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INTRODUCTION

1.1 PHASE DIAGRAMS OF SINGLE FLUIDS

Substances appear inNature in several states of aggregation: crystalline solids,

amorphous solids, glasses, liquids, and gases. The latter two states are

collectively termed “fluids” because they are subject to flow under moderate

stresses (forces). A phase is a portion of space in which all the properties

are homogeneous, that is, they do not depend on the precise location in the

phase (except at its boundaries). Depending on the external conditions

(thermodynamic states) of temperature and pressure, a substance may exist

at several states of aggregation at the same time, each of which is represented

as a different phase. These phases may be at equilibrium with each other,

and the phase diagram, in terms of the external conditions of the temperature

and pressure, represent which phases are at equilibriumwith each other. These

phase equilibria have several important features, governed by the phase rule of

Gibbs. This rule states that number of degrees of freedom (Df) in a system is

equal to 2 plus the number of components (Co) minus the number of phases

that exist at equilibrium (Ph):

Df ¼ 2þ Co� Ph ð1:1Þ

The degrees of freedom of interest in the present context are the external

conditions that can be independently chosen: the pressureP, the temperatureT,
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and the composition of mixtures. When the latter are expressed as the

mole fractions of the components: x1, x2, . . ., xN for anN-component mixture,

there areN� 1 independent compositionvariables.A component is a substance

that can be added independently:water is an example of a component and a salt,

such as NaCl, is another example, but each of their constituent ions (Hþ or

H3O
þ , OH�, Naþ , Cl�) is not. Only neutral combinations of the ions can be

considered as components, since they can be actually handled.

For a single substanceCo¼ 1 and up to three phases can exist at equilibrium,

in which case Df¼ 0, there remain no freely determinable external conditions

(no degrees of freedom): the temperature and pressure are fixed. This invariant

point (involving a solid, a liquid, and their vapor) is called the triple point of the

substance. In the case of water: ice, liquid water, and water vapor are at

equilibrium at 0.01�C (T¼ 273.16K) and P¼ 0.61166 kPa [1].

Two phases of a single component at equilibrium permit according to the

phase rule (1.1) a single degree of freedom: either the temperature is variable

and the pressure is then fixed or for a variable pressure the temperature is fixed.

This simple function determines a line in the two-dimensional phase diagram.

For the water substance, at temperatures below freezing several phases of ice

exist, depending on the pressure, and a pair of which can exist at equilibrium

along the lines of the relevant phase diagrams. Ice may sublime to form water

vapor, and again the twophasesmay exist at equilibriumalong the sublimation

line of the phase diagramofwater. These aspects of the phase diagramofwater

are outside the scope of this book. The phase diagram of water is shown in

Fig. 1.1, the phase boundaries being the coexistence lines of two phases at

equilibrium. The phase diagram of water at very low temperatures and very

high pressures is complicated by the existence of several ice phases of

different densities and structures (not shown in Fig. 1.1), but these are

of no concern in the present context.

When attention is drawn toward fluid phases, vapor–liquid equilibria

(VLE) constitute a very important subject. Again, in such two-phase systems

the feature of the phase diagram of water is a line, called the saturation line for

VLE, and is designated by the subscript (s). This line for water is shown in

Fig. 1.1, extending from the triple point up to the critical point (see below). The

fact that the normal boiling point of water at ambient pressure (1 atm

¼ 1.01325 bar¼ 101.325 kPa) happens to correspond to 100�C (373.15K),

is incidental in this respect. Wagner and Pruss reported the IAPWS 1995

formulation for the thermodynamic properties of ordinary water substance [1]

that appears still to be the last word on the subject. The expression for the

saturation vapor pressure ps(T) takes the following form:

lnðps=PcÞ ¼ ð1� tÞ�1½a1tþ a2t1:5 þ a3t3 þ a4t3:5 þ a5t4 þ a6t7:5� ð1:2Þ
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where Pc is the critical pressure and t¼ 1� T/Tc, with Tc being the critical

temperature. The values ofPc, Tc, and the coefficients ai (i¼ 1–6) are shown in

Table 1.1.

Numerical values of ps at several temperatures are shown in Table 1.5 along

with data for other properties of liquid water discussed in Section 1.4.

A supercritical fluid (SCF) consists of a single phase and sinceCo¼Ph¼ 1 it

has twodegreesoffreedomaccordingtoEq. (1.1). Its temperatureand thepressure

can be chosen atwill, provided they are larger than the critical values (see below).

1.2 THE CRITICAL POINT

As the temperature and pressure of a fluid increase, a point is reached where

the two phases, the liquid and the vapor, coalesce into a single phase.
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FIGURE 1.1 The phase diagram of water: point * corresponds to the triple point
(ttr¼ 0.01�C, Ptr¼ 0.611 kPa), point! to the melting point (tm¼ 0�C, Pm¼ 101.3 kPa),
point & to the normal boiling point (tb¼ 100�C, Pb¼ 101.3 kPa), and point ~ to the
critical (tc¼ 374�C, Pc¼ 22.1MPa). The line between * and ~ is the saturation line,
P¼ ps. Various compressed ices exist above point ! that are of no concern in the
present context.

