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Abstract—The standard thermodynamic properties and Helgeson-Kirkham-Flowers (HKF) parameters for
Sb(OH)3(aq)have been estimated. For this purpose, the available solubility data for senarmontite, valentinite,
stibnite, and native Sb in a wide range of temperatures (15 to 450°C) and pressures (1 to 1000 bar), and
thermodynamic properties of Sb oxides (senarmontite and valentinite) have been critically analyzed. Published
data were complimented by results from new experiments performed by solubility and solid-state galvanic cell
methods. Both experimental data and thermodynamic calculations show that the hydroxide complex
Sb(OH)3(aq)is primarily responsible for hydrothermal transport of antimony, especially at temperatures above
250°C. Copyright © 2003 Elsevier Science Ltd

1. INTRODUCTION

Antimony (Sb) is an important component of hydrothermal
systems, as demonstrated by the fact that many epithermal ore
deposits contain high concentrations of this element. Antimony
is commonly present in sulfide ores as stibnite (Sb2S3) or
various sulfosalts, and in some cases as native Sb (Williams-
Jones and Normand, 1997). Natural geothermal systems gen-
erally contain appreciable concentrations of antimony, typically
on the order of some parts per million (White, 1967; Stauffer
and Thompson, 1984; Alekhin et al., 1987; Karpov, 1988;
Krupp and Seward, 1990).

Antimony is present in two oxidation states in crustal fluids,
Sb(III) and Sb(V). Under surface oxidizing conditions, Sb(V)
may be predominant (Pourbaix, 1966; Krainov et al., 1979),
whereas Sb-bearing hydrothermal fluids mainly contain Sb(III)
(Spycher and Reed, 1989; Shikina and Zotov, 1990). However,
in the recent extended X-ray absorption fine structure study,
Mosselmans et al. (2000) proposed the formation of Sb(V)
species at high temperatures (up to 200°C) in alkaline sulfide
solutions. On the other hand, X-ray absorption fine structure
(XAFS) spectroscopic measurements of Pokrovski G., Roux J.,
Testemale D., and Hazemann J–L. (unpublished data) did not
detect any traces of Sb (V) in H2O in equilibrium with Sb2O3

at temperatures from 200 to 450°C. The present study deals
with experimental data for Sb(III) aqueous species.

The main Sb(III) species in natural hydrothermal solutions
are considered to be hydroxide and sulfide complexes (Sorokin
et al., 1988; Spycher and Reed, 1989). Only in strongly acid
solutions is antimony speciation believed to be dominated by
chloride complexes (Wood et al., 1987; Belevantsev et al.,
1998a; Oelkers et al., 1998). Sulfide complexes have been
studied at low temperature by Akeret (1953), Babko and Li-
setskaya (1956), Arnston et al. (1966), and Kolpakova (1971).
They were also studied by Learned et al. (1974), Kolpakova
(1982a), Nekrasov and Konyushok (1982), Krupp (1988),

Wood (1989), Belevantsev et al. (1998b), Gushchina et al.
(2000), and Mosselmans et al. (2000) over a wide temperature
range (up to 350°C). However, as shown by Popova et al.
(1975), Spycher and Reed (1989), Sorokin et al. (1988), and
Zotov et al. (1995), at temperatures greater than 200 to 250°C,
the hydroxide species predominate in slightly acid and neutral
solutions even in sulfide-bearing systems. According to these
studies, Sb(OH)3(aq) is predominant over a wide range of pH
and appears to be mainly responsible for the hydrothermal
transport of antimony, especially at temperatures above 200°C.

The goal of the present study was to provide reliable ther-
modynamic properties for the Sb(OH)3,(aq)species to describe
antimony behavior over a wide range of temperature and pres-
sure. Estimates of these properties have been published previ-
ously by Sorokin et al. (1988) for temperatures up to 300°C
under saturated vapor pressure and by Akinfiev et al. (1993) for
temperatures and pressures up to 500°C and 2 kbar, respec-
tively. However, subsequent experimental studies of Sb2O3 and
Sb2S3 solubility (Shikina and Zotov, 1996, 1999) indicate a
need to refine these data. In this article, we report the results of
a critical analysis of available experimental data on the solu-
bility of senarmontite, valentinite, stibnite, and native Sb, and
the thermodynamic properties of Sb-oxides (senarmontite and
valentinite). To verify and refine some questionable points, we
also conducted some additional experiments. As a result, an
internally consistent set of standard thermodynamic properties
and Helgeson-Kirkham-Flowers (HKF) equation-of-state pa-
rameters for Sb(OH)3(aq) within the framework of the revised
HKF (Tanger and Helgeson, 1988) model have been derived.

2. SOLUBILITY OF THE SB-BEARING SOLID PHASES

2.1. Solubility of Valentinite (Sb2O3, rhom) and
Senarmontite (Sb2O3, cub)

The solubility of Sb2O3 in aqueous solutions is independent
of pH (1.5 to 12) at 25°C (Gayer and Garrett, 1952; Vasil’ev
and Shorokhova, 1972b, 1973). This indicates that Sb2O3 dis-
solves by forming the neutral species Sb(OH)3(aq)according to
the reactions
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0.5 Sb2O3(valentinite) � 1.5 H2O � Sb(OH)3�aq�; K��1� � aSb(OH)3(aq)

(1)

0.5 Sb2O3(senarmontite) � 1.5 H2O � Sb(OH)3(aq); K��2� � aSb(OH)3(aq).

(2)

Increasing temperature up to 350°C does not change Sb
speciation in solution, and Sb(OH)3(aq) remains the dominant
complex over a wide pH range (Shikina and Zotov, 1999). The
stoichiometry of this species is supported by the recent XAFS
spectroscopic study of Pokrovski G., Roux J., Testemale D.,
and Hazemann J–L. Their results indicate that in the tempera-
ture range 300 to 450°C, aqueous antimony in equilibrium with
senarmontite has an oxidation state of �3 and is surrounded by
3 � 0.5 oxygen atoms, in agreement with the Sb(OH)3 stoi-
chiometry.

