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ABSTRACT. The Helgeson-Kirkham-Flowers (HKF) model for
prediction of the standard partial molal 1E)roperties of aqueous ions
and electrolytes expands considerably the range of pressures and
temperatures for which geochemical calculations can be carried out.
However, combined empirical and theoretical analysis of experimen-
tal volumes, compressibilities, and heat capacities for a wide variety
of aqueous electrolytes at temperatures below ~100°C indicates that
the structural collapse contributions to the standard partial molal
properties of electrolytes in the HKF model should be revised to be
consistent with the temperature and pressure dependence of the
solvent structure. Similiar analysis of experimental volumes and heat
capacities of aqueous electrolytes at high temperatures indicates that
the electrostatic solvation contributions to the standard partial molal
properties of electrolytes in the HKF model should be modified to
provide for the gressure and temperature dependence of the effective
electrostatic radii of aqueous ions. The revised equations of state
provide substantially improved accuracy in predictions of equilib-
rium constraints in geochemical processes at high pressures and
temperatures.

INTRODUCTION

Accurate calculation of the standard partial molal thermodynamic
properties of aqueous ions at high pressures and temperatures is a
prerequisite for predicting the consequences of fluid-rock interactions
in the Earth’s crust. The equations of state developed by Helgeson and
Kirkham (1976) and Helgeson, Kirkham, and Flowers (1981), here-
inafter referred to as the HKF model, permit prediction of standard
partial molal thermodynamic properties of aqueous ions to 600°C and 5
kb. However, comparisons of predicted values of standard partial molal
volumes and heat capacities for aqueous electrolytes from the HKF
model with corresponding experimental values reveal discrepancies in
three specific regions of pressure and temperature.

Considerations of experimental volumes (Hilbert, 1979: Grant-
Taylor, 1981; L’vov, Zarembo, and Gilyarov, 1981: Gates, 1985) and
heat capacities (Puchkov, Styazhkin, and Fedorov, 1976; Smith-Mago-
wan and Wood, 1981 Gates, 1985) of NaCl, KCl, LiCl, NaBr, CaCl,, and
MgCl; solutions indicates that solvation contributions to standard partial
molal volumes and heat capacities predicted from the HKF model
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become too large as temperatures and pressures approach the critical
point of H,O. Consideration of experimental volumes of NaCl solutions
from Hilbert (1979) and Adams (1931) and experimental volumes of
KySO, solutions from Adams (1932) indicates that at temperatures
below ~100°C nonsolvation contributions to standard partial molal
volumes predicted from the HKF model become increasingly too large
as pressures rise above ~1 kb. Consideration of experimental heat
capacities of NaCl, KCl, and NaBr solutions from Tanner and Lamb
(1978) indicates that at 1 bar and temperatures below ~15°C nonsolva-
tion contributions to standard partial molal heat capacities predicted
from the HKF model are too small.

The purpose of the present study is to revise the HKF model so that
more accurate predictions can be made of the standard partial molal
thermodynamic properties of aqueous ions and electrolytes for tempera-
tures to 450°C and pressures to 5 kb. Revised equation of state
coefhicients for 19 aqueous ions of geochemical interest are presented.
Procedures for estimating the apparent standard partial molal Gibbs
free energies of formation of aqueous ions and electrolytes for tempera-
tures to 1000°C are also discussed.

STANDARD STATE CONVENTIONS AND THE ADDITIVITY PRINCIPLE

The standard state convention for aqueous ions and electrolytes
adopted in the present study is one of unit activity of the aqueous solute
in a hypothetical one molal solution referenced to infinite dilution at any
pressure and temperature. The solvent standard state convention calls
for unit activity of the pure solvent at any pressure and temperature.
The relation between the absolute standard partial molal thermody-
namic properties of the jth aqueous ions (£9**) and those of the kth
aqueous electrolyte (%) can be expressed as

EP =D v B (1)
j

where v;; represents the stoichiometric number of moles of the jth ion in
one mole of the kth electrolyte. Because eq (1) is the basis for the additive
relations among the standard partial molal properties of aqueous elec-
trolytes that share common ions, it is commonly referred to as the
additivity principle (Millero, 1972) or the additivity rule (Fortier, Leduc,
and Desnoyers, 1974).
Conventional standard partial molal properties of the jth ion are
defined by
:? = :joabs - Zj Eﬁgbs (2)
where Z4# refers to the absolute standard partial molal property of the
hydrogen ion, and Z; represents the charge of the jth aqueous ion. It
follows from eqs (1) and (2) together with the requirement of electrical
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neutrality of an aqueous electrolyte that Z¢ is related to Z by

P =D vaZES. (3)

The conventional standard partial molal properties of an aqueous 2 amon
(represented by A) are thus equal to the experlmental values of = for
the acid electrolyte H,  ,A. Eq (3) permits calculation of the conven-

tional standard partlalHr:mlal properties of . an _aqueous cation (repre-
sented by C) from experimental values of Z¢ for aqueous electrolytes
represented by H,, A and C, A, ,.

Although it is theoretlcally possible to calculate values of Z°° for
aqueous ions, the equations of state for aqueous ions considered below
are restricted to =7 . However, this does not impose any restrictions on
geochemical calculanons because it follows from eq (2) and the defini-
tion of the apparent standard partial molal enthalpies and Gibbs free
energies of formation (see below) that prediction of =7 is sufficient for
predicting the standard partial molal properties of aqueous ions in
chemical reactions.

REVIEW OF THE HKF MODEL

General concepts.—Conceptual development of the HKF model
begins with the commonly made assumption that for the jth aqueous
= oabs

ion, =’ can be regarded as the sum of an intrinsic property (£%;") and
an electrostriction contribution (AZ$3”); that is

Ejpabs _ '-'oabs + A:zjﬂbs. (4)

Intrinsic properties are attributed solely to the ion, but the electrostric-
tion contributions arise from ion-solvent interaction. Electrostriction is

assumed to be a consequence of the sum of structural collapse (AZ 2%
and solvation (AZ $4”) contributions, which can be written as

AEg]gb: _ AE:jab: + AEfjab: <5>

Electrostriction collapse accounts for structural changes in the solvent
caused by the ion, but electrostriction solvation arises from electrostatic
ion-solvent interactions.

The HKF model involves consideration of the combined contribu-
tion from intrinsic and collapse terms. As a consequence, it is convenient

to define a nonsolvation contribution (AZ$%*) given by
A*—’oabs — =oabs A’;oabs 6
—n,j = =iy + —c,f v ( )

Eqs (4) through (6) can be combined to give

oabs _ *Joabs + A*;ogb:.

—j = =g s, ]

Eqs (4) through (7) can also be expressed in terms of the conven-
tional standard partial molal properties of aqueous ions represented by
:‘f’], A:,",, A,_,c], and AZE;; by first defining these contributions in terms of
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equations analogous to eq (2). Consequently, it follows from egs (1) and
(3) through (7) that appropriate analogs of the additivity relations given
by egs (1) and (8) also apply to =3, AZ)%, AZES, AES, and AER, The
additivity relations for standard partial molal nonsolvation and solvation
contributions given by

— — b. =1
AER = D win AR = D vja AER; (8)
J J
and
=1 = o0abs =1
AES = Y wp AR =3 4 AR 9)
j : j

are of particular interest in the following discussion of the HKF model.

Development of the HKF model proceeds from the above concep-
tual framework by using eqs (1), (7), (8), and (9) to represent the
standard partial molal properties of aqueous electrolytes as

EP = AR + AR (10)
The Born equation was used to derive theoretical expressions for AZS.
Regression procedures were used to determine semiempirical ex-
pressions for A=, as well as a predictive equation for the ion radius term
in the Born equation. -

Equations for solvation contributions(AZ.).—The Born equation
(Born, 1920) is used to represent the absolute standard partial molal
Gibbs free energy of solvation for the jth aqueous ion. The Born
equation can be expressed as

— 1
AGS™ = Wi = (— - 1) (11)
€
where € represents the dielectric constant of HyO and w}* refers to the
absolute Born coefhicient for the jth aqueous ion, which 1s defined by
o N7 02
% =

27,,]' Ve,j (]2)
where 7 is equal to 1.66027 x 10° A cal mole™!, N° stands for
Avogadro’s number, ¢ designates elementary charge (4.80298 x
1071 cm®?g'/%s7"), and Z; and r.; correspond to the charge and the
effective electrostatic radius of the jth aqueous ion. The conventional
analog of eq (11) is given by

_ 1
Ac;jjzw,-(—— 1) (13)
€

where the conventional Born coefhicient of the jth aqueous ion () is

defined by

—  .abs
w; = w

2 Zwitt (14)
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where w¥ refers to the absolute Born coefficient of the hydrogen ion.
The standard partial molal Gibbs free energy of the kth aqueous
electrolyte (AG)) is related to AG 2% and AGY; by eq (9). Consequently, it
follows from eqs (11), (12), and (13) that we can write

2
s vixnZ;
W=D et = 3 LSS (15)
7 7

i Tej

which permits AG, to be expressed as
— 1

AGS - w (— - 1) . (16)
€

Because the effective electrostatic radii of aqueous ions are taken to
be independent of temperature and pressure in the HKF model, o?*, w;,
and w, are constants. Note that it follows from eq (15) that expressions
for the standard partial molal solvation properties of aqueous ions
(AES? and AES) and electrolytes (AES) derived from AG? and egs (11),
(13), and (16) are consistent with the additivity principle represented by
eq (9).
4 It follows from eq (16) that the standard partial molal volume (V °),
compressibility (k°), and isobaric heat capacity (Cg) of solvation for the
kth aqueous electrolyte can be expressed as

_ AAG?
AV:_’J; = ( 3P "')T = —wy Q, (17)
2AGS
— ARG = (—5I)2—") —w N, (18)
and
_ ?AGS
ACgx = -T (*aT—?’k)p - TX (19)

where Q, N, and X denote Born functions defined by eqs (D-2), (D-3),
and (D-4) in app. D, P stands for pressure in bars, and T stands for
temperature in kelvins. Expressions analogous to eqs (17), (18), and (19)
for AV, AVY;, — Ak, — AxSj, AC$Y , and AC3,; of the jth aqueous
ion can be derived from eqs (11) and (13). Regression analysis of
experimental values of Vi, —k¢ and Cg; for a wide variety of aqueous
electrolytes at pressures close to vapor-liquid saturation for H,O and
temperatures from 0° to 200°C was used to determine semiempirical
expressions in the HKF model for AV, —kq, and ACS .4, as well as
values for w; in eqs (17) through (19). Subsequently, the regression
values of w; were fit to eq (15) using

re,j = rx,j + |Zj, I‘Z (20)

where r,; stands for the crystallographic radius of the jth aqueous ion in
angstroms (see caption of table 3) and I'; represents an empirical
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parameter characteristic of either cations or anions. The values of the I';
parameter (in A) are given by

I'; = 0.94 for cations; (214)
I'; = 0.0 for anions. (218)

It is assumed in the HKF model that calculation of 7,,; from egs g?O) and
(21A and B) permits accurate prediction of W, wj, Wi, AR 5 AE’,,°],
and =2, for all aqueous ions and electrolytes.

Equations for nonsolvation contributions(AZ?).— The nonsolvation
contributions to the standard partial molal volumes, compressibilities,
and isobaric heat capacities of aqueous electrolytes in the HKF model
are given by

AV = arx + aox f(P) + ass f(T) + ass f(P) f(T), (22)

_ IAV 2, a f(P
—AKn,k = ( aP . )T = (ko + ay 1,f (T))( gi) ))T , (23)
and
ACI?J:J! =Cp+ C?,hf(T), (24)

where a4, agy, asp, ap, €14 €24 and O stand for constants characteristic
of the kth electrolyte, P, denotes the reference pressure of 1 bar,

KU=TT&=1+@%T1&) (25)

and
f(P) =P (26)

Regression of experimental values of Vat constant pressures close to 1
bar with eqs (17) and (22) indicated that representation of f(T) with eq
(25) affords accurate description of the data. The values of ©; generated
in the regression calculations were subsequently used to regress ex-
perimental Cg, values with eqs (19), (24), and (25). The latter calculation
indicated that the experimental heat capacity data could be described
accurately with these equations at temperatures above ~15°C, but slight
discrepancies were observed at lower temperatures. Combination of eq
(18) with eqgs (23) and (25) permits accurate representation of experi-
mental values of —«?at 1 bar. This required provision for the terms
containing f(P) in the equation for AV2i(eq22). Eq (26) was accepted for
representation of f(P) because substitution of eq (26) in eq (22), if used
in combination with eqs (17) and (25), resulted in accurate prediction of
experimental values of V¢ for NaCl at pressures up to 1000 bars at
25°C.

Analogous statements of eqs (22) through (26) are used in the HKF
model for representation of AV, — Ak ;, and ACg,; for the jth aqueous
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ion. However, because the equation of state coefficients ©; and ©; are
solute-dependent, the ion coefhicients ay j, as ;, as j, a4, ¢1,;, and ¢q j cannot
be calculated from the additivity relation represented by eq (8) using the
corresponding coefficients for aqueous electrolytes. Nevertheless, the
regression procedures used to obtain the ion equation of state coefh-
cients in the HKF model permit close approximation of the additivity
relations given by eq (8) at temperatures above 0°C. B

The standard molal intrinsic volume (V) and heat capacity (Cg,) of
an aqueous ion or electrolyte are assumed in the HKF model to be
essentially independent of pressure and temperature, which requires
k° ~ 0. It follows that a; ~ V? and ¢; ~ Cg;. The temperature and
pressure gependence*of the nonsolvation contributions (AV 2, Ax?, and
ACg,) to V°,«°, and Cp are thus controlled in the HKF model solely by
the structural collapse contributions, AV Ak and ACg,.

REVISION OF THE HKF MODEL

Solvent structure as a function of temperature.—Striking parallels exist
between the HKF model and current theoretical and predictive models
of water properties at supercooled temperatures. In his reviews of the
properties of supercooled water, Angell (1982, 1983) attributed the
rapid changes in these properties with decreasing temperature to the
increasing structure of water. According to several theories, the
increase in water structure eventually causes some properties of super-
cooled water to approach +e at a singular temperature, T,. Similarly,
predicted values of the structural collapse contributions (AV 2, Ak, and
ACE, ) to Vi, ki, and Cg, for an aqueous electrolyte in the HKF model
increase with decreasing temperature, and at supercooled temperatures
they approach —e at a singular temperature. However, the singular
temperatures in the HKF model (8, in eq 25) depend on the identity of
the electrolyte and have values that lie both above and below the value of
the singular temperature for the supercooled solvent proposed by
Angell (T, = 228 K). As shown below the assumed solute dependence of
© in the HKF model is not required.

A singular temperature for supercooled water of 228 + 3K is
indicated by regression of experimental thermodynamic, transport, and
relaxation properties at 1 bar and supercooled temperatures with the
scaling law for critical-type phase transitions (Angell, 1982, 1983).
Following Angell’s notation, the scaling law is given by

T = N 1 Ay
y = A). ? — 1 = AyTJ’ ﬁ (27)

where y represents a thermodynamic, transport, or relaxation property
of supercooled water, which approaches infinity as temperature
approaches the singular temperature (T,), A, denotes a proportionality
constant characteristic of the property, and A, refers to a property-
dependent exponent, which is termed a critical exponent if eq (27) 1s
used for critical phenomena. As emphasized by Angell, theoretical
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interpretation of A, exponents requires application of eq (27) at tempera-
tures significantly remote from T to be restricted to description of the
“anomalous’’ component or structural properties of supercooled water.
In his review of various approaches to extract structural properties from
bulk properties of supercooled water, Angell reports that in every case
regression of calculated structural properties at 1 bar with the scaling
law is consistent with a singular temperature of 228 K.

By analogy with their approach to —o« as temperature increases
toward the critical point of H,O, it seems reasonable to us that V§ k5, and
Cg, for aqueous electrolytes should approach —« as the temperature
nears a singular temperature for the supercooled solvent (T;). Calcula-
tions for binary mixtures using a lattice-gas model reported by Wheeler
(1972) predict that the standard partial molal volumes and enthalpies of
solutes approach + at the critical point of the solvent. Consistent with
Wheeler’s results, predicted values of Ve, k°, and Cg for aqueous
electrolytes from the Born equation approach + at the critical point of
H,O (Helgeson and Kirham, 1976; Helgeson, Kirkham, and Flowers,
1981; Gates, Wood, and Quint, 1982; Wood and others, 1983). These
predicted limits of +« for electrolytes are supported by experimental
data (Gates, Wood, and Quint, 1982; Wood and others, 1983). Electro-
static ion-solvent interactions cause large changes in V2 k& and Cgy in
the vicinity of the critical point of HO. By analogy, it seems highly
probable that structural modification of the solvent by aqueous ions
would lead to large changes in Vi ki and Cg, in the vicinity of T

The structural collapse contributions to V§, kg, and Cgy, (AV S, Ak,
and AC§_;, respectively) in the HKF model are asymptotic functions of
temperature. They approach nearly constant values at high tempera-
tures but rapidly become more negative as temperature drops below
-50°C. Helgeson and Kirkham (1976) argue that the asymptotic
decrease in the structural collapse contributions with increasing temper-
ature is a consequence of decreasing water structure. If this is the case,
the fact that the temperature dependence of the structural properties of
supercooled water can be described with the scaling law (eq 27) suggests
that the temperature terms on the right sides of the second equalities in
eqs (25) and (27) should be closely related. Comparison of these terms
indicates that the HKF model can be revised to be consistent with the
scaling law by incorporating in eq (25) the property-dependent expo-
nents (A;r) and identifying O, for all electrolytes as T,. Under these
circumstances, f{T) in eq (25) becomes f;-(T) in the revised HKF model.