TABLE 1.1 Parameters for the Saturation Vapor Pressure of Water, Eq. (1.2)

Pc=MPa Tc=K a1 a2 a3 a4 a5 a6

22.064 647.096 �7.8595 1.84408 �11.78665 22.68074 �15.96187 1.801225
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The density of the liquid diminishes along the saturation line whereas that

of the vapor increases as its pressure increases, until finally they become

equal at the critical point. This is characterized by a critical temperature Tc,

a critical pressure Pc, and a critical density rc. A liquid that is confined in a

vessel in a gravitational field has a free surface with respect to its vapor,

hence, being denser, lies below it. However, at the critical point the

meniscus that is characteristic of this surface disappears. Slightly below

Tc the fluid becomes opalescent because of the fine dispersion of minute

droplets of the liquid in the vapor of almost the same density. At

temperatures and pressures above the critical ones, THTc and PHPc,

the substance exists as a single clear phase, the supercritical fluid. Accord-

ing to the phase rule, Eq. (1.1), the supercritical fluid has two degrees of

freedom, and the temperature and pressure can be chosen at will. These two

external variables determine the properties of the supercritical fluid, such as

its density, heat capacity, viscosity, relative permittivity, among many

others, as are dealt with for the supercritical water (SCW) substance in

Chapter 2. The critical temperature of water is Tc¼ 647.096K¼ 373.946�C
and its critical pressure is Pc¼ 22.064MPa¼ 21.78 atm (cf. Tables 1.1

and 1.3). The critical density of water is rc¼ 322 kgm�3 and its critical

molar volume is Vc¼ 56.0� 10�6m3mol�1, the latter two quantities being

known to no better than �1%.

For many purposes, and especially for the description of the properties of

supercritical fluids, it is expedient to use the reduced variables: the reduced

temperature, Tr¼ T/Tc, the reduced pressure Pr¼P/Pc, the reduced density

rr¼ r/rc, or the reducedmolar volumeVr¼V/Vc. In the vicinity of the critical

point there are some general relationships that depend on the deviation of the

temperature from the critical point: t¼ 1� Tr. As the critical point is

approached from below (tH 0) the enthalpy of vaporization tends to zero

and the heat capacity of the system tends to infinity according to the

proportionality relationship

CP or V / t�a ð1:3Þ

The dependence of the density difference between the liquid and vapor phases

on t is according to Eq. (1.4):

Dr ¼ rliq � rvap / tb ð1:4Þ

The compressibility of either phase depends on the temperature as

dr=dP / t�g ð1:5Þ
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At t¼ 0 (at the critical point) the reduced pressure depends on the reduced

density as

Pr � 1 / ðrr � 1Þd ð1:6Þ

These proportionalities are described by means of the critical indices, the

commonly accepted theoretical values for them being a� 0, b¼ 1=2, g¼ 1, and

d¼ 3, assumed to be universal. However, for specific substances the values of

these indices differ from the universal ones, as is the case for water

(Section 1.5).

The densities of the liquid and vapor phases of a substance approach each

other as the critical point is approached. The mean specific volume along the

saturation curve is a linear function of the temperature, a nearly perfect

experimental fact called the “law of rectilinear diameters”:

½vsðlÞ þ vsðgÞ�=2 ¼ aþ bT ð1:7Þ

The value of the temperature coefficient b is generally small and negative, the

a and b values for water are presented in Section 1.5.

1.3 SUPERCRITICAL FLUIDS AS SOLVENTS

Supercritical fluids have been proposed as solvents for many uses, both in the

laboratory and industrially. Their properties as solvents are, therefore, of

interest. The following comparison with gases and liquids (Table 1.2) are

illuminating in this respect.

Supercritical fluids have an advantage over ordinary gaseous fluids for

many applications in having much higher densities, and an advantage

over ordinary liquids in having lower viscosities and considerable higher

diffusivities. SCFs arewell integrated in the modern tendency toward “green”

TABLE 1.2 Comparison of the Property Ranges of Supercritical Fluids with
those of Gases and Liquids at Ambient Conditions

State

Density,

r=kgm�3
Viscosity,

Z=mPa s

Diffusivity,

106D=m2 s�1

Gases, ambient 0.6–2 0.01–0.03 10–40

SCFs, at Tc, Pc 200–500 0.01–0.03 �0.1

SCFs, at Tc, 4Pc 400–900 0.03–0.09 �0.02

Liquids, ambient 500–1600 0.2–3 0.0002–0.002
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solvents for reactions and separations that are ecologically friendly. They can

be employed as reactionmedia, for extraction, separation, and purification, and

for drug formulations, among other uses. In addition to being “green,” they are

tunable, so that their properties can be varied at will. The solvent power of

supercritical fluids can be fine-tuned by adjustment of the temperature and

pressure, hence of the density. This gives them some advantage over common

solvents used at ambient conditions, although the solvent power of the latter can

be tuned by mixing with cosolvents, as can also be done for SCFs, of course.

Table 1.3 reports the critical temperature, Tc, the critical pressure, Pc, and

the critical density, rc, of substances of interest in the present context.

Thegeneralmodeof theapplicationofSCFs isbydissolutionof the reactants

or thematerials tobeseparatedinthem,carryingout thereactionandseparation,

andthenrecoveringtheproductsbyeitheroneof twotechniques.Oneisbyrapid

diminution of the pressure, allowing the rapid expansion of the supercritical

solvent (RESS technique) and eventual formation of the gaseous solvent

(for recovery) leaving liquid or solid products behind. The other is the addition

of an “antisolvent” that diminishes the solubility of the product in the SCF.

