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CHAPTER 1
Thermodynamics of

Nonelectrolyte Solubility

EMMERICH WILHELM
Institute of Physical Chemistry, University of Wien, Wihringer Strafe 42,
Wien (Vienna) A-1090, Austria

Magic means rather different things to different people.
Brigadier Donald Ffellowes in “The Kings of the Sea”, by S.E. Lanier,
The Magazine of Fantasy & Science Fiction, November 1968.

1.1 Introduction

The liquid state is one of the three principal states of matter. The majority of
chemical synthesis reactions are carried out in the liquid state, and separation
processes usually involve liquid/fluid states, i.e. solutions. Thus, not surpris-
ingly, for a century and a half experimental investigations of physical properties
of solutions and of phase equilibria involving solutions (vapour—liquid equi-
librium: VLE; liquid-liquid equilibrium: LLE; solid-liquid equilibrium: SLE;
solid—vapour equilibrium: SVE) have held a prominent position in physical
chemistry. The scientific insights gained in these studies can hardly be over-
rated, and have been of immense value for the development of the highly
formalized, general discipline of mixture thermodynamics, for instance by
providing idealized solution models, such as the one based on the Lewis—
Randall (LR) rule, or the one based on Henry’s law (HL). In addition to its
profound theoretical interest, this topic includes many important practical,
industrial applications in chemical process design, in the environmental sci-
ences, in geochemistry, in biomedical technology and so forth. Water is the
most abundant liquid on the earth, and because it sustains life as we know it, it
is also the most important liquid solvent. The preponderance of scientific
papers dealing with aqueous solutions is thus not surprising. We note that the
study of the solubility in water of the rare gases and of simple hydrocarbons
have provided fundamental information on hydrophobic effects that are
thought to be of pivotal importance for the formation and stability of higher
order structures of biological substances, such as proteins, nucleic acids, and
cell membranes.
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Evidently, this short review cannot possibly be comprehensive, and I
shall focus on just a few topics which reflect my current research interests
and idiosyncrasies. For instance, VLE with supercritical solutes, that is the
solubility of gases in liquids, will be discussed in some detail, and so will
the van’t Hoff type analysis of high-precision solubility data. SLE and SVE
will not be considered at all. Almost inevitably, pride of place will be given to
the Henry fugacity,' or Henry’s law constant, which is one of most mis-
understood thermodynamic quantities. The goal is to clarify some points
often overlooked, and to dispel misconceptions frequently encountered in the
literature.

1.2 Thermodynamics

In this section I will present a brief overview of classical thermodynamics
applicable to nonelectrolyte solutions in general,? and to solutions of gases in
liquids in particular.*"® When discussing solutions, one is either interested in
single-phase properties, such as partial molar volumes, or in quantities which
characterize the equilibrium solubility itself, for instance the amount of sub-
stance i/, the solute, dissolved in a given amount of solvent j in the presence of
both coexisting phases. The equations governing VLE and LLE will be con-
sidered first. For details see refs. 1 and 2.

A general criterion for phase equilibrium at temperature 7"and pressure P is the
equality of the chemical potential pf of each constituent component i in all
coexisting phases m, or equivalently, the equality of the fugacity /I of each
component in all coexisting phases. Thus, for the specific case of VLE (1 = V
or L),

ST, P AxY}Y) =f5(T, P, {x}}), i=12,...,N (1)
where N is the number of components present, each with mole fraction x; in the
vapour phase and x} in the liquid phase. Similarly, for LLE (t = L’ or L")

/;.L’(T,P, {XL}) :f;.L”(T,P, {xL}> i=1,2,...N )

From now on, however, I shall confine attention to binary systems, where i = 1 or 2.
Two entirely equivalent formal procedures are commonly used to establish
the link with experimental reality:
(I) When using the fugacity coefficient of component 7 in solution in phase 7,
which quantity is defined by

QT (T, P, {xT}) =f7(T, P, {xT})/xIP (3)
and adopting the convenient notation x} = y;, x- = x;, and dropping the
superscript L where unambiguously permissible, the condition for thermody-
namic equilibrium (VLE) may be expressed as

yid! (T, P,y:) = x;ipr (T, P,x;) (4)
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and for LLE as

XY (T, P, X)) =x!opY (T, P,x)) (5)

This approach is called, for obvious reasons, the (¢, ¢) method.