Consideration of experimental uncertainties in the standard partial
molal properties of aqueous electrolytes with respect to the covariance
of the equation of state coefhcients in the HKF model indicates that it is
not possible to determine unambiguously a singular temperature (T,) by
regression of experimental V? values for aqueous electrolytes at 1 bar
and temperatures above 0°C. However, the vast majority of the regres-
sin values of @, reported by Helgeson and Kirkham (1976) fall within the
range of 228 + 30 K. These considerations suggest that regression of V¢
data forcing a value of 228 K for ® and a value of unity for Ay. should
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provide accurate description of the experimental data. Similar consider-
ations suggest that k° data can be described accurately with ©® - 228 K
and A- = 1. In contrast, observed differences between predicted values
of Cp; and experimental values at temperatures below ~15°C (Helge-
son, Kirkham, and Flowers, 1981) are greater than the corresponding
experimental uncertainties, which suggests that the value of Ag; differs
significantly from unity.

Regression calculations summarized below confirm that experi-
mental values of V}, kg, and Cg, can be described accurately using © —
228 K, Aye = 1, s = 1, and A\g; = 2. Under these circumstances the
revised temperature dependence of the structural contributions to Vy,
x5, and Cg, can be expressed as

1
Sfoo(T) = (T — 9), (284)
1
See(T) = (T — @), (288)
and
1 2
fex(T) = (T — @) : (28¢)

There are two practical advantages to these revisions of the HKF model:
(1) the number of solute-dependent fit parameters in the model is
reduced by setting ©, (electrolytes) and 0; (ions) to ® = T, = 228 K, and
(2) the revised f;('T) functions convert egs (22), (23), and (24) for AV,
Ak,, and ACg, into linear equations with additive coefhcients. Conse-
quently, the additivity relations for nonsolvation contributions (AZ;)
represented by eq (8) are exact equalities, and the equation of state
coefhicients for AZ;; for the jth aqueous ion can be calculated from
regression values of corresponding coefhicients for the kth aqueous
electrolyte using the relation,

Q], = Z ”j,ij (29)
J

where @ stands for equation of state coefficients ay, ay, as, a4, ¢, or cs.
Solvent structure as a function of pressure.—Despite arguments to the
contrary (Helgeson, 1982), comparison of predicted values of AV n.q
and AV 2k,so, with values calculated from the experimental data reported
by Adams (1931, 1932) at 25°C and pressures to 10 kb indicates to us
that the pressure dependence of the nonsolvation volumes in the HKF
model should be revised. Predicted values of AV, for NaCl and K,SO;,
from the HKF model are represented by the curves in figures 1 and 2.
The slopes of these curves correspond to —Axg,, which is taken to be
independent of pressure in the HKF model. The symbols in figures 1
and 2 represent values of AV, calculated from the volume analog of eq
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Fig. 1. Nonsolvation contribution to the standard partial molal volume (AV,‘,’) of
NaCl as a function of pressure at 25°C (see text). The symbols represent experimental
data, but the curves correspond to predicted values from the HKF model.

(10) using predicted values of AV, (eq 17) and values of V{generated by
regression of experimental apparent molal volumes (®y,) with the &y,
equation given by Helgeson, Kirkh;gn, and Flowgrs (1981). Uncertain-
ties in the experimental values of AV, .o and AV 2«50, were estimated
by analysis of (1) uncertainties in AV, values due to predictive uncer-
tainties in Q (eq D-2 in app. D) and (2) uncertainties in values of V¢
generated from the experimental volume data due to experimental
uncertainties in &y, and predictive uncertainties in the Debye-Hiickel
contributions to ®y,. These estimated uncertainties are indicated by the
lengths of the vertical bars through the symbols in figures I and 2.

The discrepancies between the predicted and experimental values
of AV{, in figures 1 and 2 indicate that accurate prediction of AV,
and —Ak;; at high pressures with eqs (20) and (21) requires revision
of eq (26) for f(P). It can be seen in figures 1 and 2 that the experimental
values of AV, at 25°C exhibit asymptotic configurations that require
— Ak, to decrease from a maximum value at the vapor-liquid saturation
pressure for HeO to a near zero value at the ICE VI-water equilibrium
pressure (9630 bars). These observations suggest that f(P) is an asymp-
totic function which decreases and approaches zero with increasing
pressure.

It is well established that increasing pressure and temperature have
a similar effect on the structural state of water {Angell, 1982, 1983). The
“structural component” of the partial molal volume of HoO (Vuen,0)
apparently decreases asymptotically and approaches zero with increas-
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Fig. 2. Nonsolvation contribution to the standard partial molal volume (AV;) of
K3SO, as a function of pressure at 25°C (see text and caption of fig. 1).

ing pressure. It follows by analogy with the temperature dependence
of AV in the revised HKF model that the pressure dependence of AV
should be a function of the pressure dependence of V., n,0. These
considerations lead to the proposition that f(P) represents a characteris-
tic function of the solvent structure. It should be noted that this
interpretation of f(P) is consistent with the additivity relation for
nonsolvation contributions (eq 8), as well as the additive relation
between equation of state coefficients for ions and electrolytes (eq 29).

The proposition that f(P) is characteristic of the solvent and
independent of the identity of the electrolyte is supported by the
Tait-Tammann-Gibson (T'TG) equation of state (Gibson, 1938), which
Gibson (1934) used successfully to predict the high pressure volume data
reported by Adams (1931, 1932). As in the HKF model, the expression
for the standard partial molal volume of an aqueous electrolyte in the
TTG model corresponds to Vi as the sum of an intrinsic contribution by
the electrolyte and a second term which can be interpreted conceptually
as an electrostriction contribution (AV2). The pressure dependence of
AV} in the TTG model is given by 1/(B + P), where B denotes the
Tait-Tammann (Tammann, 1895) coefficient for the solvent. Similarly,
the pressure dependence of AV, in the revised HKF model is described
by the asymptotic solvent functions QQ and f(P), the latter of which can be
expressed as

1
v + P

fP) = (30)
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where ¥ represents a constant characteristic of H;O. It follows from eqs
(23) and (30) that the pressure dependence of — A« is given by

3 f(P) -1
( P )T:(\I/+P)2‘ G

Revised equations for the nonsolvation contributions to the standard
partial molal volumes, compressibilities, expansibilities, heat capacities,
entropies, enthalpies, and Gibbs free energies that are consistent with
the revised equations for f(P) (eq 30) and f;- (T) (eqs 284, B, and C) are
given in app. F.

Solvent contributions to r, .—Comparison of predicted and experi-
mental high-temperature values of V¢ and Cg, for several aqueous

50 | T T T T T T
(o] -
..50 -
-100 NaCl .
- — HELGESON AND
W -150 F  KIRKHAM (1976) 4
) 200 BARS ©
2 _200 | A HILBERT(1979) i
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o~ _850 | © GRANT-TAYLOR (1981) |
> 200 BARS

O L’vov,ZAREMBO & GILYAROV
=300 (1981) 197 BARS
O GATES (1985)

202 BARS -

-400 |- b—
1 | 1 1 i 1 |

=450
0 50 100 150 200 250 300 350
TEMPERATURE,°C

-350

Fig. 3. Standard partial molal volume (V°) of NaCl as a function of temperature at
~200 bars (see caption of fig. 1).
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electrolytes at pressures close to the critical pressure of HyO (P, n,0)
indicates that the predicted values become increasingly too negative at
temperatures approaching the critical temperature of HyO (T, 1,0). As
discussed previously (Helgeson and Kirkham, 1976), AV 2 and ACS ..
are relatively insignificant contributions to Vi and Cg, compared to AV
and ACg,;, respectively, at high temperatures and P ~ P, p,0. It follows
that the solvation contributions (A%;”) in the HKF model are responsible
for the discrepancies between the predicted and experimental values of
V?and Cg, at temperatures and pressures approaching T u,0 and P_y,0.

Experimental values of V¢ and Cg, at temperatures from 0° to
350°C and pressures from 172 to 206 bars are represented by the
symbols in figures 3 through 6. Predicted values from the HKF model
correspond to the curves in these figures. The experimental values of V¢

S0 T | | — T T T
0
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v, cM3moLe™!

-150 C0C|2

— HELGESON AND
KIRKHAM (1976)
204 BARS
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O 204 + 2 BARS

> 204 BARS
INTERPOLATED FROM

-350 I09 AND 247 BARS

-200 -

-300

-400 |

- 450 1 1 1 1 I 1 1
0] 50 100 150 200 250 300 350

TEMPERATURE, °C

Fig. 4. Standard partial molal volume (V°) of CaCl; as a function of temperature at
~204 bars (see caption of fig. 1).
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and Cg,; were obtained by regression of experimental apparent molal
properties (®y, and ®c,,) using the equations for ¢y, and &, given by
Helgeson, Kirkham, and Flowers (1981). The sources of the experimen-
tal data used in the regression calculations are given in the figures. It can
be seen in figures 3 through 6 that the predicted values of V{and Cp at
temperatures >200°C depart systematically to an increasing degree
from the experimental values with increasing temperature. These
discrepancies can be attributed to errors arising from the electrostatic
Born term in the HKF model.

The systematic departures of the curves from the symbols in
figures 3 through 6 suggest that the constant Born coefhicients adopted
in the HKF model (w) should instead be considered to be pressure- and
temperature-dependent. Trial regression calculations indicated that
representation of wnaci with an orthogonal temperature-density func_tion
permits accurate description of all the experimental values of V.
and Cfnac shown in figures 3 and 5. Revised equations for solvation
contributions to the standard partial molal volume, compressibility,

— HELGESON, KIRKHAM, \8
-0.2F & FLOWERS (1981) .

= I77 BARS NaCl, LiCl, 7S

YW _o03}  KCI AND NaBr o -
e GATES (1985)

J _0.4 |- O NaCl 177 BARS i
g 7| OLiCl 1751 3BARS

x O KCl 178.8 BARS

20 “O-5 " O NaBr 175 + 3 BARS ]

06 SMITH-MAGOWAN o
' AND WOOD (1981)
A NaCl 79 BARS

-0.7

-08 1 1 i 1 1 I
o) 50 100 150 200 250 300 350

TEMPERATURE,°C

Fig. 5. Standard partial molal isobaric heat capacities (Cg) of NaCl, KClI, LiCl, and
NaBr as functions of temperature at ~177 bars (see caption of fig. 1).
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Fig. 6. Standard partial molal isobaric heat capacities (Cg) of CaCl; and MgCl; as
functions of temperature at ~177 bars (see caption ofpﬁg. 1).

expansibility, heat capacity, entropy, and enthalpy that are consistent
with the pressure- and temperature-dependent Born coefhcients are
given in app. G.

It follows from the observations summarized above and the defini-
tion of the Born coefficient of an aqueous ion (eq 12) that the effective
electrostatic radius of an aqueous ion (r, ;) also changes from a constant
to a function of pressure and temperature with increasing temperature.
The revised HKF equation for r,j (eq 20) can be expressed as

Tej= Txj + |Z;| kz + by (32)

where &z stands for the low-temperature I'; constants in eqs (21A) and
(21B) and h; represents a function of pressure and temperature charac-
teristic of the aqueous ion. As a first approximation, k; in eq (32) can be
expressed as

h; = Dig (33)
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where Dj denotes a constant characteristic of the charge and /or crystal-
lographic radius of an aqueous ion and g represents a function of
pressure and temperature independent of the identity of the ion. It
should be noted that revision of the equation for r, ; by incorporating the
g function is consistent with additivity relations (eq 9). The g function in
the revised equation for r,; provides implicitly for the pressure and
temperature-dependence of the higher-order solvent contributions to
AGS (Frank, 1955), such as dielectric saturation (Booth, 1951) and the
compressibility of the solvent (Wood and others, 1981), neither of which
is explicitly accounted for in the Born equation. Consequently, the g
tunction can be regarded as a solvent contribution to r. ;.

Alternate expressions for D; were used to calculate values of g from
experimental values of V¢ and Cg, for NaCl at various pressures and
temperatures using the regression procedures discussed below. Because
g and its pressure and temperature derivatives can be used to predict
AV and ACg,, for any aqueous electrolyte, the alternate expressions
for D; could be evaluated by comparison of predicted values of Vand
Cs, w1th the experimental values in figures 4, 5, and 6. Such Comparl-
sons indicate that D; = |Z;| affords accurate prediction of V{and Cg, at
high temperatures and low pressures. It follows that the revised equa-
tion for 7, is given by

Tej=Txj + IZ]I T, (34)

where I'; is redefined as
I',=k% +g. (35)

If g = 0, eqs (34) and (85), together with the revised equations for w
and AX?%in apps. B and G, respectively, reduced to the corresponding
equations in the HKF model.

Trial regression calculations for wn.c (see above) indicated that the
functional dependence of g on temperature and pressure can be

expressed as
g =0.5(—b+ b* — 4c) (364)

where
4 4 -
b =372 — 217(2 > ay T’p’) (36B)
-1 5=0
and
4 4
¢ =3.4571 — 3.72 n( > > ay T*‘pf)‘ (36¢)
i=—1j=0

where p represents the specific density of H;O and a;; stands for an array
of fit coefhcients. The regression calculations discussed below confirm
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that eq (364, B, and C) permits accurate representation of g. Expressions
for the partial derivatives of g with respect to pressure and temperature
that are consistent with eq (364, B, and C) are given in app. C.

REGRESSION CALCULATIONS

Retrieval of parameters and coefficients for the revised nonsolvation
contributions.—Because regression values of the parameters Ay, A;, and
Ag; are most sensitive to the temperature dependence of V2, «?,and Cg,
at 1 bar and temperatures below 100°C, the extensive low-temperature
experimental data for electrolytes at 1 bar were regressed to retrieve
values of these parameters. As indicated above, the regression calcula-
tions confirmed that the revised HKF model affords accurate descrip-
tion of the experimental values of V§, «¢, and Cg; using © = 228 K and
A = L. A =1,and A\g; = 2.

To facilitate regression analysis, the temperature-independent
terms in the revised HKF equation for AV? (eq F-1 in app. F) were
combined into two isobaric fit parameters denoted by ¢ and £, which can
be expressed as

ag

g =a; + T+P (37)
and
—_ a4
Substitution of eqs (37) and (38) in eq (F-1) in app. F leads to
- 1 W
AV,,=0+£T_®) . (39)
It follows from eqs (37), (38), and (F-2) that
. [0c ¢ 1 W
B (aP)T " (aP)T (T - e) (#0)
where (9o /dP)t and (3£ /dP)y are given by
do —ay
(Sﬁ)T T (¥ + P) (1)
and
65 —~ a4
(a_P)T T (Y + P)Y (#2)

Taking account of eq (8), statements of eqs (37) through (42) can be
written either for the kth electrolyte or the jth aqueous ion. Conse-
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quently, the isobaric fit parameters oy, &, (d04/9P)r, and (9&/9P)r for
the kth electrolyte are related to the corresponding parameters for the
jthion by eq (29). It follows from eqs (24) and (28c¢) that at 1 bar

_ 1
AC}%,,,[‘ = Cix + Cox (T — ®>A(p. (43)
Eqs (39), (40), and (43) were used to generate the curves in figures 7
through 11, which represent regression values of AV, — Axg, and

ACg,, at 1 bar consistent with ©® = 228 K, A\¢ = 1, Ay = 1, and Ags = 2.
The regression parameters o, &, (30x/0P)r, and (0¢:/dP)y for aqueous
electrolytes at 1 bar are given in table 1. The symbols in figures 7
through 11 represent values of AV:y, —Ak, and ACg.; computed
from eq (10) using experimental values of V{, —x?and Cg, and values of
AV S, — Ak and ACS, calculated from eqs (17), (18), and (19). The latter
equations were used in lieu of their revised analogs (eqs G-1, G-2, and
G-4 in app. G) because at 1 barand T < 150°C, g = 0 in eq 35, and the
Born coefhicients of aqueous electrolytes (w;) are thus constant in this
temperature range. The experimental values of Ve —k& and Cg, were
generated using the regression procedures and equations described
above (Helgeson, Kirkham, and Flowers, 1981) together with experi-
mental data reported in the sources shown in figures 7 through 11. The
values of AV?2,, —AkS, and ACE,; derived from experimental data at 20
bars or pressures corresponding to vapor-liquid saturation for HyO were
regarded within their uncertainties as 1 bar values in the regression
calculations.

It can be seen in figures 7 through 11 that the curves representing
eqs (39), (40), and (43) with © = 228, Av = 1, Ay = 1, Ag; = 2 are in close
agreement with the distribution of all the experimental data repre-
sented by the symbols. It can be shown that calculated values of V°, k°,
and Cg, respectively, for NaCl from the revised HKF model at 1 bar and
temperatures from 0° to 100°C also compare favorably with V° values
reported by Lo Surdo, Alzola, and Millero (1982) and Rogers and Pitzer
(1982), x° values generated by Millero, Ricco, and Schreiber (1982) and
Rogers and Pitzer (1982), and Cg, values given by Pitzer, Peiper, and
Busey (1984) and Clarke and Glew (1985). The accuracy of the revised
HKF model is equivalent to that achieved in these studies, which is not
true of the HKF model itself. For example, Helgeson, Kirkham, and
Flowers (1981) observed discrepancies between values of C§ for NaCl
and a number of other electrolytes calculated from the HKF model and
corresponding experimental values at temperatures below ~15°C.
These discrepanacies do not occur if the revised HKF model is used.