Following are some examples of the uses of SCFs as solvents.

* Synthesis: Diels–Alders reactions in supercritical water; polymeriza-

tion of methyl methacrylate in supercritical difluoromethane; phase

transfer catalysis by tetraheptylammonium bromide in supercritical

carbon dioxide (SCD) modified with acetone.

* Pyrolysis: Conversion of biomass to fuel; complete oxidation of obnox-

ious materials in SCW (Chapter 5).

* Separations: Recovery of fat-soluble vitamins by SCD; delipidation of

protein extracts; as chromatographic eluents in forensic analysis;

fractionation of mono-, di- and triglycerides.

TABLE 1.3 The Critical Points of Some Substances, Together with their
Critical Densities, rc

Substance Tc=K Pc=MPa rc=kgm
�3

Water, H2O 647.096 22.064 322

Heavy water, D2O 643.89 21.671 356

Carbon dioxide, CO2 304.1 7.34 469

Methane, CH4 190.4 4.60 162

Ammonia, NH3 405.5 11.35 235

Ethene, C2H4 282.4 5.04 215

Ethane, C2H6 305.4 4.88 203

Methanol, CH3OH 512.6 8.09 272

Ethanol, C2H5OH 513.9 6.14 276
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* Small Particle Formulations: Drug particle design, for example, for

inhalable insulin; powder drying; microencapsulation.

An important issue for the use of SCFs is their solvent power. One way to

describe this is in terms of the linear solvation energy relationship for a series

of solutes in a given solvent or of a given solute in a series of solvents:

log xsolute ¼ pþ qrr þ sp*solute þ aasolute þ bbsolute þ vVsolute ð1:8Þ

Here xsolute is the mole fraction of the solute in the saturated solution,Vsolute is

its molar volume, and p*solute, asolute, and bsolute are its Kamlet–Taft solvato-

chromic parameters, dealing with its polarity/polarizibility, hydrogen bond

donation (or electron pair acceptance) ability, and hydrogen bond acceptance

(or electron pair donation) ability [2]. The parameters p, q, s, a, b, and v

characterize the SCF, the latter four depending on the reduced density, rr. The
parameter v is generally negative, solute solubilities decrease with increasing

solute molar volumes. Some SCFs are apolar (e.g., SCD), that is, they are

incapable of acceptance and donation of hydrogen bonds (or electron pairs),

hence have a¼ b¼ 0 and their s values may be near zero or negative. Others

are dipolar aprotic (like acetone) with b¼ 0 but have positive values for a and

s, and still others are protic (like water and methanol) and have also bH 0,

being capable of both acceptance and donation of hydrogen bonds.

Another way to describe the solvent power of an SCF is by means of its

(Hildebrand) solubility parameter, dH [3]. For solute/solvent systems with

small solute solubilities, the following expression

ln xsolute ¼ �VsoluteðRTÞ�1ðdH SCF � dH soluteÞ2 ð1:9Þ

is valid. Conformal fluids, that is, SCFs conformal with a reference fluid,

generally interact through central forces of the van der Waals type. Their

solubility parameter can be expressed by

dH SCF=MPa1=2 ¼ 2:15P1=2
c T�1=4

r rr ð1:10Þ

They depend on the temperature and pressure mainly through the dependence

of the reduced density,rr. The solubility parameters of the solutes are available

from group contributions and are assumed to be rather independent of

the temperature and pressure for estimation of the solubility via Eq. (1.9).

A difference dH SCF� dH soluteH 4MPa1/2 represents a low solubility of the

solute. However, water is not a conformal fluid, since it interacts by dipole and
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hydrogen bonding interactions beyond the van der Waals ones. Its solubility

parameter is discussed in Section 2.6 and the resulting expression, Eq. (2.42),

differs from Eq. (1.10).

The best-known and most widely employed supercritical fluid is SCD,

used industrially on a large scale for the decaffeination of coffee. It has

convenient Tc and Pc values: 30.9
�C (304.1K) and 72.4 atm (7.34MPa), is

environmentally friendly (its industrial contribution to the greenhouse gas

inventory is negligible compared to that resulting from the burning of

fossil fuels), is nonflammable, nontoxic (at low concentrations), and

noncorrosive to common structural materials, and is cheap. Its main

drawback is its low solvent power, the solubility of polar substances in

it is rather small and even nonpolar substances are not very soluble in

SCD. This situation can be ameliorated by the addition of modifiers, such

as methanol, but a detailed discussion of SCD, its properties and uses, is

outside the scope of this book.

Supercritical water has properties differing considerably from those of

SCD; for some recent reviews, see Refs [4, 5]. Its critical (absolute) temper-

ature is twice and its critical pressure almost three times those of SCD; its

ranges of application are about 400–600�C and 30–100MPa. Thus, although

nontoxic, nonflammable, and environmentally friendly it involves certain

technical difficulties in view of these high temperatures and pressures, and

mainly also corrosion problems. Applications of SCWand problems involved

with them are fully discussed in Chapter 5. Here the solvent powers are only

mentioned, these being fully discussed in Chapter 4: SCW retains the

hydrogen bond donation and acceptance abilities of the water molecule, and

its relatively low permittivity permits dissolution of nonpolar solutes.