(II) In the second procedure, the component fugacities in the vapour phase
are again expressed in terms of fugacity coefficients, whereas the liquid-phase
fugacities of the components are expressed in terms of appropriately normal-
ized liquid-phase activity coefficients.

When based on the LR rule the convention is called symmetric, and the
corresponding activity coefficient is given by

V%R(Tv val') :fiL(Ta P, xi)/xifiL*(Tﬂp) (6)

where the superscript asterisk denotes, as always, a pure substance property:
fl(T, P) = PF(T, P) is the fugacity of pure component i in either a real or a
hypothetical liquid state at (7,P) of the liquid solution, and ¢ (T,P) is its
fugacity coefficient.

When based on HL the convention is called unsymmetric, and leads to

’)}zHL(T7P7xi) :sz(Ta Pa X,‘)/X,’h[’/(T, P) (7)

where h; (T,P) is the Henry fugacity of i dissolved in liquid j at (T, P) of the liquid
solution.! This quantity is also known as Henry’s law constant. It is defined for
any phase n (L or V) by

lim (17/x7) = (dff /dx7) ._y= HE,(T. P) (8)

where all the operations are at constant T and P.
The VLE conditions may thus be recast into
¢1V(T7 val)ylP:ylLR(Ta P7X1)xlsz*(T7 P) (9)

or, equivalently, into

&) (T, P,y1)yiP =y (T, P,x;)x;hij(T, P) (10)

where the superscript 1 = L of the Henry fugacity has been dropped for
convenience. This approach is called the (¢, y) method.
For LLE we may write either

x;y%R (T, P, x;) = x;'yf.“R (T, P, xf»') (11)

or equivalently

Xt (T, Pyx;) = xiit (T, P,x) (12)

For VLE, there exists in principle a third procedure in which the component
fugacities in the liquid phase as well as in the vapour phase are expressed in
terms of activity coefficients (y=-IR, YR »EHL o V-HL) ‘However, to the best of

my knowledge, it has never been utilized.
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By definition, for component i in solution in any phase m, Equation
(3) applies, hence according to Equation (8) the important, generally valid
relation

$(T,P) = lim 91(T. P.7)
:—hm[f(TP’C) 7] 1)

=h (T, P)/P

is obtained,"*® where ¢F*(T,P) is the fugacity coefficient of i at infinite
dilution in the phase 7.
As this juncture, several points should be emphasized. While

SET, P)/P = §F (T, P) = exp (G (T, P)/RT) (14)

is a property, at (T,P), of pure liquid i (G®"" denotes the residual molar Gibbs
energy), the Henry fugacity defined by Equation (8) for the liquid solution
phase (tr = L) is a liguid-phase property which depends on (7,P) and the
chemical identity of both solute i and solvent j (hence the double subscript!):'+°

hi (T, P)/P = ¢(T, P) —exp( RL°°(T,P)/RT) (15)

Here, ¢+~ is the fugacity coefficient of component i at infinite dilution in the
liquid solvent j, and u;"“* is the corresponding residual chemical potential.

The various quantities corresponding to the two conventions introduced
above are, of course, related. For instance,

=i /b;" (16)
b= or /¢ (17)
7R = hi/f (18)

where yFR* denotes the activity coefficient at infinite dilution. For details see
ref. 1 and the literature cited therein.

Equations (4), (9), and (10) may each serve as a rigorous thermodynamic
basis for the treatment of VLE. The decision as to which approach should be
adopted for solving actual problems is by and large a matter of taste and/or
convenience, yet is subject to important practical constraints.

VLE involving fairly simple fluids may conveniently be treated in terms of
the (¢, ¢) approach, Equation (4), because the use of a single equation of state
(EOS) valid for both phases V and L has some computational advantage and a
certain aesthetic appeal. However, since no generally satisfactory EOS for
dense fluids of practical, that is technical, importance has as yet been devel-
oped, this approach is rather limited. The situation is further aggravated by the
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sensitivity of results on the so-called mixing rules and combining rules,”® which
have always an empirical flavour.

At low to moderate pressures, data reduction and VLE calculations are
preferably based upon the classical (¢, y) formalism expressed by Equations (9)
and (10). Here, an EOS is required only for the low-density vapour phase for
which satisfactory models based on virial coefficients are available, while for
the liquid phase a suitable activity coefficient model is introduced.