Values of the equation of state coefficients ¢, ; and c,,j as well as the
parameters g;, &, (do;/0P)r, and (9;/3P)r for aqueous ions at 1 bar are
given in table 2. Unless indicated otherwise in the footnotes to table 2,
these parameters and coefficients were calculated from eq (29) and the
corresponding parameters and coefficients for aqueous electrolytes
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given in table 1. It follows from eqs (37), (38), (41), and (42) that values
of the equation of state coeflicients for aqueous ions represented by a, ;,
as;, as;, and a4 j can be calculated from the values of o;, §;, (35;/0P)r, and
(0¢;/0P)t at 1 bar given in table 2. However, these calculations require a
value of the solvent parameter ¥, which can be retrieved from experi-
mental values of V2 at high pressures.
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Fig. 9. Graphic representation of eq (40) for the nonsolvation contributions to the
standard partial molal isothermal compressibilities (Ak?) of agueous electrolytes at 1 bar
(see table 1 and the caption of fig. 7).
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Fig. 10. Graphic representation of eq (43) for the nonsolvation contributions to the
standard partial molal isobaric heat capacities (AC§.) of aqueous electrolytes at 1 bar (see
table 1 and the caption of fig. 7). The values represented by the circles for CaCl; were
obtained by adjusting the experimental values at higher pressures to 1 bar using eq (F-4) in
app. F together with coefficients taken from table 3.

Experimental values of V@ for NaCl and K;SO; extrapolated from
data reported by Adams (1931, 1932) at 25°C and pressures to 10 kb
were selected for evaluation of ¥. These data were chosen because the
sensitivity of calculated values of ¥ to uncertainties in high-pressure
values of VP minimizes at low temperatures and decreases with increas-
ing pressure. It follows from eqs (F-1) and (F-2) in app. F that ¥ can be
calculated from

‘Il_P(A,,,p,T— 1)+ 1
P — Ajpr — |

(44)
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Fig. 11. Graphic representation of eq (43) for the nonsolvation contributions to the
standard partial molal isobaric heat capacities (ACg,,) of aqueous electrolytes at 1 bar (see
table 1 and the caption of fig. 7).

where A;p 1 1s given by

- _
AVoipr — AV i por

Appr =
' —Akykp, T

(45)

Values of ¥ generated from eqs (44) and (45) using the high-pressure
values of AV, p 1 represented by thﬁ symbols in figures 1 and 2 are
shown in figure 12. The values of AV, p r and —Akgip,r at T = 25°C
and P, = 1 bar were computed from eqs (29), (39), and (40) using the
parameters for Na*, CI7, K*, and SO; ~ given in table 2.

The calculated values of ¥ obtained from the values of AV2, pt for
NaCl and K;O4 represented by the circles in figures 1 and 2 are
designated by the circles and hexagons in figure 12. Uncertainty ranges
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TABLE 1

Summary of the nonsolvation parameters and equation of state
coefficients generated by regression of standard partial molal volume,
isothermal compressibility, and isobaric heat capacity data for aqueous

electrolytes as a function of temperature at 1 bar (figs. 7 through 11)
with egs (17), (18), (19), (39), (40), and (43), values of Q, N, and X in
table H-1 in app. H, and Born coefficients (w;) computed from egs (15),
(20), and (21 A and B) using values of the crystallographic radii of ions
(7+) given in table 3

do a
Species ot 10’2&[‘) 103 H_I]: TS % Tg c,,kg lO“‘czykf
HCI 24.59 -2.253 -4.40 -5.714
LiCl 24.38 -1.875
NacCl 28.61 -5.276 -1.556 0.3447 13.78 -8.695
KCl 37.11 -4.341 -2.058 0.3438 3.00 -7.505
CsCl 50.10 -4.953 1.87 | -11.45
RbCl 41.10 -3.529
NH,CI 44.58 -3.243 13.05 -5.735
NaBr -2.665 0.3630 14.38 -9.792
KBr 45.17 -5.159 -3.167 0.3621
KF 17.58 -3.468 11.86 -9.279
KI 58.31 -6.501
Csl 0.00 | -10.68
NaHCO; | 37.51 -7.001
HNO; -5.228 0.2600
KNO; 54.04 -8.916
NaNO; -3.815 0.4286 25.88 -9.706
NaHS 33.00 -6.680 21.59 -9.027
NaOH 9.38 -6.721 -1.275 0.5259 22.33 | -13.327
KOH 17.88 -5.786 11.55 | -12.137
LiOH 5.15 -3.320
MgCl, 31.91 -4.840 -0.620 0.5000 12.00 | -17.32
CaCl, 36.70 -6.272 0.20 | -13.95
SrCl, 35.81 -5.366
BaCl, 44.46 -8.322 -5.00 | -14.878
Na,SO, 39.58 | -12.90 -1.372 0.8824 38.00 | -23.96
2em3mole bem3 K mole™!. ¢em3 mole!bar . dem3 K mole™ ! bar .

€calmole ' K~!. fcalK mole!.

for ¥ consistent with the estimated uncertainties in the values of AV, p 1
shown in figures 1 and 2 are also shown in figure 12. At all pressures, the
maximum calculated value of ¥ was generated from the maximum value
of AV 2, p 1 for K;SO4and the minimum value of ¥ was obtained from the
minimum value of AV?2,pr for NaCl. These maximum and minimum
values are indicated by the brackets in figure 12. Uncertainty ranges
for ¥ consistent with the experimental values and uncertainties
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TABLE 2

Summary of the nonsolvation parameters and equation of state
coefficients at 1 bar for the standard partial molal volumes, isothermal
compressibilities, and isobaric heat capacities of aqueous ions computed
from eqs (3) and (29) using values of oy, &, (9pr /IP)1, (84 /IP)1, 14 and
ca, for aqueous electrolytes given in table 1 or estimated in the manner
described in the footnotes to the table

_ do;\ o 9\ 4 . _

fons ajg 10 zgjl—’ 10’(-(—);’)T— (b—I;J)T_ Cij- 10 4Cz,jf
Li* -0.21 0.378 0.0928 0.1682
Na* 402 | -3.023 1.413 0.1686 18.18 -2.981
K* 12.52 | -2.088 0.911 0.1677 740 | -1.791
Rb* 16.51 | -1.276 0.5828 0.16821 6.06] | -3.764%
Cs* 25.51 | -2.700 0.132¢ 0.1682 6.27 -5.736
NH} 19.99 | -0.990 -1.3388 0.16821 | 17.45 -0.021
Mgtt | -17.27 | -0.334 5.318 0.1478 | 20.80 -5.892
Ca**t | -12.48 | -1.766 4.5638 0.1478t 9.00 | -2.522
Sr++ -13.37 | -0.860 6.2538 0.1478t 6.493 | -2.986k
Bat* -4.72 | -3.816 6.1938 0.1478! 3.80 -3.450
E- 5.06 | -1.380 -0.8508 0.1761% 4.46 -7.488
Cl- 24.59 | -2.253 -2.969 0.1761 -4.40 -5.714
Br- 32.65 | -3.071 -4.078 0.1944 -3.80 -6.811
I- 45.79 | -4.413 -5.1318 0.1944" | -6.27 -4.944
OH- 5.36 | -3.698 -2.688 0.3573 4.15 | -10.346
NOj3; 41.52 | -6.828 -5.228 0.2600 7.70 -6.725
HCO; | 3349 | -3.978 -1.0118 0.19441
HS- 28.98 | -3.657 -2.9601 0.1761% 3.41 -6.046
SO;~ 31.54 | -6.854 -4.198 0.5452 1.64 | -17.998

2em3mole™!. bem3K mole !, ¢em3 mole!'bar 71, dem3K mole~!bar 1.

¢cal mole 'K~!. fcal Kmole™!. 8Calculated from egs. (3), (10), (18) and (40) using
experimental values of k°; at 1 bar and 25°C reported by Millero (1982) together with
values of (8¢;/dP)y shown above, ; from eqs. (14) and (20), Ty from table 3, and N =

-1.819 x 1079 M Calculated in the manner described in footnote g assuming K us- p T

= K- p p = 0.649 x 1073 cm~3mole ! bar !. iEstimated from calculated values of

(6¢;/0P)y for ions of similar charge and radius assuming (d¢;/9P)y for Li*, Rb*, Cs™,
and NHj, to be equal to the average of those for Na* and K*, and (d¢;/dP)y for the
ions in the following groups to be equal to each other: Ca*™*, Sr**, Ba**, Mg**; F~,
HS-, CI7; I, HCOj3, Br™. ICalculated from egs. (3), (10), (19) and (43) using values of
E”F‘k for RbCl and SrCl, at 1 bar and 25°C generated by Helgeson, Kirkham, and
Flowers (1981) from experimental data given by Fortier, Leduc, and Desnoyers (1974)
for RbCl, and Perron, Fortier, and Desnoyers (1974) for SrCl,, together with

C°P, a-p.T, = -29.42, values of ¢y, ; shown above, w; calculated from egs. (14) and (20),

r, ; taken from table 3, and X = -3.09x 1077, ¥Estimated from calculated values of )
for ions of similar charge and radius assuming ¢, for Rb* to be the average of those for
Cs* and K*, and Sr** to be the average of those for Ca** and Ba**.
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TABLE 3

Summary of the conventional standard partial molal Gibbs free
energies of formation (AGS; ), enthalpies of formation (AHf; ), and
entropies (S;%, r,) of aqueous ions (j) at 1 bar and 25°C, together with
the crystallographic radii of ions (r,,;) and the revised equation of state
coefhicients (ay,;, as,j, 83,5, @4,j, €1,;and cy,j) required to calculate the
conventional standard partial molal properties of aqueous ions at high
pressures and temperatures from the revised HKF model using © = 228
K and ¥ = 2600 bars

= X o ,h Go b.h A _ a,J
Ion AG f‘jég AH qué_ S j'Pr'Tr__ IOaLjEl 10 zaz_jaj—

H* 0. 0. 0.0 0.0 0.

Li* -69933. -66552. 2.7 0.0070 -0.1488
Na* -62603. -57433. 14.0 1.8390 -2.2850
K* -67527. -60270. 24.2 3.5590 -1.4730
Rb* -67786. -60019. 28.8 4.3080 -0.9411
Cs* -69732. -61673. 31.8 6.1790 -0.2134
NH; -19000. -31850. 26.6 3.9460 2.1630
Mg** -108502. | -111367.2 -33.0¢ -0.8217 -8.5990
Ca** -132118. | -129804. -13.5 -0.1462 -7.3780
Sr** -134766. | -131668.P -7.5¢ 0.6917 10.1100
Ba** -133023. | -127510.4 2.3¢ 2.7220 -10.0140
F- -67325. -80151. -3.2 0.6810 1.3740
Cl- -31394. -39933. 13.6 4.0320 4.8010
Br~ -24868. -29039. 19.8 5.2690 6.5940
I- -12412. -13599. 255 7.7540 8.2970
OH~ -37595. -54977. -2.6 -0.3899 4.3460
NO3 -26504. -49429 % 35.1 6.6740 8.4530
HCOj3; | -140277. | -164898.2 23.5% 7.3760 1.6350
HS~ 2878. -3848.1 16.3¢ 5.0860 4.7860
SO;~ -177934. | -217400. 4.5 4.9290 6.7880

2Cal mole !, 2Cal mole~! K~'. €Cal mole™'bar™". 9Cal K mole™'bar~". €Cal K mole!.

fA. BComputed from the values of Aﬁf‘j and §°1~,p’ 1, shown above using standard

partial molal entropies of the elements taken from the source in footnote h, except for
Sr and Ba which were taken from the sources in footnotes p and u, respectively. Owing
to round-off differences, these values differ slightly from those given by Helgeson, Kirk-
ham, and Flowers (1981). "CODATA (1978), except where indicated otherwise.
1Calculated from eq. (37) using values of oj given in table 2 together with those of a,
shown above and the conversion factor 41.8393 cm3 bar cal™!. iCalculated from eq.
(41) and values of (ds; /9P )y given in table 2. kComputed from eq. (38) using values
of £ given in table 2 and those of a, ; shown above. LCalculated from eq. (42) and
values of (9¢; / 9P )y given in table 2.
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TABLE 3
(Continued)

Ton ay, dk 10 %, el ¢ bm 1074, em I, £n
H* 0.0 0.0 0.0 0.0 2,142
Li* 11.3600 -2.72 0.68
Na* 3.2560 -2.726 18.18 -2.981 0.97
K* 5.4350 -2.712 7.40 -1.791 1.33
Rb* 7.4070 -2.72 6.06 -3.764 1.47
Cs* 4.0030 -2.72 6.27 -5.736 1.67
NH} 8.0900 -2.72 17.45 -0.021 1.37%
Mg** 8.3900 -2.390 20.80 -5.892 0.66
Ca** 4.9670 -2.390 9.00 -2.522 0.99
Sr+* 7.1330 -2.390 6.49 -2.986 1.12
Ba** 0.0676 -2.390 3.80 -3.450 1.34
F- 7.6490 -2.847 4.46 -7.488 1.33
Cl- 5.5630 -2.847 -4.40 -5.714 1.81
Br~ 4.7450 -3.143 -3.80 -6.811 1.96
I 1.5380 -3.143 -6.27 -4.944 2.20
OH~ 13.3700 -5.777 4.15 -10.346 1.40%
NOj3 -0.1563 -4.204 7.70 -6.725 2.81%
HCO;3 2.5770 -3.143 2.17%
HS" 2.2070 -2.847 3.41 -6.046 1.84%
SO;~ 17.5100 -8.816 1.64 -17.998 3.14%

MFrom table 2. 2Ahrens (1952), except where indicated otherwise. 2Shin and Criss
(1979). PBusenburg, Plummer, and Parker (1984). 9Morss and Williams (1983). *Cox,
Harrop, and Head (1979). $Berg and Vanderzee (1978). !Barbero, McCurdy, and
Tremaine (1982). ¥ Wagman et al. (1982). Y¥Computed from egs. (15), (20) and (21a and
b) using the regression value of wycy = 1.4560 x10° cal mole™! reported by Helgeson
and Kirkham (1976) and the value of r, - shown above. ¥ Computed from egs. (20)
and (21a, and b) using values of g"j,pr .7, shown above and the r, ; estimation correla-
tion with §°j'p’ T, given by Helgeson and Kirkham (1976). ¥ Assuming o
and Fems- = Fes- using radii taken from Pauling (1927).

H- ~ rx,O"

of AV 2, p 1 for both NaCl and K,SOjy are indicated by the vertical bars in
figure 12.

If only the circles and hexagons in figure 12 are considered, ¥
would appear to be a function of both pressure and the identity of the
aqueous electrolyte. However, it can be seen that a constant value of ¥ =
2600 bars falls within the uncertainty range represented by the vertical
bars at all pressures. The values of the equation of state coefhcients a, ;,
as;, asj, and a4 j for aqueous ions given in table 3 were calculated from
eqs (37), (88), (41), and (42) using ¥ = 2600 bars and the values of the
nonsolvation parameters g;, £, (d0;/dP)t, and (9¢;/9P)r for 1 bar shown
in table 2. The equation of state coefhicients given in table 3, together
with egs (17), (29), and (F-1) in app. F permit prediction of V¢ for
aqueous electrolytes at high pressures. Curves representing predicted
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Fig. 12. Computed values of the ¥ parameter from eqs (44) and (45) as a function of
pressure at 25°C—see text.

values of V{ for KCL, Na,SO4, KySO4 MgCly, and NaCl at high
pressures and temperatures can be compared with their experimental
counterparts represented by symbols in figures 13 through 18. The
close agreement of the predicted values of Vand the experimental data
shown in figures 13 through 18 supports the functional form of the
pressure dependence of V° in the revised HKF model, as well as the
value of 2600 bars for the solvent parameter ¥. The correspondence of
the curves and symbols shown in figure 18 also indicates that even at
temperatures as high as 400°C, the solvation contribution AV?from the
HKF model eq (17) combined with the nonsolvation contribution AV
from the revised HKF model (eq F-1 in app. F) permits close approxima-
tion of Vat high pressures. These observations constrain the pressure
and temperature region in which Born coefficients and effective electro-
static radii of aqueous ions must be regarded as functions of pressure
and temperature.

Retrieval of fit coefficients for g.—Because more experimental vol-
umes and heat capacities at high temperatures and low pressures are
available for NaCl solutions than for other electrolytes, values of V° and
C; generated from these data were selected for regression retrieval of
the array of coefhcients a;; in eqs (364, B, and ¢). The Born coeflicient of
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Fig. 13. Standard partial molal volume (V°) of NaCl as a function of pressure at
25°C (see text). The symbols represent experimental data, but the curves correspond to
independently ﬁ)redicted values using the revised HKF model with ¥ = 2600 bars for AV;?
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and the original HKF model for AV3{eq 17).
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Fig. 14. Standard partial molal volume (V°) of K;SO, as a function of pressure at

25°C (see text and the caption of fig. 13).
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Fig. 15. Standard partial molal volume (V °) of KCl as a function of pressure at 0°,
25°, and 50°C (see text and the caption of fig. 13).
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Fig. 16. Standard partial molal volume (V °) of MgCl, as a function of pressure at 0°,
25°, and 50°C (see text and the caption of fig. 13).
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Fig. 17. Standard partial molal volume (V°) of Na,;SO, as a function of pressure at
0°, 25°, and 50°C (see text and the caption of fig. 13).

an aqueous electrolyte and its pressure and temperature derivatives are
expressed in terms of g and its pressure and temperature derivatives in
the equations given in app. B. Substitution of app. B egs (B-1), (B-2),
(B-4), and (B-6) in eqs (G-1) and (G-4) in app. G leads to

AVS = —[(1.91 + g7 ' + (1.81 + g '1Q + (j—f))T X, (é - 1) (46)

and

ACR, = —n[(1.91 + @' + (1.81 + 97 '|TX

g 1 o\ ¥g

verv (e w B G o
where X, and X; are given by eqs (B-7) and (B-8) in app. B. Expressions
for (dg/dP)r, (g/3T)e, and (9°g/8T?)p in terms of the a; coefficients are
given by eqs (C-2), (C-3), and (C-5) in app. C, respectively. These
equations, together with eqs (364, B, and ), (46), and (47) permit
regression of experimental values of AV and ACg,, to retrieve values of
the a; coefficients.