1.4 GASEOUS AND LIQUID WATER

Before going on to the properties of supercritical water, it is expedient to

survey briefly the properties of water in the gas phase, as individual molecules

and clusters, and in the liquid phase, in the latter case along the saturation

curve (Fig. 1.1). Some of the properties of individual water molecules [6, 7],

both H2O and D2O, are shown in Table 1.4. These properties are manifested

when the water molecules are present at low pressures in the ideal gaseous

state, where PV/RT¼ 1.

The nonideality of water vapor (gaseous water) at nonnegligible pressures

can be expressed in terms of the compressibility factor Z and the virial

expansion:

Z ¼ PV=RT ¼ 1þ B2ðTÞV�1 þ B3ðTÞV�2 þ 	 	 	 ð1:11Þ
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The temperature-dependent Bi are called the second, third, and so on, virial

coefficients. The experimental B2 values from 50 to 460�C are expressed

by [7]

B2=cm
3mol�1¼37:15�ð5:1274�104=ðT=KÞÞexpð1:7095�105=ðT=KÞ2Þ

ð1:12Þ

It is negative (�1059 cm3mol�1 at 20�C) but becomes less so as the

temperature increases (�292 cm3mol�1 at 150�C and �105 cm3mol�1 at

325�C). Values of the third virial coefficient of water are less well known,B3 is

zero atG150�C, it is about�5.9� 104 cm6mol�1 at 150�C and changes sign

near 300�C [8].

Water in the gaseous phase, unless at very low pressures, tends to associate

to dimers, trimers, and larger clusters. The clustering to dimers and higher

TABLE 1.4 Some Molecular Properties of (Light) Water, H2O and Heavy
Water, D2O

Property H2O D2O

Molar mass, M/kgmol�1 0.018015 0.020031

O�H(D) bond length, d=pm 95.72 95.75

H�O�H angle, � 104.523 104.474

Moment of inertia,aIA=10
�30 kgm�2 0.10220 0.18384

Moment of inertia,aIB=10
�30 kgm�2 0.19187 0.38340

Moment of inertia,aIC=10
�30 kgm�2 0.29376 0.56698

Hydrogen bond length, d=pm 276.5 276.6

Dipole moment, m=Db 1.834 1.84

Electrical quadrupole moment, Y=10�39 Cm2 1.87

Polarizability, a=10�30m3 1.456 1.536

Collision diameter, s=pm 274

Potential energy minimum, (u/kB)=K 732

O�H(D) bond energy at 0K, E=kJmol�1 44.77

Proton (deuteron) affinity, E=kJmol�1 762c 772c

Symmetrical stretching frequency, n1=cm
�1 3656.65 2671.46

Asymmetrical stretching frequency, n3=cm
�1 3755.79 2788.05

Bending frequency, n2=cm
�1 1594.59 1178.33

Zero point vibrational energy, kJmol�1 55.31d 40.44d

Ideal gas heat capacity, Cig
p =J 	K�1 	mol�1 33.584

Ideal gas entropy, Sig=J K�1mol�1 188.67

aThemoment of inertia IA pertains to rotation round theO�Hbond and IB pertains to rotation round the

axis through the oxygen atom, and IC pertains to rotation round an axis perpendicular to the latter.
b1 D¼ 3.33564� 10�30 C m.
cFrom Ref. [45].
dFrom Ref. [46].
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oligomers can be regarded as an interpretation of the nonideality of the water

vapor expressed byEq. (1.11). Rowlinson [9] derived the equilibrium constant

for the association of water molecules to dimers in terms of the partial

pressures of the species as

logðKass=PaÞ ¼ �3:644þ 1250=ðT=KÞ ð1:13Þ

This corresponds to a (temperature independent) enthalpy of dimerization of

�23.9 kJmol�1 and would lead to the presence of a mole fraction of 0.04 for

the dimers at the critical point [7]. Less negative enthalpies of dimerization

were consistent with the speed of ultrasound, �15.4� 8.7 kJmol�1 [10] and

values varying from �16.3 kJmol�1 at 0�C down to �11.4 kJmol�1 at the

critical point were derived from computer simulations by Slanina [11].

However, a more recent estimate by Sit et al. [12] of the binding energy of

the dimer is �22.8 kJmol�1. A consequence of the uncertainty in the

dimerization enthalpy is an uncertainty in the mole fraction of the dimer as

pressure and density of the vapor (and the temperature) increase along the

saturation line. The increased total pressure should enhance the dimerization,

and mole fractions of xdim¼ 0.276 and xtrim¼ 0.006 have been estimated by

Slanina [13] for the dimer and trimer at the critical point.

The pressure dependence of the integrated infrared absorption intensities of

the stretchingmodes n1 þ n3 of water vapor (3200–4200 cm
�1) at 300–450�C

and up to 8MPa is consistent with a low content of dimers. The resulting

dimerization enthalpy �16.7� 3.8 kJmol�1 [14] is within the range of the

values quoted above.

The Raman spectra of saturated water vapor were measured by Walrafen

et al. [15], showing an isosbestic point at 3648.5 cm�1 as the temperature is

increased. Frequencies above this point are considered due to monomeric

water, those below it, their intensities being proportional to the square of the

density, are considered due to the dimers. A much higher mole fraction of

dimers at the critical point results from the Raman data, namely xdim¼ 0.696.