For LLE, similar comments apply: in the majority of cases the (y, y) method
is used.

Gas solubilities are usually measured at isothermal conditions. Since
the equilibrium composition varies with total pressure, for each composition
the quantities ¢, ¢, y®, yHE &% and hy  refer to a different pressure. For the
reduction and correlation of solubility data it is customary and advantageous
to select for each temperature the vapour pressure P (7) of the solvent as
reference pressure (the subscript s always indicates saturation condition). For
temperatures well below the critical temperature of the solvent, the respective
correction terms, known as Poynting integrals, are usually quite small.' 3719
If so desired, conversion to any other reference pressure is, in principle,
straightforward.

According to Equation (8), the Henry fugacity of solute 2 dissolved in liquid
solvent 1 is defined by

hz‘l = lirno(fz'“/xz) (19)
Xy—

For VLE, because of the phase equilibrium criterion (1), /5 may be set equal to
the fugacity of the solute in the coexisting vapour phase, that is

fr= R =¢inp (20)
At the vapour pressure P, the Henry fugacity pertaining to the liguid phase is
thus rigorously accessible from isothermal VLE measurements at decreasing
total pressure P — Py, according to

hoy (T, Py) = lim (65 (T, P,y2)y2P/x3] (1)
Xp—

Entirely equivalent expressions relating the Henry fugacity to limiting slopes,
(see Equation (8)), may be derived. We note that from the VLE measurements
at P > Pg; the liquid-phase activity coefficient y85 may be extracted, though
frequently experimental imprecision precludes obtaining reliable results.

Another versatile and widely used measure of the solubility of a gas in a
liquid is the Ostwald coefficient."**"'" It is defined by

Ly (T, P) = (P]f/p;/)equﬂ (22)

where p, = ny/v = x,/V = x,p, with the appropriate superscript L or V, is the
amount-of-substance concentration of solute 2 in either the liquid-phase solu-
tion or in the coexisting vapour-phase solution at 7 and equilibrium pressure P.
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The amounts of solvent 1 and solute 2 are denoted by n; and n,, respectively, v
= (n, +no)V, V = p~'is the molar volume of the solution (L or V), and p is the
(total) molar density of the solution. Thus in contradistinction to the Henry
fugacity, the Ostwald coefficient is a distribution coefficient pertaining to the
solute dissolved in the coexisting phases L and V. It therefore always refers to T
and 112" of the actual VLE. After some algebraic manipulation one can show
that

L;,OI(T7 PS,l) :PE}III;I_ILz’l(T7 P)

RT (23)
:—ZV* Voo T P
ha 1 (T, PS’I)VSITT 5,192 (T, Ps1)

where Z!T = PSJVZT/RT is the compression factor of pure saturated solvent
vapour, VYT is the molar volume of pure saturated solvent vapour, V}T is the
molar volume of pure saturated liquid solvent, and ¢y is the fugacity
coefficient of the solute in the vapour phase at infinite dilution. When corre-
lating solubility data over wide temperature ranges up to the critical point, it
might be advantageous to use L5 instead of h2’1.13’14

The most important application of VLE relations is in the design of
zseparation processes. A frequently used measure of the tendency of a given
component to distribute itself in one or the other equilibrium phase is the
vapour-liquid distribution coefficient or K-value of solute 2 in solvent 1, K, (T, P)
= (¥2/X2)equil- Using Equation (4) the general expression

K> (T, P) = ¢5 (T, P, x2) /3 (T, P, y») (24)
is obtained, which establishes the link with EOS calculations. The infinite-
dilution limit of this quantity may thus also be expressed as'®'?

K35(T, Psy) = hy1 (T, Pyy)/Psipy (T, Py ) (25)
K3(T, Psy) = p5R(T, Poa) 5™ (T, Po.1) /3 (T, Ps1) (26)

or
K3(T, Poy) = VT JVE LS(T, Py ) (27)

Infinite-dilution quantities are usually used for selecting selective solvents for
extractive distillation or extraction (y-R* is needed) or gas absorption (hy is
needed) (see, for instance, ref. 15).