The values of AV, and ACg,; for NaCl used in the regression
calculations described above were computed from the experimental
values of V&,q and Cgn.a given in tables 4 and 5 using eqs (10), (29),
(F-1), and (F-4) in app. F and the equation of state coefhcients for Na*
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Fig. 18. Standard partial molal volume (V °) of NaCl as a function of temperature at
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text and the caption of fig. 13).
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and Cl~ shown in table 3. Comparison of predicted values of V{and Cg,
with their experimental counterparts in figures 3 through 6 and 13
through 18 suggest that g is negligible and Born coefficients are
therefore essentially constant at higher pressures or lower temperatures
than those represented by the dashed curve in figure 19. Consequently,
g, (8g/9P)r, (9g/3T)e, and (9°%g/IT?)p were taken to be zero at these



TABLE 4

Experimental (Exp.) and calculated (Calc.) high temperature /pressure
values of the standard partial molal volume (V°) of NaCl in cm® mole™.

T P Vol yob T P ved Vel
(°C) | (Bars) Exp. Calc. (°C) | (Bars) Exp. Calc.
225.0 | 200.0 -6.0¢ -6.4 | 250.0 99.2 -25.5¢ -26.0
250.0 | 200.0 -18.5¢ -19.2 250.0 | 1974 -19.08 -19.4
275.0 | 200.0 -39.0¢ -39.6 250.0 | 492.0 -7.5¢ -7.7
300.0 | 200.0 -75.0¢ -75.3 250.0 | 786.5 0.0¢ -1.5

325.0 | 200.0 | -153.0¢ | -152.7 | 2749 99.2 -51.5¢ -52.7
350.0 | 200.0 | -420.05 | -420.4 | 2749 | 197.4 -39.5¢ -39.7
2749 | 109.3 -48.54 -51.1 2749 | 4920 -18.0¢ -19.6
274.9 | 24538 -33.04 -35.0 | 2749 | 7865 -8.0¢ -9.9
2749 | 3713 -24.04 -25.8 | 300.0 99.2 | -107.5¢ | -107.7
324.3 | 206.5 | -147.09 | -145.2 | 300.0 | 197.4 -78.5¢ -76.0
324.3 | 387.8 -81.0¢ -80.1 300.0 | 492.0 -37.0¢ -37.0
300.0 | 786.5 -19.5¢ -21.3

2Generated by regression of experimental apparent molal volumes (®y) of NaCl solu-
tions reported by the sources in footnotes ¢, d, and e with the &y equation given by
Helgeson and Kirkham (1976). 2Computed from eqn (46), and eqns (C-la, b, and ¢),
(C-2), (C-7), (D-2), (E-1), (E-2) and (F-1) in apps. C, D, and E using coefficients given in
tables 3, C-1 and E-1. “Grant-Taylor (1981). $Gates (1985). €L’vov, Zarembo, and
Gilyarov (1981).

TABLE 5

Experimental (Exp.) and calculated (Calc.) high temperature/pressure
values of the standard partial molal isobaric heat capacity (Cg) of NaCl
in cal mole™ ' K™

o8 _o2 2 o2
T P Cp Cp T P Cp Cp
(°C) | (Bars) Exp. Calc. (°C) | (Bars) Exp. Calc.
180.0 10.0 -42.0%4 -43.1 + 217.9 | 177.0 -56.0f -57.5
200.0 15.5 -54.5%¢ -55.4 | 2246 | 177.0 -61.5f -62.9
250.0 39.7 -122.0¢ -120.0 | 276.0 | 177.0 | -143.0f | -146.
300.0 85.8 -365.0¢ -385.0 | 299.0 | 177.0 | -246.0L | -247.
350.0 | 165.2 | -4450.08 -4444.0 | 330.2 | 177.0 | -748.0f | -745.
225.6 49.6 -78.0f -76.6 | 225.6 | 179.0 -61.08 -63.6
225.6 | 101.0 27108 -70.9 | 275.9 | 179.0 | -146.08 | -145.
2759 | 101.0 -183.0f -178.0 | 300.3 | 179.0 | -254.08 | -254.
299.0 | 100.0 -341.08 -344.0 | 324.7 | 179.0 | -570.08 | -571.

2Generated by regression of experimental apparent molal isobaric heat capacities (<I>CP)

of NaCl solutions reported by the sources shown in footnotes c, d, e, f and g with the
‘1>Cp equation given by Helgeson, Kirkham, and Flowers (1981). EComputed- from eq.
(47), and egs. (C-1a, b, and c¢), (C-3), (C-5), (C-7), (C-8), (D-1), (D-4), (E-1), (E-3), (E-5)
and (F-4) in apps. C, D, E, and F using coefficients taken from tables 3, C-1 and E-1.
¢Likke and Bromley (1973). $Cobble and Murray (1981). €Puchkov, Styazhkin, and
Fedorov (1976). fGates (1985). 8 Smith-Magowan and Wood (1981).
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pressures and temperatures as well as at selected pressures and tempera-
tures along the dashed curve in figure 19. These values were then
regressed simultaneously with the experimental values of AV iy,
and ACP, n.ci which generated the a; coefficients given in table C-1 in
app. C. It should be emphasized that the values of g apply only to the
shaded pressure-temperature region shown in figure 19.

The pressures and temperatures in the shaded area of figure 19 are
bounded by egs (C-9) and (C-10) in app. C. The dashed curve in figure
19 was chosen to minimize discontinuities in VPand AC3), of electrolytes
along the curve. However, values of g computed from eq (C-14, B, and ¢)
in app. C for pressures and temperatures slightly below the dashed curve
in figure 19 may be positive. These small positive values should be
regarded as zero.

Values of Vi.q and Con.a computed from the revised HKF model
using the a; coefficients in table C-1 compare favorably with their
experimental counterparts. For example, it can be seen in table 4 that
the maximum absolute difference between the calculated and experi-
mental values of V3, is 2.6 cm®mole™!, and most of the differences are
within =1.5 cm®mole™'. Similarly, the majority of the calculated values
of Cfnaa in table 4 are within ~2 cal mole 'K™' of the experimental
values. Modification of the empirical equation for g (eq 364, B, and C) to
reduce the differences between the calculated and experimental values
shown in tables 3 and 4 was not attempted, because the differences are
not systematic and all the differences are less than the likely uncertain-
ties in the experimental values.

Values of V¢ and Cg, at high temperatures and low pressures
predicted from the revised HKF model can be compared with their

5000 S
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Fig. 19. Pressure and temperature region (shaded) in which the value of g is non-zero
and consistent with eqs (36A, B, and C).
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experimental counterparts in figures 20 through 23. The close agree-
ment of the predicted curves with the symbols representing the experi-
mental values strongly supports the revised equations for the effective
electrostatic radius of aqueous ions (eqs 34 and 35), as well as the
functional form of the empirical equation for g (eq 364, B, and cor C-1a4,
B, and C).

Values of g and its pressure and temperature derivatives generated
from the equations and coefhicients given in app. C are represented by
the isobaric and isothermal curves in figures 24 and 25. Uncertainties in
the derivatives of g increase rapidly as pressures and temperatures
approach the boundary of the shaded region in figure 19 which is closest
to the critical point of H,O. Consequently, eqs (C-2) through (C-8) in
app. C should not be used outside the shaded pressure/temperature

50 Y T T T T T T
O —
-50 -
-100 NaCl i
- — PRESENT STUDY
'w -150 | 200 BARS -
3 A HILBERT (1979)
2 500k 200 BARS |
"= O GRANT-TAYLOR (198I)
o _250 | 200 BARS ]
I> O Uvov,ZAREMBO & GILYAROV
(1981) 197 BARS
-300 F O GATES (1985) n
202 BARS
-350 | =
-400 } -
-450 1 1 1 1 I |

O 50 100 150 200 250 300 350
TEMPERATURE ,°C

Fig. 20. Standard partial molal volume (V°) of NaCl as a function of temperature
at ~200 bars. The symbols represent experimental data, but the curves correspond to
independently predicted values from the revised HKF model (see text).
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Fig. 21. Standard partial molal volume (V °) of CaCl, as a function of temperature at
~204 bars (see caption of fig. 20).

region in figure 19. Because the calculated values of g and its pressure
and temperature derivatives are not necessarily identical to zero at the
pressures and temperatures corresponding to the dashed curve in figure
19, predicted values of the standard partial molal properties of aqueous
species from the revised HKF model may exhibit small discontinuities at
the pressures and temperatures represented by this curve. These discon-
tinuities should have a negligible effect on most geochemical calcula-
tions.

As indicated above, egs (364, B, and € or C-14, B, and C) cannot be
used to estimate reliable values of g at temperatures higher than those
indicated by the shaded region in figure 19. However, because many
geochemical processes occur at pressures and temperatures in the
critical region of HyO, values of g have been graphically extrapolated
into this region. These values are represented by the dashed curves in
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Fig. 22. Standard partial molal isobaric heat capacities (Cg) of NaCl, KCl, LiCl, and
NaBr as functions of temperature at ~177 bars (see caption of fig. 20).

figure 26. Values of the dielectric constant of HyO (¢) at temperatures
greater than 450°C calculated from the equations given by Pitzer (1983)
are given in table 6. The dashed curves shown in figure 26 can be used
together with the values of ¢ given in table 6 to calculate rough esti-
mates of AG® for aqueous ions and electrolytes to temperatures of
1000°C. It should be emphasized in this regard that the partial deriva-
tives of the dashed curves in figure 26 are not reliable.

SUMMARY OF THE REVISED EQUATIONS OF STATE
Revised expressions for the nonsolvation (AZ?) and solvation (AZ;
contributions to the standard partial molal properties (£°) of aqueous
species are given in apps. F and G, respectively. These equations permit
derivation of the revised expressions for the standard partial molal
volume (V°), isothermal compressibility (k°), expansibility (E?), isobaric
heat capacity (Cg), and entropy (S°) of the kth aqueous electrolyte or the
jth ion, which are given in app. A (eqs A-1 through A-5). The revised
equations for the change in the standard partial molal enthalpy (H® —
H3 1,) and Gibbs free energy (G° — G5 r1,) from the reference pressure
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(P,) and temperature (T,) of 1 bar and 298.15 K to the pressure and
temperature of interest correspond to eqs (A-6) and (A-7). Calculation
of the apparent standard partial molal enthalpy of formation (AH®) and
the apparent standard partial molal Gibbs free energy of formation
(AG®) of an ion or electrolyte can be carried out by combining eqs (A-6)
and (A-7) with

AH° = AHf+ (H° — Hp,1) (48)
and

AG® = AGP+ (G° — Gg,1) (48)
where AHf" and ACf" denote the standard partial molal enthalpy and
Gibbs free energy of formation from the elements of the aqueous ion or
electrolyte at P, and T,.

Values of the equation of state coefficients for the jth aqueous
ion represented by ai; as;, asj @sj, €1, and cy;, together with the

X
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Fig. 23. Standard partial molal isobaric heat capacities (Cg) of CaCl, and MgCl; as
functions of temperature at ~177 bars (see caption of fig. 20).
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Fig. 24. Solvent function g and its first derivatives as functions of pressure and
temperature computed using equations and coefficients given in app. C.

crystallographic radii (r.;) and the conventional standard partial molal
entropies (S 1), enthalpies of formation (AHf;), and Gibbs free ener-
gies of formation (AGf)) at P, and T, are given in table 3. The coefhicients
and thermodynamic data for the ions given in table 3 permit calculation
of a4, Gay, Gsp, Gag, €14, and coy for the kth aqueous electrolyte from eq
(29) and S¢p,1,, AHf, and AGf from eq (3).

The Born coefficient of the kth aqueous electrolyte (ws) or the jth
aqueous ion (w;), together with their pressure and temperature deriva-
tives are given by egs (B-1) through (B-11) in app. B. The values of g and
its pressure and temperature derivatives required to evaluate eqs (B-1)
through (B-11) can be calculated from eqs (C-1) through (C-8) and the
coefficients given in table C-1 in app. C. The Born functions represented
by Y, Q, N, X, and U are expressed in terms of the dielectric constant of
H2O (¢) and its pressure and temperature derivatives in eqs (D-1)
through (D-5) in app. D. At temperatures below 100°C and pressures
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Fig. 25. Second derivatives and the cross-derivative of g as functions of pressure and
temperature computed using equations and coeflicients given in app. C.

above 1 kb, the values of € and its pressure and temperature derivatives
used in the present study were generated by extrapolating equations
given by Bradley and Pitzer (1979). At all other pressures and tempera-
tures, the values of € and its pressure and temperature derivatives were
calculated using equations and coefficeints taken from Helgeson and
Kirkham (1974) which are given in app. E. At the boundary of the
pressure and temperature regions in which these two equations for e are
valid, slight discontinuities occur in the predicted standard partial molal
properties of aqueous species. These discrepancies are small enough
that they should have a negligible effect on geochemical calculations.
To facilitate application of the revised HKF equations to geochem-
ical calculations, values of ¢, Y, Q, N, X, U, g, and the pressure and
temperature derivatives of g are given in app. H for various pressures
and temperatures of geologic interest. These values, combined with the
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extrapolated values of the solvent fraction g to 1000°C at
b (see text).

coefficients given in table 3 and the equations summarized in apps. A
and B permit calculation of the standard partial molal properties of
aqueous ions and electrolytes at pressures from those corresponding to
vapor-liquid saturation for HoO to 5 kb and temperatures from 0° to

450°C

TABLE 6

Values of the dielectric constant of HyO at temperatures from 475° to
1000°C and pressures from 0.5 to 5 kb computed from the equations
given by Pitzer (1983) and Haar, Gallagher, and Kell (1980)

T PRESSURE, KB
) 0.5 075 1.0 1.25 1.5 2 3 4 5
475 4.89 876 1090 1234 1344 1510 17.40 19.02 20.27
500 376 7.17 945 1098 12.14 13.86 1620 17.82 19.05
550 2.73 491 7.03 8.64 9.87 11.69 14.09 1572 1694
600 2.26 3.68 5.34 6.81 8.03 9.87 1231 1395 15.16
650 1.99 3.00 4.24 5.48 6.58 8.36 10.79 12.44 1365
700 1.82 2.58 3.52 4.53 5.49 7.14 9.51 11.14 12.34
750 1.69  2.29 3.04 3.85 4.67 6.16 842 1001 11.21
800 1.60 2.09 2.69 3.36 4.05 5.37 7.49 9.04 10.22
850 1.52 1.93 2.43 3.00 3.58 4.74 6.71 8.20 9.35
900 1.47 1.82 2.24 2.71 3.22 4.24 6.04 7.47 8.59
950 142 1.72 2.08 2.49 2.93 3.83 5.48 6.83 7.91
LlOOO 1.38  1.64 1.96 2.32 2.70 3.49 5.00 6.27 7.31
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HIGH PRESSURE AND TEMPERATURE PREDICTIONS
FROM THE REVISED EQUATIONS OF STATE

Comparison of predicted and experimental dissociation constants for
H,O.—Few experimental studies of the standard partial molal proper-
ties of aqueous electrolyes have been carried out over extensive ranges
of temperature and pressure. Among those that have not already been
considered above, experimental dissociation constants for H,O at tem-
peratures to 300°C and pressures to 5 kb can be compared in detail to
independently predicted values to evaluate the efficacy of the revised
HKF model.

Differences (6 log K,) between experimental (Sweeton, Mesmer,
and Baes, 1974) and predicted values of log K. (6 log K, = the experi-
mental log K,, — the predicted log K,) at 1 bar for temperatures below
100°C and at vapor-liquid saturation pressures for H,O at temperatures
from 100° to 300°C are given in table 7. Corresponding differences for
the change in the standard molal Gibbs free energy of this reaction (5
AG/) are also listed in table 7. The values of (6 log K,) and (6 AG;) in
table 'Lcan beﬁompared with estimated uncertainties in log K, (xlog K,)
and AG; (£AG,) reported by Sweeton, Mesmer, and Baes (1974). The
experimental values of log K, at 1 bar and vapor-liquid saturation

TABLE 7

Predicted and experimental values of log K, at 1 bar and vapor-liquid
saturation pressures of HoO at temperatures >75°C

Jag B¢ GE
TCO) | logK,2 | slog KW[3 tlog KwE AG, 8AG, *AG,
0 -14.939 -0.002 0.009 18.672 +2 9
25 -13.995 | +0.002 0.009 19.093 -3 9
50 -13.272 0.000 0.006 19.624 0 12
75 -12.706 -0.003 0.006 20.241 +4 12
100 -12.261 -0.003 0.009 20.934 +5 12
125 -11.912 -0.002 0.009 21.702 +2 18
150 -11.645 | +0.003 0.012 22.547 -6 21
175 -11.451 +0.010 0.012 23.482 -22 24
200 -11.309 | +0.007 0.012 24.484 -16 24
225 -11.225 | +0.003 0.012 25.586 -8 27
250 -11.198 | +0.002 0.015 26.805 -4 36
275 -11.230 | +0.006 0.027 28.167 -16 69
300 -11.331 | +0.030 0.045 29.717 -79 117
325 -11.526 31.546
350 -11.879 33.870
360 -12.096 35.043

aPredicted values from the revised HKF model. © Experimental values reported by
Sweeton, Mesmer and Baes (1974), minus corresponding values from the revised HKF
model. ¢Estimated uncertainties in the experimental values reported by Sweeton, Mes-
mer and Baes (1974). $kcal mole™!. €cal mole!.
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pressures given by Sweeton, Mesmer, and Baes (1974) were generated
by simultaneously regressing (1) potentiometric data for temperatures
from 0° to 300°C and ionic strengths from 0.02 to 3.0, (2) values of AH;?
determined from calorimetric data at temperatures from 0° to 55°C,
and (3) values of log K, calculated from conductance data at tempera-
tures from 51° to 271°C. The regression calculations were carried out
with an empirical equation to describe the temperature dependence of
log K,, together with a semiempirical expansion of the Debye-Hiickel
equation to include higher order terms in temperature and ionic
strength. The resulting estimated uncertainties in log K, (zlog K,)
represent +3 standard deviations from the regression values. Values of
AGPand log K., prEdicted in the present study are also given in table 7.
The values of AG? were calculated from AGH,c obtained from the
equation of state for H,O developed by Haar, Gallagher, and Kell (1980)
using predicted values of AG3y- generated from eqs (49) and (A-5) in
app. A using the equation of state coefficients for OH™ given in table 3.