This interpretation was subsequently withdrawn by the authors [16], since the

resulting enthalpies of dimerization had the wrong sign. The two-species

equilibrium suggested by the isosbestic point was attributed to low and high

rotationally excited monomeric water molecules. This does not explain the

proportionality of the low frequency Raman intensities to the square of the

pressure (density), however.

Dimers are not considered to contribute appreciably to the infrared

absorption of dilute water vapor in the atmosphere, whereas large clusters

of, say, 30 molecules do [17]. These are of consequence to cloud formation

and consist of multihydrated hydrogen and hydroxide ions: H(H2O)n
þ and

HO(H2O)m
�, or even the neutral ion pairs or zwitterions Hþ (H2O)pOH

�.
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Clusters of water around other ions are found bymass spectrometry. A further

consideration of these entities, important for cloud formation, is outside the

scope of this book.

Turning now to liquid water along the saturation line, some of the relevant

properties are collected in Table 1.5.

Several features of the property changes of the liquid water with increasing

temperatures and diminishing densities, r, along the saturation line should be
noted. The relative permittivity, er, the dynamic viscosity, Z, the surface

tension, g, and the molar enthalpy of vaporization, DVH, diminish steadily as

the temperature is increased. On approaching the critical point, say above

300�C, they fall rather abruptly, the latter two quantities, g andDVH vanishing

at the critical point. On the other hand, the constant pressure molar heat

capacity,CP, and the isothermal compressibility, kT, have a shallowminimum

near 33 and 46�C, respectively, but increasewith the temperature, diverging to

infinity at the critical point.

Several derived quantities are of interest; for instance, the temperature and

pressure derivatives of the relative permittivity have been reported by

Fernandez et al. [18]. These yield according to Bradley and Pitzer [19] the

limiting slopes for the Debye–H€uckel theoretical expressions for the osmotic

and activity coefficients and the apparent molar enthalpies and volumes of

electrolytes in water up to 350�C along the saturation line as well at higher

pressures. The complex permittivity of water wasmeasured by Lyubimov and

Nabokov [20, 21] up to 260�C along the saturation curve. The derived

relaxation times decrease steadily from 5.82 ps at 40�C to 0.75 ps at 260�C.
The corresponding values for heavy water, D2O, are 25% to 12% larger.

Other derived quantities include the isobaric expansibility, aP, or the

pressure derivative of the compressibility itself (the second pressure derivative

of the density), the isochoric (constant volume) molar heat capacity, CV, and

the speed of sound, u. These are to be found in the Steam Tables and they can

be derived from the equation of state as presented most recently by Wagner

and Pruss [1]. The internal pressure, Pi¼ TaP/kT� ps, has a maximum of

758MPa near 172�C, diminishing to 473MPa at 360�C. The cohesive energy
density (DVH

� �RT)/V decreases steadily from2357MPa at 0�C to 1653MPa

at 172�C to 236MPaat 360�C.A liquid is deemed structured (“stiff”)when the

cohesive energy density is larger by 
50MPa than the internal pressure, as

suggested by Marcus [22]. Since there is a crossover between these two

dependencies by 328�C, liquid water above this temperature is no longer

“stiff” according to this criterion.

An interesting derived quantity is the Kirkwood–Fr€ohlich dipole orienta-

tion parameter g, which reflects the association of the water molecules in the

liquid. For a coordination number Nco (the number of nearest neighbors),

obtainable experimentally from diffraction of X-rays or neutrons, g describes

GASEOUS AND LIQUID WATER 11
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the average angle, yij, between the dipoles of neighboring water molecules

i and j:

g ¼ 1þ Ncohcos yiji ð1:14Þ

Thevalues of g are obtained from themeasured relative permittivity according

to

g ¼ ð9e0kB=NAÞðMT=rm2Þðer � e¥Þð2er þ e¥Þ=erðe¥ þ 2Þ2 ð1:15Þ

Here e0, kB, andNA are the universal constants,M is themolarmass ofwater,r
is its density (M/r is its molar volume, V), m is its permanent dipole moment

(Table 1.4), and e¥ is the infinite frequency permittivity, equal to the square of

the infinite frequency refractive index, n2¥. The latter quantity is obtained from

the polarizibility of water, a (Table 1.4) according to the Lorenz–Lorentz

relation as

n2¥ ¼ ðV þ 2BaÞ=ðV � BaÞ ð1:16Þ

where B¼ 4pNA/3. The values of g, shown in Table 1.5, are calculated

according to the polynomial reported by Marcus [22]. The g valuesH1 show

that water is associated as a liquid, though to a diminishing extent as the

temperature rises. The average angle, with an assumed (not much temperature

dependent) coordination number Nco¼ 4, increases from 61.6� at 25�C to

78.3� at 200�C and 78.6� at the critical point, showing some alignment of the

dipoles even at these high temperatures (an angle of 90� corresponds to no

correlation between the dipoles and to no association).