1.3 Subtleties of Approximation

Taking into account the pressure dependence of 4,(7,P) and YT, P, x,),'P
the equilibrium criterion Equation (10) may be recast into the key equation for
isothermal VLE data treatment (data reduction and correlation) within the
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unsymmetric convention:
v
T,P,y2)yP
lnaHL T.P b :ln M
T Poty ) (xzhz.l(T,PsJ)

(28)
_/P V%(TaPaXZ) dp
P

RT

s,1

This equation provides the rigorous basis for the determination of the activity
coefficients 75" from isothermal solubility data measured at various total
pressures P. The argument of the logarithmic term on the right-hand side of
Equation (28) is a dimensionless group containing the experimental data, the
Henry fugacity already extracted therefrom via Equation (21), and the vapour-
phase fugacity coefficient of the solute which must be either known from
independent experiments or calculated from a suitable EOS, say, the virial
equation. In order to evaluate the second term on the right-hand side, i.e. the
Poynting integral, information is needed on the pressure dependence as well as
the composition dependence of the partial molar volume V% of the solute in the
liquid phase. Each data point thus yields a constant-temperature, constant-
pressure activity coefficient y3(T, P 1, x;), which may be represented as a
function of composition by any appropriate correlating equation compatible
with the number and the precision of the experimental results. This is, then, the
reward for exacting and tedious experimental work on the solubility of a gas in
a liquid: the Henry fugacity h, (T,Ps;) and a correlating equation for (T,
Pg 1, x5). This classical sequential approach is almost universally adopted in this
field and simply reflects the focusing of interest on the solute in a composition
range close to pure solvent.

In the key relation (28), the influence of composition on the liquid-phase
fugacity has been separated formally from the influence of pressure. However,
rigorous evaluation of the Poynting integral would require detailed knowledge
of the pressure dependence and the composition dependence of the partial
molar volume at each temperature of interest. Such comprehensive information
is rarely available, whence for the great majority of solutions approximations at
various levels of sophistication must be introduced to make the problem
tractable.'® The situation becomes particularly unsatisfactory at high pressures
and/or when the critical region is approached, where Poynting corrections
become significant. In fact, theoretical models predict that the partial molar
volume of the solute is proportional to the compressibility of the solvent near
its critical point,'® with the effects of this divergence being already felt relatively
far from the critical point.'” The pioneering experiments of Wood and collab-
orators'®!'? have fully confirmed these expectations.

With few exceptions, typical gas-solubility measurements do not cover
large composition ranges, while at the same time experimental scatter often
tends to obscure the composition dependence of any derived activity coeffi-
cient. Thus, practicality usually dictates very simple correlating equations for
5 containing rarely more than one adjustable parameter. Using a two-suffix
Margules equation and approximating V'5(T, P, x,) by a pressure-independent
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partial molar volume at infinite dilution V5 (T, Py 1), the Krichevsky—Ilinskaya
equation® is obtained:

1n(¢¥(T7 P,yz)y2P> _ (P _ PSyl)V%OO(Tvps,l)
X2hy 1 (T, Ps ) RT

where A = A(T, Ps,) is a system-specific parameter. The error introduced by
assuming V5> to be pressure-independent may be estimated, for instance, via a
modified Tait equation.>*' If one now assumes 75" = 1, independent of
composition, the Krichevsky—Kasarnovsky equation® is obtained:

n <¢¥(T, P, yz>sz) _(P=P) V3™(T, Py))
X2l (T, Ps 1) RT

It has frequently been used for the determination of V5™ from gas-solubility
measurements at elevated pressures. However, the solubility may then be
already appreciable and hence the underlying assumptions too severe. Values
of V5 obtained in this way should always be regarded with caution and may
be unreliable.

The next popular simplification neglects the Poynting term, which leads to

¢y (T, P,y2)y2P = x2l (T, Py) (31)

And finally, with the assumption ¢y = 1, that is the vapour phase is regarded as
a perfect-gas mixture, the simplest and most familiar version of HL,

Py = xohy (T, Py ) (32)

=A(xf - 1) (29)

(30)

is obtained, where P, = y,P is the partial pressure of the gaseous solute.

Evidently, the partial molar volume of the solute in the liquid solution is of
importance in the reduction and correlation of accurate gas-solubility measure-
ments. The preferred experimental methods for its determination are either
precision dilatometry or precision densimetry.'®!"**"% For a survey of estima-
tion methods see refs. 1, 3, and 4. Of special note is the capability of semi-
empirical versions of scaled particle theory®>*° to predict V5 (T, P ;) reasonably
well, even for aqueous solutions, where the minima found experimentally for
argon and oxygen dissolved in water,'®?>% respectively, are semi-quantitatively
reproduced:'*!