It can be seen by comparison of the values of § log K, and 6 AG;,
respectively, with those of xlog K, and *AG; in table 7, that the
differences between the experimental and predicted values of log K,
and AG; are less than the estimated uncertainties in the corresponding
experimental values at all temperatures. In the temperature range
where extensive experimental data are available (0°-275°C), the maxi-
mum values of xlog K, and +AG? are 0.027 log units and =69 cal
mole~!. In contrast the maximum values of § log K,are é AG? are 0.010
log units and —22 cal mole™'. For the same temperature range, the
average values of =log K, and +AG; are 0.012 log units and 22.8 cal
mole™', which are larger than the average absolute values of § log K,
(0.004 log units) and AG (7.3 cal mole™") by a factor of three.

The remarkably close agreement of the independently predicted
values of log K, shown in table 7 with the corresponding experimental
values leaves little doubt that the revised HKF model permits highly
accurate predictions of the standard partial molal properties of aqueous
species to temperatures of at least 300°C at vapor-liquid saturation
pressures for H,O. The agreement is particularly impressive in view of
the fact that the revised equation of state coefhcients for OH™ were
obtained by regression of experimental values of Ve, k°, and Cg for
aqueous electrolytes at 1 bar and temperatures below 100°C (see above).
Because electrostatic solvation contributions to the standard partial
molal properties of aqueous species predominate at high temperatures
and low pressures, the close agreement of the predicted and experimen-
tal values of log K, at temperatures above 200°C also strongly supports
the revised interpretation of the effective electrostatic radii (r,; of
aqueous ions (eqs 34 and 35) and the predictive accuracy of the equation
representing g as a function of temperature and the density of H;O (eq
364, B, and C).

In contrast to the close agreement of the predicted and experimen-
tal values of log K,, at vapor-liquid saturation pressures for HO, com-
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parison of predicted and experimental values of log K, at high pressures
reveals somewhat larger discrepancies. Predicted values of log K, at
high pressures calculated in the manner described above are shown in
table 8. These predicted values of log K, were used to calculate the
values of (¢ log K,) shown in table 8 using experimental values of log K,
reported by Linov and Kyrukov (1972) at the corresponding pressures
and temperatures. The precision of the potentiometric data reported by
Linov and Kryukov (1972) is estimated in the present study to be + 1 mV.
An uncertainty of =1 mV in the potentiometric data corresponds to
pressure-independent uncertainties in the experimental values of log K,

at 18°, 25°, 50°, and 75°C, respectively, of £0.017, +0.017, £0.016,

and +0.014. It can be seen in table 9 that for pressures greater than 1 kb
most of the absolute values of § log K, are larger than these uncertain-
ties. A probably explanation for the larger values of § log K, at these
high pressures is given below.

Linov and Kryukov (1972) generated values of the logarithm of the
ratio of the dissociation constant of HyO at a given pressure (P) to that at
the reference pressure (P,) (log (Kup/Kup,)) by extrapolation of poten-
tiometric data (Ep — Ep) to infinite dilution using the relation.

Kop —F(Er — Ep) ('YH*P'YOH’P
log\x 1= 7+ log | —ORE ) 50
g(Kw,p,) 2.3 03RT &\ Yaer. Yor, (50)

TABLE 8

Predicted and experimental values of log K, at temperatures from 18°
to 75°C and pressures from 1 to 5 kb

P 18 °C 18°C_| 25°C | 25°C
(KB) | logK,? | slogK,” | logK,? | slogK,,”

-13.864 -0.009 -13.639 -0.016
-13.544 -0.012 -13.325 -0.049
-13.261 -0.013 -13.042 -0.093
-13.002 -0.041 -12.784 -0.132
-12.762 -0.087 -12.542 -0.183

50 °C 50 “Cb 75 °C 75 °Cb
logKWE slog K~ longg dlogK,,~

-12.943 -0.059 -12.390 -0.015
-12.644 -0.113 -12.099 -0.048
-12.370 -0.162 -11.832 -0.080
-12.115 -0.209 -11.582 -0.117
-11.873 -0.267 -11.344 -0.165

,\
W W N — é'-u [V N VE R Ry
=z

aPredicted value from the revised HKF model. 2 Experimental values reported by Linov
and Kryukov (1972) minus corresponding values predicted from the revised HKF
model.
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TABLE 9.

Conventional standard partial molal volumes (V) of aqueous cations in
cm® mole™! at vapor-liquid saturation pressures for HyO and
temperatures from 0° to 350°C. The values shown in this table were
computed from eqs (A-1) in app. A and (B-1), (B-9), and (B-10) in app.
B, using coefficients taken from table 3 together with values of e given
in table H-2 and those of Q in table H-3, g in table H-8, and (dg/dP)r in
table H-9 of app. H

T(°C) Li* Na~ K- Rb* Cs”* NH; Mg Ca** Sr*® Ba**

0 -0.48 -3.43 7.45 13.34 19.30 1739 -21.50 -19.20 -17.85 -15.41
25 -0.88 -1 9.06 1432 21.42 1813 -21.55 -18.06 -17.41 -12.60
50 -1.25 -0.13 9.76 1473 2238 1842 -22.16 -17.98 -17.63 -11.64
75 -1.68 0.29 10.07 1490 2290 1850 -23.21 -18.50 -18.27 -11.52

100 -2.25 0.37 10.17 1492 2319 1845 -2479 -19.56 -19.35 -12.02
125 -3.03 0.17 10.09 14.82  23.31 18.28  -27.09 -21.26 -20.98 -13.12
150 -4.13 -0.32 9.83 14.59 2330 1796 -30.43 -23.83 -23.40 -14.99
175 -5.96 -1.35 9.25 1413 23.11 17.36  -36.26 -28.38 -27.60 -18.42
200 -7.87 -2.52 8.57 13.57 2284 1666 -41.91 -3297 -31.88 -22.03
225 -10.45 -4.22 7.55 12.76 22,37 15.65 -49.29 -39.15 -37.65 -27.03
250 -13.98 -6.69 6.03 1153 21.61 1415  -58.67 -47.35 -4540 -33.93
275 -18.87 -10.37 3.65 9.61 2037 11.85 -70.03 -58.15 -55.83 -43.55
300 -25.79  -16.20 -0.37 631 18.15 796 -81.34 -71.68 -69.60 -57.19
325 3452 -26.05 -8.16 -0.27  13.52 041 -7459 -80.87 -8247 -74.11
350 -9.41 -32.02 -23.48 -15.04 1.68 -15.01 20325 5743 18.73  -20.10

where F represents Faraday’s constant, Ep and Ep, denote the emf of the
cell at the pressure of interest and the reference pressure, respectively,
and vy« p, Yu+ p,, You-p, and you- p, stand for the activity coefficients of the
H* and OH™ at the subscripted pressures. Despite the fact that Linov
and Kryukov’s (1972) potentiometric measurements were made at ionic
strengths of 0.10 to 0.11, they used the Debye-Hiickel limiting law to
predict the values of the second term on the right side of eq (50). An
extended form of the Debye-Hiickel equation would be more appropri-
ate for these ionic strengths. Regression of the potentiometric data of
Linov and Kryukov (1972) using the extended Debye-Hiickel equation
given by Helgeson, Kirkham, and Flowers (1981) yields experimental
values of log K, at high pressures which are much closer to those
predicted in the present study. Similar regression of the potentiometric
data specifying the predicted values of log K, in table 8 yields results to
within =1 mV of Linov and Kryukov’s data.

If the high pressure discrepancies discussed above are not in fact a
consequence of errors in Linov and Kryukov’s (1972) method of
extrapolation of their experimental data to infinite dilution, then the
values of 6 log K, in table 8 would indicate that the pressure terms in the
revised HKF model are in error. This does not seem likely in view of the
success of the model in representing both the pressure and temperature
dependence of the standard partial molal properties of a large number
of aqueous electrolytes.
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Standard partial molal properties of aqueous electrolytes.—Predictions
of a given standard partial molal property of different aqueous electro-
lytes (E¢) from the revised HKF model suggest that the shape of the
P-T-Z¢ surface for any one electrolyte is similar to those for all the
others. As a consequence, the conﬁguratlons of the isobars and
isotherms for the calculated values of V° JE2 C8,5°,AH®, and AG®
for NaCl in figures 27, 28, and 29 can be regarded as representative of
aqueous electrolytes in general. The shapes of the curves in these figures
arise not only from the pressure and temperature dependence of the
nonsolvation (AZ?) and solvation (AZE?) contributions to the properties
but also from the relative magnitude of these contributions as a function
of pressure and temperature.

It can be seen in figure 27 that the curve representing Viaa at
vapor-liquid saturation pressures for HyO (labeled Pgar) exhibits a
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maximum at ~60°C (T,..v-). Consequently, the Psar curve for E,° na
(fig. 27) passes through zero at the inflection point where T = T, v-. If
T < Theeve, then E,°nua > 0, but if T > T, v, then Ely,g < 0. In
contrast, the Psat curve for —kRaq (fig. 27) passes through a minimum at
T = T..%. The shapes of the Psar curves for Vi,a, Efnac, and —«R.¢ in
figure 27 arise from the fact that the asymptotic temperature depen-
dence of the nonsolvation contributions (AV;,, —Akegs, and AEZ. .
opposes that of the solvation contributions (AVS, —Ak%, and AEL, ). For
T < Theev and T — 0 = 228 K, the nonsolvation contributions dictate
the shapes of the Psat curves because VP— AV2, — —oo, —k{ — — Ak
—w, and E — AE?S, 4 — ». However, for T > T, v- and T — T_y,0, the
solvation contributions control the shapes of the Psat curves because Ve
- AVy— —», —k{ — —k% — o, and E5 — AES; — «. The
configurations of the isotherms for Viach Eonac, and —kgac in figure 27
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Fig. 29. Apparent standard partial molal Gibbs free energy of formation (AG{ ) of
NaCl computed from the revised HKF model as a function of pressure and temperature.
The curves are dashed at pressures and temperatures where extrapolated values of g were
used (see text and fig. 26).

are controlled in a similar manner. For T > T,..v-, the shapes of the
isotherms are a function primarily of AVS, —Ak%, and AEZ,,. which
decrease asymptotically and approach relatively small values with
increasing pressure. Because AVY, —Akl, and AES,; also decrease
asymptotically and approach relatively small values with increasing
pressure, the isotherms are asythotic for T < Tauve. It follows that
with increasing pressure, —Efan(lE,Sk apprgach relatively small values at
all temperatures. However, as AV, and AV, become relatively small at
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high pressures, Vi approaches a nearly constant value, which is approxi-
mately equal to the intrinsic standard partial molal volume (V). Note
that the curvature of the isobars for Vi,cr,, ESnacs, and —kR.q in figure 27
decreases with increasing pressure.

It can be seen by comparison of figures 27 and 28, that the
configurations of the isotherms and isobars for C3nach> Srac, and AHR,a
are similar to those of the curves representing the volumetric properties.
These similarities occur because the pressure and temperature depen-
dence and relative magnitude of the nonsolvation and solvation contri-
butions to these properties are closely analogous to those of the
volumetric properties. The curves for Cin.a in figure 28 are dashed
where uncertainties in the calculated values of the Born function X and
AC3, naci become relatively high. The large changes in the predicted
values of Cgnaici at pressures above 0.5 kb and temperatures below
~100°C in figure 28 are controlled by ACg,, n.ci- Currently there are no
available experimental heat capacity data for NaCl or other aqueous
electrolytesat P > 0.5 kband T < 100°C that can be used to confirm the
predictions shown for these temperatures and pressures in figure 28.
Nevertheless, they seem reasonable to us because (3Cg/dP)r = —T(GQV;?/
dT?)p and the predicted values of V¢ for NaCl are in close agreement
with experimental values of VR.q in this pressure and temperature
region {see figs. 13 and 18). .

As described above, estimated values of AG{can be calculated from
the revised HKF model to temperatures of 1000°C using the values of ¢
and g shown in table 6 and figure 26, respectively. High-temperature
values of AGy for NaCl estimated in this manner are represented by the
dashed curves in figure 29. The Pgsrcurve and the 1 kb isobar for AGR.¢
minimize at temperatures corresponding to Sx.ci = 0 for these pressures
in figure 28. Similarly, the 200°, 300°, and 400°C isotherms for AGR,q
shown in figure 29 exhibit minima at pressures where the corresponding
isotherms representing VR.q in figure 27 intersect Vi, = 0. Note that if
Ser,t, and Vip 1, are positive, the isobars and isotherms for AGPof other
etectrolytes should exhibit minima similar to those of NaCl because S¢
and V¢ are highly negative for all electrolytes in the critical region of
H,O.

Excluding the term for the solvation contribution to AGY (AGR),
the sum of the remaining terms in the revised equation for AGy (eqs 49
and A-7 in app. A) describes a quasi-planar P-T-AG{’surface. In contrast,
AG; becomes increasingly less negative as termperatures and pressures
approach the critical region of H,O, which leads to increasing curvature
of the isobars and isotherms in the critical region. The similarity
between the P-T-Z; surfaces for NaCl (figs. 27, 28, and 29) and other
aqueous electrolytes is a consequence of the common effect for all
electrolytes of the structural and electrostatic properties of HO on the
pressure and temperature dependence of AZy,, and AES, respectivley.
The equation of state and Born coefficients for aqueous electrolytes in
the revised HKF model can be regarded conceptually as scaling parame-
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ters that relate the P-T-E{ surfaces to these solvent properties. Differ-
ences between values of a given standard partial molal property =y for
NaCl and other aqueous electrolytes are caused primarily by the effects
of ion size and charge on values of Z7 Predicted values of Z?from the
revised HKF model for aqueous ions of differing size and charge are
considered below.
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Fig. 30. Conventional standard partial molal molal volumes (V) of Na*, Mg**, Cl~,
and SO,4™~ as functions of pressure and temperature computed from the revised HKF
model.
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Conventional standard partial molal properties of aqueous tons.—
Prediction of V7, Cg; S5 and AG from the revised HKF model
generated the curves shown for Na*, Mg™*, Cl~, and SO4™ ™ in figures 30
through 33. Comparison of the predicted values of %7 for these ions
with corresponding values predicted for the other ions listed in table 3
suggests that the configurations of the curves in figures 30 through 33
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Fig. 31. Conventional standard partial molal isobaric heat capacities (Cg) of Na*,
Mg**, ClI7, and SO, " as functions of pressure and temperature computed from the
revised HKF model.
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Fig. 32. Conventional standard partial molal entropies (S;) of Na*, Mg™*, ClI~, and
SO, as functions of pressure and temperature computed from the revised HKF model.

are representative of those for ions of the same charge. Calculated
values of V?, C§;, S2 and AG; are given in tables 9 through 16 for
aqueous ions at H,O vapor-liquid saturation pressures and temperatures
from 0° to 350°C.