The structuredness of water has been explored by the present author [22] in

terms of several measures. One of these is the ratio of the difference of the

standard molar Gibbs energies of condensation of light and heavy water to

the difference in the hydrogen bond energies of these two kinds of water. The

resulting average number of hydrogen bonds per water molecule diminishes

from 1.34 at 5�C to 0.30 at 305�C, but there are several difficulties with this

interpretation of the structuredness, as discussed in the cited paper. The heat

capacity density of liquid water relative to its ideal gas is another measure of

the structuredness. It changes only slightly, from 2.37 to 2.20 J/K�1 cm�3

from 0 to 200�C, and remains considerably higher than for unstructured

liquids, for which it is �0.6 J/K�1 cm�3. The entropy deficit of liquid water

relative to its vapor (corrected for association of the latter) and normalized

with regards to this quantity for the unstructured methane, DDVS
�/R, changes

more from8.35 at 0�C to 6.93 at 200�Cand to 6.06 at 360�C, again beingmuch

larger than for unstructured liquids, for which it is 2.0. That is, water is
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“ordered” according to this criterion. This measure of structuredness is quite

well proportional to the dipole orientation parameter through the relevant

temperature range: (DDVS
�/R)/g¼ 2.83� 0.15, both measures pertaining to

the “order” in the liquid water [22].

Another quantity of interest is the ionic dissociation constant of the water,

or rather the ion productKW¼ [H3O
þ ][OH�]. The recent evaluation of Chen

et al. [23] let to the values of pKW (for KWon the (mol kg�1)2 scale) shown in

Table 1.5. This reference provides also values for the enthalpy, entropy, heat

capacity and volume changes for the ionization of water at its saturation

pressure. Note that pKW decreases (ionization increases) as the temperature

increases up to�250�C and increases again (ionization decreases) somewhat

beyond this temperature.

Spectroscopic studies of liquid water along the saturation line reveal some

interesting aspects. The overtone band of HOD shows features at 7000 and

7150 cm�1, attributed by Luck [24] to nonhydrogen bonded water molecules,

a band at 6850 cm�1 attributed to weakly cooperative hydrogen bonded

molecules, and one at 6400 cm�1 attributed to strongly cooperative hydrogen

bonded molecules. As expected, the latter diminish sharply from 52% at 0�C
to 7% at 230�C and remain near that level up to 350�C. On the other hand, the
nonhydrogen bondedmolecules increase from�10% at 0�C rather steadily to

�65%at 350�C.The 17O NMRchemical shifts dweremeasured byTsukahara

et al. [25] in pressurized water (30MPa) from 25�C up to and beyond the

critical point. The values of d/ppm vary substantially linearly from�1 at 25�C
to �18 at 350�C and the deduced extent of hydrogen bonding, relative to

that in ambient water, Z, is linear with it: Z¼ 1 þ 0.0274(d/ppm), thus

diminishing to 0.51 at 350�C. The deduced reorientation relaxation times

diminish sharply from2.9 ps at 25�C to 0.6 ps at 100�Cand thenmore gently to

0.1 ps at 350�C. These values may be compared with the dielectric relaxation

times reported above.

Thermodynamic properties of heavy water, D2O, along its saturation line

have been reviewed and compared to those of light (ordinary) water, H2O, by

Hill and MacMillan [8] up to 325�C. The data shown are the liquid and vapor
volumes (densities) and enthalpies and the specific heat of the liquid. Note that

the critical point of D2O is lower than that of H2O by 3.21K (Table 1.3).

As mentioned in Section 1.3, solvatochromic parameters can be used to

predict the solubility of solutes in solvents according to Eq. (1.8). Lu et al. [26]

reported plots of the Kamlet–Taft p�, a and b solvatochromic parameters as

well as those of Reichardt’sET(30) polarity index inwater along the saturation

line up to 275�C. One of these parameters, p� that describes the polarity/

polarizibility of the solvent, measured by means of the solvatochromic

indicator 4-nitroanisole, is linear with the density of thewater. Its temperature

dependence curve is concave downward (p� diminishing from 1.09 at
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ambience to 0.69 at 275�C), whereas that of the hydrogen bond donation

parameter a is concave upward (diminishing from 1.19 at ambience to 0.84 at

275�C). The hydrogen bond acceptance parameter b (for monomeric water)

varies little up to 100�C, then increases by some 30%up to 150�C and remains

more or less at this value up to 275�C. The polarity index ET(30) decreases

linearly from 63 kcalmol�1 (264 kJmol�1) at ambience to 53 (222 kJmol�1)

at 275�C. In pressurized (40MPa) high temperature water [27] (up to 420�C,
i.e., beyond the critical point), the values of p� were again linear with the

density of the water, p�¼ 1.77r� 0.71 up to 360�C. If the pressure depen-

dence of p� for the liquid is assumed to be negligible, the result is p�¼ 0.980

þ 7.12� 10�4(t /�C)� 7.40� 10�6(t /�C)2 for water along the saturation

line. The alternative probes, 4-nitro- and 4-cyano-N,N-dimethylaniline yield

values consistent with these for liquid water.

1.5 NEAR-CRITICAL WATER

There is no clear definition of “near-critical” water, butmost publications tend

to use this epithet for pressurized hot liquid water at temperatures 300�
t /�C� 375. Near-critical water has been proposed as an environmentally

benign medium for chemical reactions [28, 29], biomass decomposition [30]

and gasification [31], or preparation of inorganic nanoparticles [32], to cite at

random some recent applications.