V%OC(T’ PSJ) = Veav + K];,ks,l(/“tint + RT) (33)

Here, V., is the partial molar volume associated with cavity formation, Klf;,l the
isothermal compressibility of the pure liquid solvent at saturation, and p;,, the
partial molar Gibbs energy of interaction. For many solvents, a self-consistent set
of effective Lennard—Jones (6,12) parameters has been given by Wilhelm and
Battino.*® The correlational and predictive powers of this method can be
substantially improved by introducing the concept of temperature-dependent size
parameters.**>*

As pointed out above, when using the classical sequential approach exem-
plified by Equations (21) and (28), a vapour-phase EOS is required for
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calculating ¢3 (7, P, y,). The majority of gas-solubility measurements lie in the
low to moderate pressure domain, whence the virial EOS, either explicit in
pressure or in molar volume, is most convenient. The computational conven-
ience associated with a volume-explicit EOS leads to the widely used approx-
imation for the mixture compression factor at fairly low pressures,

ZV(T,P,y,) =PV /RT

2 (34)
=1+ (RT)" P(y1Bi1 + y2Bxn + y1y2012)

where the second virial coefficients with identical subscripts refer to pure
components 1 and 2, respectively, and

012 =2B1> — (B + By) (35)

By, designates a composition-independent interaction virial coefficient (cross-
coefficient). The corresponding expression for the vapour-phase fugacity coef-
ficient is

P
v_ I B 2 C .
ng; =—— (Bu+y,512)7 i,j=1,2, i#] (36)

The fugacity coefficient of the solute at infinite dilution in the vapour phase is
thus given by

P
In¢y™® =—— (2B, — B 37
ng¢, RT( 12— Bn) (37)
and the fugacity coefficient of pure component i by

In¢Y* = PB;/RT (38)

The quite popular rule of thumb, ¢¥(T, P, y,) = ¢3 (T, P), is in general
inapplicable for the evaluation of ¢y * since it requires B> = (By; + B»»)/2.
Frequently, experimental results on second virial coefficients and/or second
interaction virial coefficients®> are not available. In particular this is the case at
low reduced temperatures, where adsorption is significant. Even for water
vapour, perhaps the best investigated fluid, the situation below about 400 K is
not entirely satisfactory and subject to intensive research.>®*’ Important con-
tributions come from flow calorimetric measurements of the isothermal Joule—
Thomson coefficient, which have the advantage that adsorption errors are
avoided, and measurements can be made at considerably lower pressures and
temperatures than in conventional (P,V,T) methods.*® Thus one has to rely
quite heavily on semi-empirical correlation methods, which are almost all based
on the extended corresponding states theorem. One of the most popular and
reliable methods is that originally due to Tsonopoulos,® which since its

inception in 1974 has been revised and extended several times:*’

Bir(T:) = BiiPei/RT.; =BO)(T,) + ;B (T;)

. 39
+ a:BP(T,) + b:B¥(Ty) (39)
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Here, B;;(T:) is the reduced second virial coefficient of pure substance i at a
reduced temperature 7, = T/T.;, T.; is the critical temperature, P.; is the
critical pressure, and w;, is the acentric factor. The BY(T}) are the universal
Tsonopoulos functions, and d; and b; are quantities for specific compound
classes, such as ketones, alkylhalides, 1-alkanols, etc. For hydrogen-bonded
substances both parameters d; and l;i must be used. For instance, for the normal
I1-alkanols (except methanol) ¢; = 0.0878 and b, appears to be a function of the
reduced dipole moment y;, defined by*!

1/2
e = (NLi} fAme Ve ik Ter) (40)

Here, Ny, is Avogadro’s constant, y; is the numerical value of the permanent
molecular dipole moment of substance i, ¢, is the permittivity of vacuum, V' ;is
the critical molar volume, and kg is Boltzmann’s constant.