It can be seen by inspection of figures 27 through 33 that for a
given =°, the P-T-E° surfaces for aqueous ions and electrolytes generally
have the same shapes. In the low-temperature region where nonsolva-
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Fig. 33. Conventional apparent standard partial molal Gibbs free energies of for-
mation (AG;) of Na*, Mg**, CI7, and SO,™~ as functions of pressure and temperature
computed from the revised HKF model.

tion contributions dominate the values of Z¢ and Z;(see above), these
similarities occur solely as a consequence of the fact that the equations
for the nonsolvation contributions for aqueous electrolytes and ions
differ only by pressure- and temperature-independent equation of state
coeflicients which are additive (see eq 49). At high temperatures where
solvation contributions predominate, corresponding isobars and
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TABLE 10

Conventional standard partial molal volumes (V; ) of aqueous anions in
cm® mole™! at vapor-liquid saturation pressures for H,O and
temperatures from 0° to 350°C—see caption of table 9

TCC)  F- cr- Br I- OH-  HCO;  NO; HS-  SO;-
0 204 1631 2272 3309 674 20173 2384  17.62 9.12
25 -132 1179 2485 3631 -418 2460  29.00 2021  13.88
SO -1.65  17.94 2534  37.35 361 2547 3102 2089 1493

75 -2.66 17.36 25.00 37.36 -4.06 25.38 31.68 20.64 14.09
100 -4.36 16.14 23.97 36.62 -5.36 24.57 31.46 19.63 11.69

125 -6.94 14.15 22.16 35.09 -7.62 22.99 30.43 17.80 7.51
150 -10.78 11.10 19.33 32.56 -11.14 20.41 28.44 14.90 1.00
175 -17.07 6.15 14.69 28.33 -17.06 16.14 24.96 10.08 -9.85
200 -24.59 -0.19 8.65 22.71 -24.27 10.48 20.10 3.86 -23.42
225 -35.54 -9.69 -0.48 14.10 -34.90 1.84 12.52 -5.51 -43.60
250 -52.03 -24.54 -14.87 0.40 -51.09 -11.90 0.21 -20.23 -74.80

275 -78.60 -49.63 -39.38 -23.19 -77.49 -35.53 -21.34 -45.16  -126.62
300 -126.57 -97.71 -86.80 -69.38  -125.86 -81.79 -64.28 -93.08 -223.90
325 -231.43  -212.33  -201.28 -182.48 -233.89 -194.99 -171.59 -207.71 -449.05
350 -550.48 -639.18 -638.08 -625.58 -581.04 -637.60 -607.03 -637.02 -1236.1

TABLE 11

Conventional standard partial molal isobaric heat capacities (Cg;) of
aqueous cations in cal mole™! K™' at vapor-liquid saturation pressures
for H,O and temperatures from 0° to 350°C. The values shown in this
table were computed from eqs (A-4) in app. A and (B-2), (B-4), (B-9),
(B-10), and (B-11) in app. B using coeflicients taken from table 3
together with values of e given in table H-2, and those of Y in table H-4,
X in table H-6, g in table H-8, (9g/dT)p in table H-10, and (3°%g/0T?)y in
table H-12 in app. H

T(°C) Na* K* Rb* Cs' NH; Mg'* Ca*™ Sr** Ba*”

0 0.38 -3.24  -13.86 -22.83 1562 -22.70 -15.14 -1895  -22.53
25 9.06 1.98 -2.98 -6.29  15.74 -5.34 -7.53  -10.05  -12.30

50 11.40 3.39 0.32 -1.10 15.53 -1.88 -6.80 -8.77 -10.38

75 11.99 3.75 1.58 1.08 15.19 -2.46 -8.18 -9.77  -10.89
100 11.80 3.65 2.02 2.08 14.73 -5.10 -10.78  -12.01  -12.64
125 11.06 3.23 1.99 2.49 1412 -9.59  -14.68 -15.51 -15.56
150 9.70 2.44 1.57 2.50 1325 -16.58 -20.48 -20.79  -20.06
175 8.08 1.46 0.93 2.26 12.24  -23.59  -26.51 -26.37 -24.96
200 6.06 0.18 0.01 .77 10.97  -30.71 -33.05 -32.58 -30.59
225 3.12 -1.74 -1.48 0.87 9.10  -39.12  -41.40 -40.69 -38.20
250 -1.36 -4.82 -3.94 -0.75 6.14  -48.15 -52.02 -51.45 -48.84

275 -8.89  -10.33 -8.46 -3.84 0.87 -54.86 -65.33 -66.08 -64.65
300 -23.20 -21.86 -18.18 -10.70 -10.19 -40.24 -76.13 -82.88  -88.19
325 -49.18  -50.22  -43.42 -29.58 -37.84 178.65 547 -36.70  -85.70
350 15148 -69.52 -90.92 -86.41 -67.50 46573 2616.7 2061.7 1341.9
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TABLE 12

Conventional standard partial molal isobaric heat capacities (Cp3) of
aqueous anions in cal mole™' K" at vapor-liquid saturation pressures
tor HyO and temperatures from 0° to 350°C—see caption of table 11

T(°C) F~ Cl- Br- I OH~ NO3 HS- SOz~

0 -49.26 -46.29 -50.41 -42.87 -63.05 -36.11 -39.98  -117.07
25 -27.23 -29.44 -30.42 -28.25 -32.79 -16.40 -22.17 -64.38
50 -22.62 -26.04 -25.91 -25.35 -25.43 -11.63 -18.44 -51.85
75 -23.03 -26.53 -25.81 -25.84 -24.54 -11.06 -18.76 -50.67

100 -25.95 -28.99 -27.86 -28.05 -26.68 -12.47 -21.12 -54.88
125 -31.09 -33.23 -31.71 -31.83 -31.23 -15.45 -25.25 -63.45
150 -39.16 -39.83 -37.89 -37.71 -38.76 -20.39 -31.76 -77.49
175 -49.33 -48.67 -46.32 -45.77 -48.52 -27.45 -40.51 -96.08
200 -63.20 -61.44 -58.69 -57.69 -62.13 -38.19 -53.19  -122.56
225 -84.78 -82.08 -78.86 -77.21 -83.57 -56.07 -73.74  -164.92
250 -121.00 -118.25 -114.48 -111.92 -120.00 -88.30  -109.80 -238.14
275  -189.74 -190.03 -185.68 -181.79 -189.98 -153.95 -181.49 -381.31
300 -345.84 -362.04 -357.63 -351.88 -351.06 -315.68 -353.58 -718.27
325 -808.70 -925.33 -927.89 -923.80 -841.42 -869.55 -918.77 -1787.1
350 -2960.8 -4596.9 -4771.4 -49152 -3370.8 -4907.3 -4631.3 -8131.2

TABLE 13

Conventional standard partial molal entropies (S7) of aqueous cations
in cal mole™" K™' at vapor-liquid saturation pressures for H,O and
temperatures from 0° to 350°C. The values shown in this table were
computed from eqs (A-5) in app. A and (B-2), (B-9), and (B-10) in app.
B, using coefficients taken from table 3 together with values of e given
in table H-2 and those of Y in table H-4, g in table H-8, and (dg/dT)p in
table H-10 in app. H

T{(°C) Na* K* Rb* Cs* NHj Mg** Ca** Sr+* Ba**

8} 13.51 2421 29.44 3293 2522 -31.95 -12.60 -6.33 3.72
25 14.00 2420 28.80 31.80 2660 -33.00 -13.50 -7.50 2.30
50 14.84 2443 2871 31.53 27.86 -33.25 -14.06 -8.23 1.41
75 1572 2470 2879 31.54 29.01 -33.40 -14.60 -8.92 0.63

100 16.55 2496 2892 31.66 30.05 -33.65 -15.25 -9.66 -0.18
125 17.29 2518 29.05 31.81 3098 -34.11 -16.07 -10.54 -1.08
150 17.93 2536 29.16 31.96 31.82 -3488 -17.12 -11.63 -2.15
175 18.63  25.57 2931 32.14 32.64 -3491 -17.64 -12.24 -2.83
200 19.02 2562 29.34 3226 33.28 -36.34 -19.21 -13.81 -4.31
225 19.28 2559 2931 3233 33.81 -38.06 -21.06 -15.62 -6.01
250 19.37 2546 2920 3235 3421 -40.05 -2321 -17.75 -8.02
275 19.23  25.17 28.97 3228 3444 -4222 -2570 -20.24 -10.43
300 18.73  24.62 28.51 32.04 3438 -44.15 -2847 -23.i4 -13.38
325 17.67 23.52 27.58 3147 33.78 -43.14 -30.38 -25.71 -16.65
350 17.25  21.62 2574 30.07 32.32 -8.27  -13.62 -13.72 -10.69
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TABLE 14

Conventional standard partial molal entropies (S;) of aqueous anions in
cal mole ' K™!at vapor-liquid saturation pressures for HyO and
temperatures from 0° to 350°C—see caption of table 13

T("C) F~ Cl- Br- I~ OH~ NO3 HS~ SO; -

0 -0.08 16.74 2314  28.46 .30 37.21 18.84 11.92
25 -3.20 13.60 1980  25.50 -2.60 3510  16.30 4.50
50 -5.16 11.41 17.58  23.38 -4.88  34.02 14.71 -0.06
75 -6.84 9.46 15.67  21.48 -6.72  33.19 13.34 -3.84
100 -8.52 7.55 13.82 19.63 -8.48 3238 11.97 -7.47
125 -10.35 5.55 11.90 17.70 -10.34  31.49 10.48 -11.27
150 -12.46 3.35 9.80 15.60 -12.44 3041 8.76 -15.51
175 -14.25 1.28 7.81 13.57 -14.25  29.32 7.15 -19.33
200 -17.22 -1.64 5.03 10.82 -17.18  27.59 4.68 -25.12
225 -20.87 -5.19 1.63 7.49 -20.77  25.29 1.55 -32.22
250 -25.58 -9.78 -2.80 3.15 -25.42 22.02 -2.63 -41.44
275 -32.07 -16.23 -9.07 -2.99 -31.90  17.02 -8.68 -54.37
300 -42.03 -26.47  -19.13  -12.88 -41.94 8.45 -18.55 -74.76
325 -60.08 -46.28  -38.85 -32.42 -60.50 -9.47  -38.03 -113.48
350 -102.84 -102.89 -96.64 -91.01 -106.82 -66.33 -94.62 -218.04

TABLE 15

Conventional apparent standard partial molal Gibbs free energies
of formation (—AG,’) of aqueous cations in kcal mole™" at vapor-liquid
saturation pressures for HyO and temperatures from 0° to 350°C. The
values shown in this table were computed from egs (49), (A-7) in app.
A, and (B-9) in app. B using coefficients taken from table 3 together
with values of € given in table H-2 and those of Yp, 1, in table H-1 and g
in table H-8

T(*C) Na* K* Rb* Cs* NH; Mg** Ca™* Sr** Ba™*

0 62.26 6692 67.06 68.93 1835 109.32 13245 13494 13295
25 62.60 67.53 6779 69.73 19.00 108.50 132.12 134.76 133.02
50 6296 68.13 6850 70.52 19.68 107.67 131.77 134.57 133.07
75 63.35 6875 69.22 71.31 20.39 106.84 131.41 13435 133.09

100 63.75 69.37 6994 7210 21.13 106.00 131.04 13412 133.10
125 64.17 70.00 70.67 72.89 21.89 105.16 130.6S 133.87 133.09
150 64.61 70.63 7140 73.69 2268 10430 130.24 133.60 133.05
175 65.07 7126 72,12 7449 2348 103.40 129.79 133.28 132.97
200 65.54 7190 7285 75.29 2430 102.52 129.33 132.96 132.89
225 66.02 72.54 7358 76.09 25.14 101.60 12884 132.60 132.76
250 66.50 73.17 7431 7689 2598 100.64 12830 132.20 132.60
275 66.99 7380 7503 77.69 26.83 99.65 127.72  131.75  132.39
300 67.47 74.43 7575 7848 27.69 98.61 127.08 131.25 132.12
325 67.95 7503 7645 79.26 28.54 97.58 126.40 130.70 131.80
350 68.41 7562 77.12 80.03 29.37 96.74 12579 130.18 131.47
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TABLE 16

Conventional apparent standard partial molal GlbbS free energies
of formation (—AG) of aqueous anions in kcal mole™ at vapor-liquid
saturation pressures for HoO and temperatures from 0° to 350°C—see
caption of table 15

T(C) F ClI- Br~ I~ OH~ NO3; HS™ SOz

0 67.37 31.02 2434 [1.74 37.62 2560 331 177.74
25 67.32  31.39 2487 1241 3759 2650 288 177.93
50 67.22  31.71 2533 13.02 37.50 2737 249 177.99
75 67.07 3197 2575 13.58 37.35 2821 214 17794

100 66.88 32.18 26.12 1410 37.16 2903 1.83 177.79
125 66.64 3234 2644 1456 3693 29.82 154 177.56
150 66.36 3245 26,71 1498 36.65 30.60 130 177.23
175 66.01 32,50 2692 1533 3630 31.34 112 176.77
200 65.62 3250 27.08 1563 3591 32.04 097 17622
225 65.15 3241 27.16 1586 3545 3270 0.89 17551
250 64.59 3224 27.15 1599 3489 3329 0.89 17462
275 63.91 31.93 27.02 1600 3420 3379 1.02 17348
300 63.05 31.46 2672 1585 33.36 3415 1.30 171.99
325 61.95 30.70 26.14 1541 32.25 3426 1.86 169.97
350 60.39 29.39 2500 1441 30.66 3384 296 166.90

isotherms for anions and electrolytes are also similar in shape. However,
the curves for cations exhibit minima (figs. 30, 31, and 32) and maxima
(fig. 33) which do not appear in the corresponding curves for anions and
electrolytes. This difference between the shapes of the curves for cations
and anions is a consequence of the different effect of the absolute
standard partial molal solvation contribution of the hydrogen ion
(AZ°H) to AZP; (eq 2) for cations and anions.

The P-T- A:‘j;’b‘ surfaces of aqueous ions and the P-T- AZ S, surfaces
for aqueous electrolytes all resemble one another because the equations
for A:‘S’jb‘ and AZ% have the same general functional dependence on the
electrostatic properties of HyO and the solvent parameter g. The
similarity in the shapes of the corresponding P-T-Ax? surfaces for
anions and electrolytes follows from the fact that the P-T A:?j’” surfaces
for anions represent the addition of the P-T-AZ %% and P-T-|Z;|AZ 35+
surfaces. In contrast, because values of A,_,JJ for catlons are obtained by
subtracting Z; AZE°%: from A:‘}j’”, the P-T-A% =2 surfaces for cations
resemble Correspondmg surfaces for electrolytes only if the P-T-
ZAE S and P-T-AZ™ surfaces do not intersect.

In the pressure and temperature region where the effective elec-
trostatic radii of ‘aqueous ions (r,.;) are constants (see fig. 19), predicted
values of Z A,_, S 4% are smaller than the corresponding values of AZ 33”‘ for
all the ions other than H* shown in table 3. However, as a consequence
of the decrease in values of r,; as pressures and temperatures approach

the critical region of HyO, the predicted values of ZA:fﬁ’i become
larger than the corresponding values of AE‘?‘}’” for other cations. This

=oabs

change in relative magnitude causes isobars and isotherms for ZAZ i+
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to intersect corresponding curved for AZ$5* of other cations, which
leads to the minima in the curves for V3 Cg; and S(hgs. 30, 31, and 32)
and the maxima in the curves for AG/ (fig. 33).

Limit calculations for V°, Cg, and S° from the revised HKF model
indicate that as pressures and temperatures approach the critical point
of HyO, these properties approach « for cations and — for anions and
electrolytes. However, the limit calculations for cations and anions
require extrapolated values of the solvent function g, which cannot be
relied on near the critical point of H,O (see above). Consequently, the
different predicted limits for cations and anions could be the result of
extrapolation errors in g (eq 364, B, and ¢). Nevertheless, comparison of
the Psar curves for Na* and Mg** with those of CI” and SO,™~ in figure
33 suggests that as temperature and pressure approach those of the
critical point, AG for cations becomes increasingly more negative,
but AG; for anions becomes increasingly less negative. These differ-
ences in AG/ for cations and anions could have a significant effect on
geochemical processes at temperatures and pressures in the critical
region.

CONCLUDING REMARKS

Revision of the HKF model has greatly improved the accuracy of
predicted standard partial molal thermodynamic properties of aqueous
species, especially at high temperatures and low pressures. The revised
HKF model is consistent with recent theoretical considerations of the
structural and electrostatic properties of H,O, as well as with experi-
mental standard partial molal volumes and heat capacities of aqueous
electrolytes at pressures and temperatures approaching the critical point
of HyO. Many geochemical processes occur in this pressure/tempera-
ture region where the thermodynamic properties of aqueous species
change dramatically. Changes in AG° for aqueous species at tempera-
tures above 300°C and pressures below 1 kb predicted from the revised
HKF model should affect substantially calculation of the relative stabili-
ties of minerals in geothermal systems. The revisions to the HKF model
have been incorporated in a revised version of computer program
SUPCRT, which will be available together with a new data file from the
Laboratory of Theoretical Geochemistry (otherwise known as Predic-
tion Central) at the University of California, Berkeley.

