yan et a., 2003)
showed that the Wilson-Jasperson atomic model results in about the
same quality of description of known data as the other methods and
deliver the best predictive values of critical temperatures. In addition,
contrary to the other methods, it is applicable to both inorganic and
organic compounds in the C-H-O-N-S-halogens system.
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