If one wishes to use Equation (39) to calculate the reduced second virial
cross-coefficient By; (T,) = B;P. ;j/RT. ; at a reduced temperature 7, = T/T_
appropriate combination rules have to be devised to obtain the characteristic
interaction parameters T, ;, Pe;j, Vej» ;» dj;, and by to replace the correspond-
ing pure-substance quantities. For details see the original literature and refs. 1,
7, and 8.

Evidently, property estimation methods and correlation methods based on
generalized corresponding states approaches require reliable data on critical
properties and acentric factors. Since Henry fugacities and related quantities of
interest are usually referred to orthobaric conditions, reliable vapour pressure
data are indispensable and must be judiciously selected. A valuable source for
all these quantities is the book by Poling er al.** For the most important
solvent, water, the International Association for the Properties of Water and
Steam (JAPWS) recommends* T, = 647.096 K, P, = 22.064 MPa, and p. =
322 kg-m>. The molar mass of the international standard water with respect
to isotopic composition (Vienna Standard Mean Ocean Water, VSMOW) is
18.015268 x 10 kg-mol~'. An equation representing the vapour pressure of
liquid water at most temperatures within current experimental uncertainty
(ca. + 0.025%) has been given by Wagner and Pruss** in the form of a six-
constant Wagner-type vapour pressure equation.

Once experimental Henry fugacities for a specific solvent-solute system have
been collected over a certain temperature range, the question arises as to their
most satisfactory mathematical representation as a function of temperature. In
the absence of theoretically well-founded models of general validity, essentially
empirical fitting equations have to be used, subject however, to some important
thermodynamic constraints. Depending on the choice of variables, that is 7 or
T, for expanding the enthalpy of solution, either the Clarke-Glew equation®’

In[ho, (T, Ps1)/Pa) =Ag + A1 (T/K) ™"

+ A2 In(T/K) +i:Ai(T/K)i72 e

i=3
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or the Benson—Krause (BK) equation*®*’

m

In[hy (T, Psy)/Pa] = a(T/K)™ (42)
i=0

is obtained. Note that the three-term version of Equation (41) is the well-known
Valentiner equation.*® On the basis of the ability to fit accurate hy, data over
reasonably large temperature ranges, and of simplicity, the BK power series in
T~ appears to be superior.

In some (elementary) chemistry textbooks there appears to be some confu-
sion concerning the qualitative dependence of solubility on temperature. In
fact, the sweeping claim that “‘the solubility of a gas in a liquid decreases with
increasing temperature” is misleading/incorrect when the entire liquid range
between the triple point (7 ;) and the critical point of the solvent is considered.
For many systems, the following behaviour is well documented: at low tem-
peratures near 7}, the solubility expressed as, say, mole fraction solubility x,
of gas dissolved at a convenient low partial pressure (traditionally, P, = 1 atm
= 101.325 kPa), first decreases with increasing temperature, then passes
through a minimum to increase steeply when the solvent critical temperature
is approached. Such a behaviour is, of course, also reflected by the temperature
dependence of the Henry fugacity, that is to say, /1, (7, Ps,) first increases with
increasing temperature, then goes through a maximum to decrease steeply,
when 7. is approached, as found , respectively, for argon, krypton, oxygen,
methane, etc. dissolved in water."”*

Any correlation for h, (7T, Ps;) extending up to the critical region must
incorporate the thermodynamically correct limiting behaviour of the Henry

fugacity for T —» T, and P, — Pc,1:1~4*6’13

TliIlTl hoi (T, Psy) = Poypy ™ (Te, Pe) (43)
— e

This exact limiting value follows directly from the generally valid Equation (13)
and the equilibrium condition prevailing at the critical point, that is

¢¥00(Tc‘1,Pc,1) = LOQ(TC,MPC,I) (44)

No elaborate derivation is necessary.”” Equation (43) also shows that Hayduk’s
assertion’! that the solubilities of gases in a given solvent tend to coincide at a
temperature near the solvent’s critical is not true.

When the critical point of the solvent is approached along the coexistence
curve, for volatile solutes the limiting temperature derivative of the Henry
fugacity is — o0 .>*?