The revisions of the HKF model summarized above for the
standard partial molal properties of aqueous ions and electrolytes can
also be applied to the corresponding properties of aqueous complexes,
as well as the relative partial molal properties of aqueous species.
Accurate extension of the HKF model to pressures and temperatures
beyond the limits of the present study can be made from experimental
values of the standard partial molal properties of any single electrolyte
for which experimental data are available. Experimental measurements
of the calorimetric and volumetric properties of aqueous electrolyte
solutions can now be made at supercritical temperatures. As more
high-temperature data become available, it should be possible to
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extend the revised HKF model into and perhaps through and beyond
the critical region for H,O.
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APPENDIX A
Summary of Equations for the Standard Partial Molal

Properties (= ) of Aqueous Ions and Electrolytes

It follows from Z = AE,, + Ais and the equations given in apps. F and G that
the following relations can be written:

Volume (Vo )

V' = AV, + 4V,
a; as a4 1 dw .
} a'+W+P+T—®+(\P+P)(Tf®)_wQ+[e _IHGP]T N
Isothermal Compressibility (x )
o a\_lo o o
= W . = (_\K” +AKS
a 1 ? dw 1 32w 2
- LA B R s A-
Q2+ 1o |wer | TN e, | ap2 | (A-2)




78 J. C. Tanger IV and H. C. Helgeson—Calculation of

Expansibility ( Ex )

o

_o 3V _o o
Ex = W ’ = AEX,,., +AEX,S
2
- 44 L | _u-oldel _y |8«
aE EER o | el B GT]P Y[aP]T
1 duw .
bl ],

Isobaric Heat Capacity (CP )

Cp = AEP," + AEP,S

2 2T ¥+P
= ¢+ - a;{(P-P) + ayln
r-ey [(T—@)3H 3PP+ ag \I/+PrH
dw 1 8%
TX R I (N S A A-4
+ oTX + 2TY GTL - [aTZ . (A-4)
Entropy(§ )
§ = gPr,Tr + (A§n - Agn ,Pr,T{)‘*’ (Ags - AgS,Pr,Tr)
§° = §° +c¢;ln I _iz_ . ! +iln T(T-9)
T OUPT T T, o ||T-e T,-6 o | T(T,-©)
2 v+ P
+ m a3(P—Pr)+a4ln ‘I’+Prll

| 3
+ oY - |T - 11 [ﬁlp - wPr'TrYPr’Tr N (A'S)
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Enthalpy (H ) change from P, T to P,, T,

°

H -Hp 1 - (AH, - AH,p 1)+ (aH; - AHp 1)

[
= (T-T) - ¢z lT—'@

1
T,-©

¥+ P
¥+ P,

] +aI(P—Pr)+a21nl

2T -0
(T -0

+ w +oTY

[a3(P P) + a4ln

L
€

1
- wp, T, 'ep o 11 -—op 1, T Yp 1,5 (A6)

Gibbs Free Energy (G ) change from P, Tto P, T,

o

G -Gpr, = -Sp1(T-T)+ (G, - G, p 1)+ 45, p 1 (T-T)

+ (AGS - AGS P, 'Tr) + Ags ’Pr’Tr(T - Tr)

= —gpr,Tr(T—T,—)—Cl Tin [Tl ~T+T,|+ayP-P)+asln ;’:’l:f:
r T
- 1 - 1 O-T| _ 11 M
2 T-0 T, -0 ¢} 02 (T, - 0)
_ _ V+P 1
T lT-e [“B(P P + agln |55 +w[6 - 1]
_ wP"T'LP T 1] *oep e, (T -T) . (A-T)

The various parameters and coefficients that appear in these equations are described in the text
(see SUMMARY OF THE REVISED EQUATIONS OF STATE, p. 55).
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APPENDIX B

Summary of Equations for the Born Coelfficients of Aqueous Electrolytes (w;.)
and Aqueous lons (w;) and their Pressure and Temperature Derivarives

It follows from eqs (14), (15), (34) and (35) given in the text that

oo | _ [ag
P |p = (3P | (B-1)
So| _ 198
’aT o laT N (B-2)
a2 ag |’ 92
w g 2g
el |9 x, . X, , B-3
[aPZL GPL 272 | ! (B-3)
92 g |’ 82
w g ’g
Qo _ |81 x, . X, . B-4
laTZ]P aT Jp72 7 laT2 ! ®-4
and
dw agl |9 3g
a|oe /aT] S 128 198 X, |9]2& ] seT . (B-S)
l [ap > P |laT |, ar |77,
where for the kth aqueous electrolyte (o = wy)
o = n}) 2 [” lz I(kz+g)] (B-6)
Xi = 1B |2 [+ |2 |tk e 0] (B)
X, = 2772 Kz [X, |z l(kz+g)] (B-8)
and for the jth aqueous ion (w = w;}
-1
g = 1|2 [+ |2 |0z e o] ZG0s2e ] (B-9)
-2
X, = ﬂ,[|z}| [+ 2]tz v 0] -z 6082 4 002 . B10)
-3
Xy = 20[Z} [r + | Z|(ka v 0] 27,3082+ 8)%] (B-11)

where n = 1.66027 x 105 A cal mole™! , vj, TEpresents the stoichiometric number of
moles of the jth ion in one mole of the kth electrolyte, Z; and 1, correspond to the
charge and the crystallographic radius of the ion, k7 is cqual to 0.94 A for cations (k,)
and 0.0 A for anions (k_), and 3.082 = fen+ + (.94 (see caption of table 3).
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b
and
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APPENDIX C

Summary of Equations and Coefficients for the Function g
and its Pressure and Temperature Derivatives

It follows that

and

= 05 [ - b+ Vb - 4c] (C-1a)
4 4-i ~1
= 372 - zn[z EaijTipj} (C-1b)
i=-1j=0
4  4-i -1
= 3.4571 —3.727,[2 a,jT'pJ] (C-1c)
i=-1 j=0
’3 4 4-i
X 2 2l Tl (e5)
1 i=-1 j=0
4 4-i
X'y Ea,,T' IGT ™ - ja) (C-3)
i=-1j=0
3 3lng Xz | ag B - -
= == - =2 s a;Tip .
[ap <l 9P |1 L eP ; x,izz,l,:o ’ (C4)
Xy [og]’
X |97 Jp
X,‘E Za Tipd |jaGa- 20T Y +i - NT2 - |22 | | (c9)
i=-1j=0 éT P
dg 4Ing X219
P aP aT |p X, |9T |p
ﬁ 4 4-i
+ X_,.E Ja ; Tp/(iT ! ~ja) (C-6)
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where

X, = -9 [( 191 + g) %+ (1.81 + g)-2] (C-7)
and

X, = 29 [(1.91 +g) 3+ (1.81 + g)’3] (C-8)
where 7 is equal to 1.66027 x 10° A cal mole™!, p represents the density in gm cm~3 of
Hy0, 8 = (9p/3P)/p, « = — (8p/3T)p/p, and a;; represents the coeflicients given in
Table C-1 below. The values of p, 8, and « used in the present study were calculated
from the equation of state for H,O given by Haar, Gallagher, and Kell (1980).

TaBLE C-1

Coefhicients for computing values of the solvent function g and its pressure and
temperature derivatives from egs. (C-1) through (C-6).

afi,j) Value a(i,j) Value
a(-1,0) -3.447160509 x 107 a(1,0) -3.260300052 x 10*
a(-1,1) 6.814704812 x 10° a(l,1) 5.606615908 x 10*
a(-1,2) -1.761045616 x 10° a(l,2) -2.868203067 x 10*
a(-1,3) -4.230074117 x 10° a(l,3) 3.794138977 x 103
af-1,4) 3.256835062 x 10° a(2,0) 2.716227245 x 10
a(-1,%) -6.583330861 x 108 a2,n -3.368176788 x 10
a(0,0) 1.806233478 x 107 a(2,2) 9.804290400

a(0,1) -3.606097634 x 107 a(3,0) -1.060481048 x 102
a(0,2) 2.102834814 x 107 a(3,1) 6.934581461 x 1073
a(0,3) -1.133277153 x 108 a(4,0) 1.576972120 x 1076
a(0,4) -1.416255412 x 10°

Upper limit of the shaded region in figure 19 at 164° < ¢ < 450°.
P=di?+dy?+dst +d,+dsin(t - 163) (C-9)

Lower limit of the shaded region in figure 19 at 350° < ¢ < 450°.

dg
P:d6+d7[+—"

2 (C-10)

where ¢ stands for temperature in °C and

d, = 5.37268 x 107°
d, = -6.65484 x 1072
dy=3.03872 x 10
d, =-3.39717 x 103
ds = 7.72626 x 10
dg = 7217.

d; = -8.1886

dg = -5.127 x 108
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APPENDIX D
Summary of Equations for the Born Functions Y, Q, N, X and U
_ _|et/9t L |3de D-1)
Y = [ aT |p e2 [oT |p : (
- _|ed/9] L |9 D2
Q [ ap |. 2 |eP|; (D-2)
2
N = 6_ = .1_ 626 _ 2 ﬁ (D-3)
~ | 6P T €2 Ip? T € |6P |1 ’
2
Y 1 8% 2| e
X =|—=| = = - S == s D-4
aT [p 2 [[aTZ)p ¢ [GTL] (D-4)
and
_ e _ 1]y (ee _2f0e ]| |oe .
U= T P_ €2 Ha[ap T/aT p € |9T |p GPL] ’ (D-3)

where ¢ represents the dielectric constant of H,O (see app. E).

APPENDIX E

Summary of Equations and Coefficients for the Dielectric Constant
of H,O (¢) and its Pressure and Temperature Derivatives

TasLE E-1

Coefficients for computing values of the dielectric constant of H,O () and its pressure
and temperature derivatives from egs. (E-1) through (E-6) (Helgeson and Kirkham,

1976).

e(i,j) Value e(i,j) Value
e(0,1) 4.39109592 x 102 e(1,3) -6.13941874 x 1072
€(0,2) -2.18995148 x 102 e(2,0) 4.61662109 x 1073
e(0,3) 1.82898246 x 10 e(2,1) -1.35650709 x 1073
e(0,4) 1.54886800 x 102 e(2,2) 1.60451325 x 1074
e(0,5) -6.13542375 x 10 e(3,0) -4.03643333 x 1076
e(1,0) -2.33277456 e(3,1) 5.94046919 x 1077
e(i,1) 1.00498361 e(4,0) 1.31604037 x 10°°
e(1,2) -2.08896146 x 107!
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4 4-i
e= 22, Tol, (E-1)
i=0 j=0
6 4 4-i
€ . . .
[ﬁ] =82 Tl (E-2)
T i=0 j=0
a 4 4-i
ﬁ] =2 e; T p/(iT 1 = ja) (E-3)
P i=0 j=0
a2 | |ac] |omg e
62( 4 4-i 6
_ T il — 2T N 2 ifi - NT-2 _ i]92 _
aTZL gjzoe,j'rp’[ja(ja 2Ty +i(i -T2 - j 25 iR (E-5)
and
3 F) 3ing S -
3| soT| = |2 48 e TiplT! - ja) | (E-6)
[aP T P 3P |;| aT |, "4 &t

where p represents the density in gmem™3 of H,0, g = (0p/8P)r/p, o = — (3p/3T)p/p
and ¢; ; represents the coefficients given in Table E-1. Equations (E-1) through (E-2) and
the coefficients in table E-1 were taken from Helgeson and Kirkham (1974). The values
of p, B and « used in this study were calculated from the equation of state for H,0O
given by Haar, Gallagher, and Kell (1980). At temperatures below 100°C and pressures
above 1 kb, the equations and coeflicients given by Bradley and Pitzer (1979) were used
instead of equations (E-1) through (E-6) to compute extrapolated values of the dielectric
constant and its pressure and temperature derivatives.

APPENDIX F

Summary of Equations for the Standard Partial Molal

Nonsolvation Properties (AE,) of Aqueous Ions and Electrolytes

It follows from eqs (8), (22), (23), (24), (28a, b, and c), (30), and (31) in the text
and thermodynamic relations given below that we can write the following relations:

Volume (AV, )

—o aj das ay
_ . .
Y+P  T-0 @ (¥+P)(T-© °

(F-1)
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°

Isothermal Compressibility (Ax,, )

A_° B 6A\_/,, a, 1 ) F.2
=T o T T Toe|vep | (F-2)
Expansibility (AEX,” )
_o aA\_/: ay 1 2
A = = - - ; -
X 3T |p BEIYIP|Toe| (F-3)
Isobaric Heat Capacity (AEP’ n)
P -
o _o 3AE
ACp, = aCp, - T [ |57 4P
€2 2T ¥+ P
= ¢+ - ay(P-P)+asln ) F-4
1 (T—@)z [(T _ @)3 3( r) 4 +Pr ( )
Entropy (A§,, ) change from P, T to P, T,
_o ¢ A(_:Pr,n P _o
AS, - 4§, p 1 = jT +—dT - jP AE, , dP
cem| Il o, L | KT8
S o ||T-0 T,-© 8 | T(T,-0)
2 ¥+P
+ T-6 a3(P—Pr)+a4ln|\I’+PrH ; (F-5)
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Enthalpy (AH,, ) change from P, T to P, T,

° o

T P P
AH, - AH, p 1 = fT ACp , dT + fP AV, dP - ij AE, , dP

c(T-T) - ¢

+a(P-P)+ajln

2T -0
(T - 0)?

v
a3(P-P)+ayln [\I/T

} ; (F-6)

Gibbs Free Energy (AG,, ) change from P, T to P, T,

__o °

AG, - 4G, p.1 = - A5, p 1(T-T) + (AH, - AH, p 1) - TS, - &S, p 1)

- —Agn,pr,Tr(T—T,)—c][Tln Tl ST,
T
¥+ P

+a(P-P)+a,ln

! r L 7N
SN | T R e o 0

2 T-0 T,-0 0 92 T(T,-0)

1 v+ P

+ lfr_—@ la3(P_Pr)+a4m[\I/+P,H (F-7)
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APPENDIX G

Summary of Equations for the Standard Partial Molal

Solvation Properties (A.':'.‘S ) of Aqueous Ions and Electrolytes

It follows from egs (9), (15), (16), (34) and (35) in the text, equations in app. D,
and thermodynamic relations given below that we can write the following relations:

Volume (AV, )

Isothermal Compressibility (Af: )
R = - 832: - wN+2Q[§—;]T—[{—1]§;%T; (G-2)
Expansibility (AE, ;)
+[%~1]a g—gT/an; (G-3)
Isobaric Heat Capacity ( AC;,S )
ACp,= T ag’c | = oTX2TY [j—?]}) - T'% - 1][:—;“;L ; (G-4)
Entropy (A§5o )
85, - af;‘?: P—wY~l{—1H§—$P; (G-5)
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Enthalpy (AH; )

_o _o _o l 1
AH; = AG, + TAS, =w[?fl]+wTY—T ?—1”3—;]?. (G-6)
Gibbs Free Energy (A(_}: )
—° 1
AG, =w{?—l]. (G-7)
APPENDIX H
TasLE H-1

Summary of the dielectric constant (eq E-1 in app. E) and Born functions (egs D-1
through D-5 in app. D) at | bar and for temperatures from 0° to 95°C and vapor-liquid
saturation pressures for H,O at temperatures > 95°C.

T (°C) € 107 Q% 105Y® 101ONE 107 x4 109 U8
0 87.79 5.41 -5.01 -1.80 -3.47 0.19
5 85.87 5.44 -5.18 -1.74 -3.30 1.06
10 $3.98 5.51 -5.34 172 -3.19 1.76
(5 82.11 5.61 -5.50 173 -3.13 2.36
20 80.27 5.75 -5.65 -1.76 -3.10 2.89
25 78.47 5.90 -5.81 -1.82 -3.09 3.38
30 76.69 6.08 -5.96 -1.89 -3.10 3.85
35 74.96 6.29 -6.12 -1.98 3.13 431
40 73.26 6.51 -6.28 -2.08 -3.16 477
45 71.59 6.76 -6.43 -2.20 -3.20 5.23
50 69.96 7.04 -6.60 2.34 -3.26 5.71
55 68.36 7.33 -6.76 -2.49 -3.31 6.20
60 66.80 7.66 -6.93 -2.66 -3.37 6.71
65 65.27 8.01 -7.10 -2.85 -3.44 7.25
70 63.78 8.38 -7.27 -3.06 -3.51 7.82
75 62.31 8.79 -7.45 -3.30 -3.58 8.42
80 60.88 9.23 -7.63 -3.56 -3.66 9.07
85 59.49 9.70 -7.81 -3.85 -3.75 9.75
90 58.12 10.20 -8.00 -4.17 -3.83 10.48
95 56.78 10.75 -8.20 -4.53 -3.93 11.27
100 55.48 11.33 -8.40 -4.93 -4.03 12.11
105 54.20 11.96 -8.60 -5.37 -4.13 13.02
110 52.95 12.63 -8.81 -5.86 -4.25 14.00
115 51.73 13.36 -9.02 -6.40 -4.37 15.05
120 50.54 14.13 9.25 -7.01 -4.49 16.19
125 49.37 14.97 -9.47 -7.69 -4.63 17.43
130 48.23 15.87 -9.71 -8.44 -4.78 18.77
135 47.11 16.84 -9.95 9.29 -4.94 20.23
140 46.02 17.89 -10.20 -10.23 -5.12 21.82
145 44.96 19.02 -10.46 -11.30 -5.30 23.56
150 43.91 20.24 -10.73 -12.49 -5.51 25.46

2par ! KL €bar 2 4K2 2K !bar .
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TaBLE H-2

Dielectric constant of H,O (e) as a function of temperature and pressure. The values shown for pres-

sures above 1 kb and temperatures < 100° C were generated by extrapolating equations given by

Bradley and Pitzer (1979). All of the others were calculated with the aid of app. E. SAT refers to
vapor-liquid saturation pressures for H,O.

T PRESSURE, KB
Q) SAT 0.25 0.5 0.75 1 1.5 2 3 4 5

0 87.79 8880 89.76 90.67 91.54 9344 9511 98.21 101.0  103.7
25 78.46 79.35 80.19 81.00 81.76 8340 84.87 87.58 90.02 92.24
50 6996 70.79 71.59 7235 73.07 7458 7594 78.40 80.59 82.57
75 6231  63.14 6392 6466 6536 66.82 68.10 7040 7242 7422

100 5548 5631  57.10 57.84 5854 5983 61.02 63.11 64.90. 66.46
125 4937 50.24 51.04 51.80 5251 5381 5499 5705 588F 6034
150 4391 4482 4567 4645 47.18 4850 4968 51.74 5347 5497
175 39.02 3999 40.89 41.71 4246 4382 4502 47.07 48.78 50.24
200 3461 3565 36.62 3749 3828 39.68 40.90 4296 44.65 46.08
225 30.58 317t 3277 3371 3455 3600 3725 3932 4100 4239
250  26.87 28.09 29.29 3030 31.20 32.72 34.00 3609 37.75 39.11
275 2337 2471 26.08 2721 28.17 29.77 31.09 33.20 34.84 36.16
300 1999 2147 23.10 2436 2540 27.10 28.46 30.58 3221  33.50
325 16.59  18.25  20.27  21.71  22.86 24.65 2606 28.21 29.82 31.07
350 12.87 14.80 17.55 19.22 2049 2241 2387 26.04 2762 28.84

375 10.17 14.86 16.87 18.28 20.33 21.84 2403 2560 26.77

400 12.14  14.61 16.20 1840 1996  22.18 2373 24.87

425 9.38 12.46  14.25 16.60 18.22 2046 21.99 23.10

450 6.80 10.44 12.43 14.93 16.61 18.88 2040 21.48
TasLe H-3

(Q in bar')y x 10 as a function of pressure and temperature computed from eq. (D-2) in app. D—
see caption of table H-2.