As the critical point is approached the differences in properties between the

liquid and the vapor diminish, the fluid becomes opalescent due to the minute

dispersion of liquid-like and vapor-like domains, and the meniscus separating

the liquid from thevapor vanishes at the critical point. There remaining no free

surface at the critical point, the surface tension gvanishes, and since no energy
is needed to convert the liquid to its vapor (these states being identical) also the

enthalpy of vaporization, DVH, vanishes and the heat capacities CP and CV

diverge to infinity (Table 1.5). Still, the properties of water near the critical

point, say within 1–5K above and below it, have been studied intensively.

The law of rectilinear diameters, Eq. (1.7) applies to water as for other

fluids. For water the values of the coefficients of themean specific volumes are

a¼ (61.6� 0.6)� 10�3m3 kg�1 and b¼ (90.4� 1.0)� 10�6m3/kg�1 	K�1

over a considerable range of temperatures: T
 600K up to the critical point.

The critical density derived from this expression is the accepted value of

322� 3 kgm�3.

The critical indexes (see Section 1.2) are supposed to have universal values,

but when actual P, r, and T (PVT) data for water very near the critical point, at
t¼ 1� T/Tc� 0.01 are used somewhat different values result: a¼ 0.11

(instead of �0), b¼ 0.34 (instead of 0.5), g¼ 1.21 (instead of 1), and
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d¼ 4.56 (instead of 3) [33]. A slightly different set was given earlier by

Watson et al. [34]: a¼ 0.087, b¼ 0.335, g¼ 1.212, and d¼ 4.46. With these

and 13 additional parameters the equation of state is established from t¼
�0.002 to 0.118 within the experimental errors of the PVT data. Also, the

sound velocity u and heat capacity CP data could be modeled well around the

critical density. Considerably fewer parameters (only eight) are needed when

the PVT data are modeled according to the three-site associated perturbed

anisotropic chain theory (APACT), with a total mean deviation of�1% for the

density and �2% for the pressure for �0.27� t� 1.97 [35].

Supplementary values for V(T, P) as well as the enthalpy and entropy of

water at the near-critical region were reported by Kretzschmar et al. [36, 37],

based on the industrial formulation of the IAPWS-97. These are of main

interest for steam turbine calculations and need not be dealt with here.

The molar isochoric heat capacity (that at constant volume), CV, was

reported byAbdulagatov et al. [50] over the temperature range 140–420�Cand

at densities of 250–925 kgm�3, encompassing the critical point, at which it

diverges to infinity.More recentlyAbdulagatov et al. [51] drew the attention to

the extrema of CV. At the critical density of 322 kgm�3 and t¼�0.055,

CV¼ 63 J/K�1mol�1 and this value is reached again beyond the critical

point at t¼ 0.042. In the two-phase region and at densities near the

critical one CV/J/K
�1mol�1 increases from 63 at t¼�0.055 to 193 at

t¼�0.039 J/K�1mol�1 to 234 J/K�1mol�1 at t¼�0.0093 [50].

The thermal conductivity of water shows a critical enhancement near the

critical point [38] as does its viscosity, as discussed byWatson et al. [34]. The

viscosity enhancement takes place in a region bounded by |t|� 0.023 and

|rr� 1|� 0.25 and a 22-parameter expression describes the viscosity of water

both outside this interval (Z0), and inside it, Z¼ Z0 þ DZ, including the

enhancement, DZ. This depends on the density fluctuations near the critical

point, described by the correlation length x, so that

DZ ¼ Z0ð0:376xÞ0:054 � 1 ð1:17Þ

with x in nm. At 373.5�C and saturation pressure, the viscosity of liquid water

is 47.02mPa s and at 375�C and at 22.5MPa (slightly above the critical point

temperature and pressure, tc¼ 373.95�C and Pc¼ 22.06MPa) it is 41.79 mPa
s, whereas in between it diverges to infinity [34].

The permittivity of water does not show a discontinuity near the critical

point, it varies smoothly along the saturation curve and beyond the critical

point [18]. On the other hand, the Raman scattering of the n1 stretching

vibration of water shows according to Ikushima et al. [39] a moderate jump in

the blue shift with increasing temperatures in the near-critical region as well a

strong narrowing of the bandwidth. These changes are consistent with the
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changes in the proton chemical shifts of the NMR spectrum measured by

Matsubayashi et al. [40] that also show such jumps. The results were

interpreted in a breakdown of the hydrogen bonded oligomeric structures in

the near-critical region, leaving only hydrogen bonded dimers in addition to

the monomers.

Turning now to heavy water, D2O, and its mixtures with ordinary water,

H2O, the composition dependence of the critical temperaturewasmeasured by

Marshall and Simonson [41] and is linear with themole fraction of the former:

Tc=K ¼ 647:14� 3:25xD2O ð1:18Þ

The critical molar volumes of the two pure components, and presumably also

of the HDO produced in the mixtures

D2Oþ H2OK 2HDO ð1:19Þ

are the same, 56.0� 0.1 cm3mol�1. A crossover equation of state (see Section

2.1.3) was presented by Kiselev et al. [42] for D2O and its mixtures with H2O

that fitted the data well also in the near-critical region. In a subsequent paper

Bazaev et al. [43] refined thePVT data and Polikhronidi et al. [44] did the same

for the isochoric heat capacity, CV, for the equimolar mixture D2O þ H2O in

the near-critical region.