During the last 15 years or so, a number of equations for presenting the
temperature dependence of /1, (7, Ps;) between the triple point temperature
and the critical temperature of the solvent were developed to incorporate the
thermodynamically correct limiting behaviour indicated above. For details 1
refer to refs. 1 and 13, and the original literature.”* >’
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Until recently, precision measurements of Henry fugacities over temperature
ranges sufficiently large to permit van’t Hoff analysis of the solubility data,
constituted the only reliable source of information on partial molar enthalpy
changes on solution, AH5°(T, P, ;) = — HB¢", and a fortiori on partial
molar heat capacity changes on solutlon ACPZ(T Py = sz — sz, of
sparingly soluble gases in liquids. Here, H>™ is the partial molar enthalpy of
the solute at infinite dilution in the liquid solvent, CI,;EO is the partial molar heat
capacity at constant pressure of the solute at infinite dilution in the liquid
solvent, and H5% and Ch2 5 are, respectively, the molar enthalpy and the molar
heat capacity at constant pressure of the pure solute in the perfect-gas state
(pg). If the BK equation is selected for the correlation of experimental Henry
fugacities with temperature,

AH T P > dpP
451 Zzal T/K d}l (45)
and
ACPZ(T Psl TdV%‘OOdPSI

:_Z = Dai(T/K) 2 1=

avEl=\  7dp\* TVi*d’p,
R( P )T(dT> TR are
are obtained.'® Until recently, the supplemental terms in Equations (45) and
(46) containing the slope (dPg;/d7) and the curvature (dzPs,l/dT %) of the
orthobaric curve — now referred to in the literature®>>* as Wilhelm terms —
have been overlooked. Their contributions increase rapidly with increasing
temperature. In fact, V5™ of a gas at infinite dilution in a liquid solvent diverges
to + oo at the critical point of the solvent, and the partial molar enthalpy at
infinite dilution, H>* will diverge in exactly the same manner. Since CI,Sff =
(OH%* /0T)p, the partial molar heat capacity at constant pressure at infinite
dilution will diverge as (0x',/0T)p, ie. Cp% will tend to +oo as T, is
approached from lower temperatures, and to —co, as T is approached from
higher temperatures (at P = P ;). The important experiments of Wood et al.
confirm these expectations.'®!: 59,60
In ref. 1, I have presented a comprehensive comparison of enthalpy changes
on solution, AHY®, and heat capacity changes on solution Asz, obtained
from van’t Hoff analysis of high-precision solubility data with calorimetrically
determined values. Besides our own results™!%*!! on Ar, O,, CH,4, C,Hg, and
C5Hj dissolved in liquid water, those of Krause and Benson>* on the rare gases
He through Xe have been included. The calorimetrically determined enthalpy
changes on solution were obtained either at the Thermochemistry Laboratory
in Lund, Sweden, or in the Chemistry Department of the University of
Colorado in Boulder, USA.®*% With the exception of one set of direct heat
capacity measurements on argon dissolved in water,” all heat capacity changes
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on solution were obtained from the temperature dependence of the enthalpy
changes on solution, i.e. ACp, = (0AH"/0T)p.

Evidently, comparing van’t Hoff derived enthalpy changes (one differentia-
tion level) and heat capacity changes (two differentiation levels) with directly
obtained high-quality calorimetric results is a severe test of solubility data.
In general, the agreement was found to be completely satisfactory, that is it
was usually within the combined experimental error. What better tribute
to both experimental ingenuity and state-of-the-art data treatment can one
wish for?

1.4 Concluding Remarks

Chemical thermodynamics of solutions continues to be a developing field. The
major impetus comes from continuing advances in instrumentation leading to
increased precision, accuracy and speed of measurements, and from increasing
ranges of application (higher temperatures, higher pressures, smaller concen-
trations).”® This is paralleled by advances in the statistical-mechanical treat-
ment of solutions, and by increasingly sophisticated computer simulations
which provide new insights and stimulating connections at a microscopic level.
In this review, I have concisely presented the thermodynamic formalism rele-
vant to the study of dilute solutions of nonelectrolytes. Two intimately related
topics have been dealt with prominently: (a) adequate discussion of solution
behaviour in terms of the Henry fugacity and related activity coefficients, and
(b) reconciliation of results for caloric quantities derived from solubility meas-
urements, that is via van’t Hoff analysis, with those measured directly with
calorimeters. Though outside the scope of this article, I would like to point out
the increasing number of solubility studies with a strong biophysical and/or
biomedical flavour. While my own perception of their importance may not be
shared by all, it appears safe to state that they will greatly stimulate applied
research in the coming decade: cross-fertilization is becoming increasingly
important.
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