T PRESSURE, KB
(&(®)] SAT 0.25 0.5 0.75 ! 1.5 2 3 4 5

0 0.54 0.50 0.46 0.43 0.40 0.39 036 031 0.27  0.23
25 0.59 0.55 0.51 0.48 0.45 0.44 040 033 029 025
50 0.70 0.65 0.61 0.57 0.53 0.50 045 038 032 028
75 0.88 0.80 0.74 0.69 0.64 0.60 0.53 043 036 031

100 [.13 1.02 0.93 0.86 0.80 0.69 0.61 049 040 033
125 1.50 1.33 1.20 1.09 1.00 0.85 0.74 0.58 047 039
150 2.02 1.76 1.56 1.39 1.26 1.06 0.91 0.70 056 046
175 2.80 2.37 2.05 1.80 1.61 1.32 .12 084 066 054
200 3.98 3.26 2.73 2.35 2.07 1.65 1.37 1.00  0.78 0.62

225 5.84 4.58 3.70 3.10 2.67 2.07 1.68 .19 091 0.71
250 8.99 6.67 5.10 4.13 346 2.59 2.05 1.41 .05 0.81
275 14.80 10.16 7.21 5.57 4.53 3.25 2.51 1.67 1.21 0.92
300 27.10 16.66 10.52 7.65 5.97 4.09 3.06 1.96 1.39 1.03
325 60.09 3096 16.05 10.73 7.98 5.16 3.74 230 1.58 1.15
350 2096 7492  26.04 15.44 10.80 6.54 4.56  2.69 1.80 1.29

375 4969  46.15 2293 14.84 8.33 559 315 205 1.43
400 92.53 3529 2071 10.67 6.85 3.69 234 1.59
425 2126 56.21 29.36 13.73 8.43 433 267 1.77

450 469.8  91.50  42.04 17.74 1040 510 3.05 1.98
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TasLe H-4

(-Y in K!) x 10° as a function of pressure and temperature computed from eq. (D-1) in app. D—see
caption of table H-2.

T PRESSURE, KB
Q) SAT 0.25 0.5 0.75 1 1.5 2 3 4 5

0 5.01 5.00 4.98 4.96 493 4.92 4.86 4.77 4.70 4.65
25 5.81 5.73 5.65 5.58 5.52 5.40 5.30 5.14 5.01 491
50 6.60 6.46 6.34 6.23 6.13 5.94 5.80 5.57 5.39 5.26
75 7.45 7.25 7.08 6.93 6.79 6.53 6.34 6.04 5.82 5.65

100 8.40 8.12 7.88 7.67 7.48 7.17 6.91 6.49 6.17 5.91
125 9.47 9.08 8.75 8.47 8.22 7.81 7.48 6.97 6.59 6.30
150 1073 10.17 9.71 9.33 9.00 8.47 8.05 7.44 7.00 6.67
175 1225  11.44 10.80 10.28 9.84 9.16 8.64 7.90 7.39 7.02
200 1418 1299 12,07 11.35 10.77 9.90 9.25 8.37 7.78 7.37
225 1677 1497 13.60 1260 11.83 10.70 9.91 8.85 8.19 7.73
250 20.51 17.66  15.55 14.12 1307 11.61 10.62 9.38 8.62 8.12
275 2640 21.57 1813 16.02 1457 12,66 11.44 9.96 9.10 8.56
300 3691 27.81 21.69 1847 1642 1390 1238 10.63 9.65 9.06
325 60.06 3937 2691 21.73 1876 15.39 1349 1140 10.29 9.64
350 1414 6794 3505 2618 21.76 17.20 14.80 1230 11.03 1031

375 258.8  48.81 32.3% 2564 19.39 16.35 13.34 11.88 11.06

400 74.49  41.23  30.68 22.03 18.16 14.50 12.80 11.87

425 1250 5390 37.16 2515 2020 15.75 13.75  12.68

450 197.3  71.47 4535 28.72 2240 16.98 14.62  13.39
TabLE H-5

(~N in bar~?) x 10'° as a function of pressure and temperature computed from eq. (D-3) in app.
D—see caption of table H-2.

T PRESSURE, KB
°C) SAT 0.25 0.5 0.75 1 1.5 2 3 4 5
0 1.80 1.49 1.36 1.30 1.27 0.70 0.61 046 036 029
25 1.82 1.54 1.37 1.25 1.16 0.85 0.72 0.54 042 033
50 2.34 1.96 1.69 1.50 1.35 1.08 0.90 0.66 0.49 0.38
75 3.30 2.71 2.29 1.98 1.74 1.42 1.16 0.82 0.60 046
100 4.93 3.95 3.26 2.75 2.37 1.84 1.48 1.03 077 059
125 7.69 5.56 4.78 3.95 3.33 2.49 1.95 1.3t 094 072
150 12.49 9.29 7.20 5.79 4.77 3.43 2.61 1.68 1.18 0.88

175 21.19 1496 11.11 8.63 6.93 4.78 3.53 2,17 148 1.08
200 37.86  25.01 17.56 13.08 10.17 6.70 4.78 2.81 1.86 1.32
225 72.26  43.79 28.52 20.18 15.10 9.43 6.47 362 232 1.62
250 1509  81.59 47.92 31.74 22,66 13.29 8.76 465 289 197
275 359.2  166.] 84.08 5111 3446 1879 11.84 595 3.57 238
300 1052. 3877 156.2 84.64 53.18 26.65 15.97 7.57 439 287
325 4484. 1144, 3129 145.0 83.44 3791 21.50 9.58 538 344
350 46560  5556. 695.5 258.5 1333 5412 2892 12.08 655 4.10

375 1781. 481.9 217.1  77.51  38.84 1519 795 4.87
400 5459. 939.6 3594 1113 52,12 19.04 963 578
425 (18998)  (1892) (601)  (160) (70) 24 12y O

450 (3782)  (1005)  (229) (93) 30) (14 (8
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TasLE H-6

caption of table H-2.
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D—see

T PRESSURE, KB
("C) | SAT  0.25 0.5 0.75 1 1.5 2 3 4 5
0 348 3.05 2.71 2.45 2.27 1.83 162 129 1.02 08!
25 3.09 2.87 2.68 2.53 2.40 206 189 162 141 125
50 3.26 3.03 2.84 2.68 2.54 226 208 181 162 148
75 3.58 3.30 3.07 2.87 2.70 245 225 196 176 162
100 4.03 3.64 3.33 3.07 2.86 252227 193 173 162
125 4.63 4.08 3.65 3.30 3.03 260 229 1.89 166 151
150 5.51 4.68 4.07 3.60 3.24 270 233 186 1.60  1.44
175 6.85 5.57 4.67 4.02 3.53 2.84 239 186 1.56 1.40
200 9.01 6.93 5.54 461 3.95 3.06 252 1.90 158 1.4l
225 1270 9.09 6.86 5.48 4.55 340 272 200 166  1.49
250 19.48 1271 8.86 6.74 5.41 3.88 304 220 182 1.4
275 3351 1922 1197 8.56 6.62 454 348 248 206 1.86
300 68.62 3246  17.00 1122 8.29 543 408 287 237 215
325 1931 6585 2555 1510  10.55 6.56 482 334 276 250
350 1193. 1985 4120 20.84  13.60 7.96 571 388 317 285
375 72.76  29.42  17.63 9.63 670 442 355 316
400 141.7 4215 2284 1150 771 486 379  3.30
425 (269) (60) 29 (13) ® (5) @ 3
450 (80 (36) (15) %) (5} 3 @

(U in bar 'K™!) x

TasLe H-7

10% as a function of pressure and temperature computed from eq. (D-5) in app.

D—see caption of table H-2.

T PRESSURE, KB
o) | sat 025 0.5 0.75 1 1.5 2 3 4 5
0 0.19 051 0.74 1.01 .34 123 105 078 060 048
25 338 3.09 2.86 270 261 223 190 142 1.10 0.88
50 571 5.07 4.56 415 383 318 268 199 153 1.22
75 843  7.34 6.48 580 525 423 352 255 194 1.53
100 1211 1031 8.94 787 1.0l 572 480 362 288 2.38
125 1743 1443 1223 1055 924 733 60l 432 330 262
150 2546 2034 1673 1411 (212 931 744 513 378 290
175 3817 29.13  23.08 1890 1586 1176  9.14 604 430 320
200 59.54 4281 3229 2550 2081 1480 1116  7.05 485 3.50
225 9823 65.35  46.14  34.83 2747 18.62 13.57 818 543 3.80
250 1757 1053 67.89 4835 36.60 2346 1648 945 6.05 4.10
275 3541 1839 1039  68.59 49.38 2969 20.02 1089 672 4.40
300 863.9 3629  167.4 9993 67.65 37.79 2439 12.57 747 472
325 2984. 884.5  288.6 1502 9430 48.46 29.84 1456 834 5.10
350 23935 3377.  544.6 2341 1339  62.60 3671 1696 9.38 5.54
375 1159. 3787 1933 81.46 4540 1990 107 6.11
400 2844. 6340 2831 106.6 5642 2351 122 683
425 (7407)  (1080)  (417)  (140)  (70)  (28) (14 (8)
450 (1787 (609) (183)  (88)  (33) (7} (9




92

J- C. Tanger 1V and H. C. Helgeson—Calculation of

TasLE H-8

(gin A) x 10 as a function of pressure and temperature computed from eq. (C-1a, b, and ¢) using
coeflicients taken from C-1 in app. C. The values in parentheses are more uncertain. SAT refers to
vapor-liquid saturation pressures for H,O. Because positive values of g are generated by eq. (C-1a,
b, and c) in app. C for SAT and 250 bars at 175°C, 1.5 kb at 300°, 325°, and 350°C, 1.75 kb at
temperatures = 350°C, and 2 kb at temperatures = 425°C, these values were replaced in the table by

zero (see text).

T PRESSURE, KB
C) SAT 0.25 0.5 0.75 1 1.25 1.5 1.75 2
150 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
175 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
200 -1.45 -0.85 -0.09 0.00 0.00 0.00 0.00 0.00 0.00
225 -4.72 -2.93 -1.34 -0.34 0.00 0.00 0.00 0.00 0.00
250 -10.75 -6.52 -3.19 -1.25 -0.29 0.00 0.00 0.00 0.00
275 -22.60 -13.41 -6.43 -2.68 -0.81 -0.07 0.00 0.00 0.00
300 -46.51 -27.31 -12.52 -5.28 -1.75 -0.24 0.00 0.00 0.00
325 -97.58 -56.63 -23.98 -10.09 -3.57 -0.69 0.00 0.00 0.00
350 -228.48 -126.72 -45.27 -18.65 -6.96 -1.74 0.00 0.00 0.00
375 (-417) -84.82 -33.17 -12.81 -3.82 -0.11 0.00 0.00
400 (-160) -56.40 -22.08 -7.41 -1.12 0.00 0.00
425 (-315) -91) -35.50 -12.90 -3.02 0.00 0.00
450 (-636) (-139) -52.92 -20.37 -5.96 0.00 0.00

TasLe H-9

(3g /0P )r, in (A bar ') x 107 as a function of pressure and temperature computed from eq. (C-2)
using coefficients taken from table C-1 in app. C—see caption of table H-8.

T PRESSURE, KB
Q) SAT 0.25 0.5 0.75 1 1.25 1.5 1.75 2
150 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
175 -1.27 1.27 0.00 0.00 0.00 0.00 0.00 0.00 0.00
200 1.43 3.18 2.69 0.00 0.00 0.00 0.00 0.00 0.00
225 8.05 7.43 5.20 2.85 0.00 0.00 0.00 0.00 0.00
250 23.78 16.74 10.24 5.55 2.32 0.00 0.00 0.00 0.00
275 61.79 37.31 20.28 10.60 4.81 1.46 0.00 0.00 0.00
300 161.72 84.96 40.20 20.00 9.28 3.44 0.53 0.00 0.00
325 486.83  210.67 80.05 37.14 17.22 6.96 1.78 0.00 0.00
350 23331 673.13 162.53 67.63 30.73 13.05 4.16 0.06 0.00
375 (6835)  346.47 120.73 52.60  22.94 8.35 1.22 0.00
400 (815)  211.43 85.99  37.82 15.06 3.65 0.00
425 (2224) (363) 133.48 58.37 24.72 775 -0.90
450 (602) 194.73  83.83 37.18 13.68 1.07
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TasLe H-10

(dg /3T )p, in (A K1) x 10¢ as a function of pressure and temperature computed from eq. (C-4)
using coefficients taken from table C-1 in app. C—see caption of table H-8.

T PRESSURE, KB
C) SAT 0.25 0.5 0.75 1 1.25 L5 1.75 2
150 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
175 -7.12 -5.76 0.00 0.00 0.00 0.00 0.00 0.00 0.00
200 -9.97 -6.79 -4.56 0.00 0.00 0.00 0.00 0.00 0.00
225 -17.59 -10.50 -5.80 -3.15 0.00 0.00 0.00 0.00 0.00
250 -34.61 -19.32 -9.47 -4.35 -1.70 0.00 0.00 0.00 0.00
275 -71.28 -38.16 -17.43 -7.53 -2.68 -0.40 0.00 0.00 0.00

300 -154.15 -78.10 -32.91 -13.97 -5.14 -1.07 0.59 0.00 0.00
325 -377.37 -170.23 -61.58 -25.51 -9.88 -2.75 0.25 0.00 0.00

350  -1373.0  -451.61 -114.08 -44.49  -17.82 -5.94 -0.72 1.09 0.00

375 (-3191y  -213.26 -73.49  -29.61 -11.01 -2.62 0.73  0.00

400 (-418) -114.41 -45.09  -17.98 -5.64  -0.20 0.00

425 (-886) (-166) -62.25  -26.06 -9.62 -1.82 1.23

450 (-218) -7592  -33.27 -13.88 -4.01 0.56
TasrLe H-11

(8% /3P?)y, in (A bar™d) x 10° as a function of pressure and temperature computed from eq. (C-4)
using coefficients taken from table C-1 in app. C—see caption of table H-8.

T PRESSURE, KB

Q) SAT 0.25 0.5 0.75 1 1.25 1.5 1.75 2

150 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
175 1.85 0.44 0.00 0.00 0.00 0.00 0.00 0.00 0.00
200 1.58 0.14 -0.43 0.00 0.00 0.00 0.00 0.00 0.00
225 0.42 -0.72 -0.97 -0.89 0.00 0.00 0.00 0.00 0.00
250 -3.64 -3.01 -2.22 -1.56 -1.04 0.00 0.00 0.00 0.00
275 -17.98 -9.26 -4.99 -2.96 -1.76 -0.96 0.00 0.00 0.00
300 -77.63 -28.42 -11.24 -5.72 -3.13 -1.66 -0.73 0.00 0.00
325 -440.26  -103.80 -26.14  -11.10 -5.58 -2.90 -1.37 0.00 0.00
350 -6146.4  -623.66 -65.25  -21.68 -9.82 -4.93 -2.43  -0.96 0.00
375 -184.89  -42.86  -16.94 -8.08 -4.04 -1.86 0.00
400 (-636) -86.08 -28.51 -12.70 -6.32  -3.13 0.00
425 (-2656)  (-175) -46.42  -19.01 -9.29 479 -235
450 (-349) -71.98 -26.76 -12.76 -6.76  -3.63
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TaBLE H-12

(9% /9T%)p, in (A K2) x 10% as a function of pressure and temperature computed from eq. (C-5)
using coefficients taken from table C-1 in app. C—see caption of table H-8.

T PRESSURE, KB

C) SAT 0.25 0.5 0.75 I 1.25 1.5 1.75 2

150 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
175 -5.54 -0.63 0.00 0.00 0.00 0.00 0.00 0.00 0.00
200 -19.39 -8.39 -1.68 0.00 0.00 0.00 0.00 0.00 0.00
225 -46.86 -22.87 -8.92 -2.01 0.00 0.00 0.00 0.00 0.00
250 -103.97 -50.74 -21.66 -8.08 -1.81 0.00 0.00 0.00 0.00
275 -234.06  -106.70 -44.11 -18.22 -6.41 -1.25 0.00 0.00 0.00
300 -590.95  -230.44 -83.37 -34.55  -13.81 -4.39 -0.51 0.00 0.00
325 -2020.8 -571.48 -152.70 -59.33  -24.77 -9.41 -2.38 0.00 0.00
350 -16074. -2149.2  -281.25 -94.30  -39.17  -16.34 -5.56  -0.58 0.00
375 -546.99  -139.15  -55.11  -24.29 -9.82 -247 0.00
400 (-1191)  -187.67 -67.48 -30.97 -1424 -5.10 0.00
425 (-2727) (-218) (-66) -32.37 -17.11 -7.78 -1.73
450 (-175) (-37) (-23) (-16) -9.43  -3.58

TasLe H-13

(3(3g /8P)1/dT)p in (/i bar 'K-') x 10% as a function of pressure and temperature computed from
eq. (C-4) using coefficients taken from table C-1 in app. C—see caption of table H-8.

T PRESSURE, KB
°C) SAT 0.25 0.5 0.75 l 1.25 1.5 1.75 2
150 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
175 0.62 0.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00
200 1.60 1.11 0.70 0.00 0.00 0.00 0.00 0.00 0.00
225 3.94 2.46 1.40 0.78 0.00 0.00 0.00 0.00 0.00
250 9.65 5.38 2.79 1.45 0.74 0.00 0.00 0.00 0.00
275 24.88 12.01 5.55 2.72 1.31 0.59 0.00 0.00 0.00
300 74.33 28.91 11.02 5.02 2.36 1.04 0.36 0.00 0.00
325 311.50 83.37 22.26 9.05 4.13 1.85 0.68 0.00 0.00
350 3195.6 383.47 47.21 15.94 6.87 311 1.27 0.28 0.00
375 110.34 27.52 10.84 4.88 2.14 0.69 0.00
400 (302) 46.57 16.06 7.07 3.26 1.28 0.00
425 (946) (76) 21.94 9.32 4.46 2.01 0.54
450 (117} 26.60 10.83 5.42 2.72 1.04
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