1.6 SUMMARY

The phase diagram of a single pure substance reports the external conditions

(temperature and pressure) at which two (or at most three) phases are at

equilibrium with each other. The phase diagram of water is shown in Fig. 1.1.

The vapor–liquid equilibrium line, showing the vapor pressure ps of water

along the saturation curve is shown in Fig. 1.1 too, and is parametrized as

Eq. (1.2)with parameters shown inTable 1.1.A supercritical fluid consists of a

single phase and has two degrees of freedom, the temperature and the pressure

can be chosen at will, provided they are larger than the critical values.

The critical point offluids in general is discussed, the critical temperature of

water being Tc¼ 647.096K¼ 373.946�C and its critical pressure is Pc¼
22.064MPa¼ 21.78 atm. The critical density of water is rc¼ 322 kgm�3 and

its critical molar volume is Vc¼ 56.0� 10�6m3mol�1. The thermodynamic

states of the supercritical fluids are often expressed in terms of the reduced

quantities, that is, Tr¼ T/Tc, and so on. In the vicinity of the critical point there

are some general relationships that depend on the deviation of the temperature

from the critical point: t¼ 1� Tr. The thermodynamic functions, such as the
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heat capacity and compressibility, are then expressed in terms of the critical

indices that are exponents of t. The mean specific volume (of liquid þ vapor)

along the saturation curve is a linear function of the temperature, the “law of

rectilinear diameters,” Eq. (1.7), that extrapolates to the critical density.

Supercritical fluids have valuable properties that make some of them

“green,” that is, environmentally friendly solvents. An important property

is their being tunable, the freely disposable pressure and temperature deter-

mine the density. Critical points of some useful SCFs are shown in Table 1.3

and the advantages of SCFs relative to liquids andgases are shown inTable 1.2.

The solvent power of SCFs can be expressed in terms of the linear solvation

energy relationship (1.8) or in terms of the solubility parameter expres-

sion (1.9). Some applications of SCFs are listed, but those of SCW are fully

discussed in Chapter 5.

The properties of water below the critical point are dealt with for water

vapor (gaseous water) and liquid water. At non-negligible pressures the

pressure–volume–temperature (PVT) dependence of water vapor can be

expressed in terms of the compressibility factor Z and the virial expan-

sion (1.11). Clustering of water vapor molecules to dimers and higher

oligomers can be regarded as an interpretation of the nonideality of the water

vapor, Eq. (1.11). Uncertainty of the enthalpy of dimerization, as derived by

several authors using different methods, for example, the partial pressure and

the speed of ultrasound, leads to a great uncertainty of the extent of

dimerization of the water vapor. The pressure dependence of the integrated

infrared absorption intensities of the O�Hbond stretching is consistent with a

low content of dimers, but an interpretation of the corresponding dependence

of the Raman scattering intensity yields an apparent large dimer content.

Some of the relevant properties of liquid water along the saturation line are

collected in Table 1.5. The relative permittivity, er, the dynamic viscosity, Z,
the surface tension, g, and the molar enthalpy of vaporization, DVH, diminish

steadily as the temperature is increased. On approaching the critical point, say

above 300�C, they fall rather abruptly, the latter two quantities, g and DVH

vanishing at the critical point, but the constant pressure molar heat capacity,

CP, and the isothermal compressibility, kT, increase with the temperature,

diverging to infinity at the critical point. The ion product of water, KW¼
[H3O

þ ][OH�], describing its ionic dissociation along the saturation line, is

shown in Table 1.5 as a function of the temperature.

Liquid water is deemed structured (“stiff”) since its cohesive energy

density is larger by 
50MPa than its internal pressure. However, there is

a crossover between these two dependencies by 328�C, so that liquid water

above this temperature is no longer “stiff” according to this criterion. The

Kirkwood dipole orientation parameters g, Eq. (1.15), are shown in Table 1.5.

The g values H1 show that water is associated as a liquid, though to a
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diminishing extent as the temperature rises. The heat capacity density of liquid

water relative to its ideal gas is another measure of the structuredness, being

considerably higher than for unstructured liquids. The entropy deficit of liquid

water relative to its vapor (corrected for association of the latter) and

normalized with regards to this quantity for the unstructured methane is also

much larger than for unstructured liquids, so that water is “ordered” according

to these criteria. The extent of hydrogen bonding in liquidwater can be derived

from the difference in the Gibbs energies of condensation of light and heavy

water and from the NMR chemical shifts of water. Both measures show a

steady decrease as the temperature is raised, but this subject is more fully

discussed in Section 3.4.

There is no clear definition of “near-critical” water, but most publications

refer so to pressurized hot liquid water at temperatures 300� t=�C� 375.

Near-critical water has been proposed as an environmentally benign (“green”)

medium. The solvatochromic parameters of water, relevant to Eq. (1.8), have

been determined to 275�C, that is, still short of near-critical water. Values of
the coefficients of the “law of rectilinear diameters,” Eq. (1.7) and of the

critical indices (exponents of t, the distance from Tc) of near-critical water are

presented in the text. The thermal conductivity and viscosity of water exhibit

an enhancement in near-critical water, and detailed considerations of its

isochoric heat capacity are also dealt with.
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