The solubility of valentinite in H2O was studied by Schulze
(1883) and Gayer and Garrett (1952) at temperatures from 15 to
100°C. Solubility data and calculated values for the equilibrium
constant of the corresponding dissolution reaction 1 are re-
ported in Table 1. Figure 1 shows that log K°(1) increases

strongly with temperature. Our control experiment at 80°C
(Appendix 1) is in good agreement with the available experi-
mental data (Fig. 1).

The solubility of senarmontite in pure H2O and slightly
acidic solutions was measured by Popova et al. (1975) and
Shikina and Zotov (1990) over a wide range of temperature (80
to 400°C) and pressure (1 to 1000 bars). These data are pre-
sented in Table 2. Senarmontite solubility increases slightly
with pressure (Fig. 2) and sharply with temperature (Fig. 3).
Our new experiments performed at 80 and 350°C (Appendices
1 and 2) confirm the linear dependence of logK°(2) on recipro-
cal temperature at saturated vapor pressure (Psat):

Fig. 1. Solubility of valentinite (Sb2O3(romb.)) expressed as log K°(1)

vs. reciprocal temperature. The symbols represent experimental data
(Table 1) and the line shows a linear regression of these values.

Table 2. Senarmontite solubility in H2O and corresponding values of
log K0

(2).

T
(°C)

P
(bars)

mSb � 104

(mol�(kg H2O)�1) log K0
(2) Reference

80 1 1.1 � 0.2 �3.96 � 0.08 This study
(Appendix 1)

90 1 3.1 � 0.9 �3.51 � 0.13 Popova et al.
(1975)

200 Psat 44.3 � 5.0 �2.35 � 0.05
210 Psat 52.2 � 3.9 �2.28 � 0.03 Shikina and

Zotov (1990)
210 500 54.6 � 5.1 �2.26 � 0.04
210 1000 58.0 � 5.0 �2.24 � 0.04
300 Psat 352 � 2.8 �1.45 � 0.04
300 500 375 � 1.4 �1.43 � 0.02
300 1000 384 � 0.8 �1.42 � 0.01
350 Psat 701 � 60 �1.15 � 0.04 This study

(Appendix 2)
400 500 720 � 50 �1.14 � 0.03 This study

(Appendix 5)

a Psat � saturated vapor pressure.

Fig. 2. Pressure dependence of log K°(2) at 210°C and 300°C. The
symbols denote experimental data (Table 2) and the lines represent
linear regressions of these values.

Table 1. Valentinite solubility in H2O and log K0
(1) at 1 bar.

T
(°C)

msb � 104

(mol�(kg H2O)�1) log K0
(1) Reference

15 0.55 �4.26 Schulze, (1883)a

25 0.52 � 0.1 �4.28 � 0.08 Gayer and Garrett (1952)
80 2.02 � 0.3b �3.69 � 0.06 This study (Appendix 1)

100 3.4 �3.47 Schulze (1883)a

a Cited in Gayer and Garrett (1952).
b In this and other tables the calculated uncertainty represents the

confidence level 0.95.
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log K��2� � �2165.7/T � 2.28. (3)

2.2. Solubility of Metallic Antimony (Sb, trig)

The solubility of Sb(metal) was measured by Shikina and
Zotov (1990) in water as a function of hydrogen fugacity at
450°C and 500 and 1000 bars. It was found that Sb solubility
decreases linearly with increasing hydrogen fugacity (fH2

), with
slopes (log mSb vs log fH2

) of �1.50 � 0.35 and �1.37 � 0.35
at 500 and 1000 bars, respectively (Fig. 4). This is consistent
with the formation of Sb(OH)3(aq) according to the reaction

Sb(metal) � 3H2O � Sb(OH)3(aq) � 1.5H2(g); K��4� � aSb(OH)3(aq)

� fH2

1.5 (4)

The average values of the equilibrium constant of reaction 4
cited from Shikina and Zotov (1990) are listed in Table 3.

2.3. Solubility of Stibnite (Sb2S3, rhom)

A number of experimental studies have been performed on
the solubility of stibnite in pure water and slightly acidic
solutions (3	pH	7) containing up to 0.01m H2S at 200 to
350°C at Psat and 500 bars and show that Sb(OH)3(aq) is
predominant at these conditions (Kozlov, 1982; Wood et al.,
1987; Akinfiev et al., 1993; Shikina and Zotov, 1996, 1999).
Krupp (1988) studied Sb2S3 solubility in H2S-rich solutions
(mH2S


 0.01m) over a wide range of temperature, pH, and H2S
contents and attributed Sb2S3 dissolution to the formation of
thioantimonite (HnSb2S6-n, 0 	 n 	 2) and hydroxo-thioanti-
monite (Sb2S2(OH)2(aq)) complexes. However, we propose that
at least at the highest temperature of Krupp’s (1988) study
(350°C), Sb(OH)3(aq) was also present in the acidic and neutral

experimental solutions. Figure 5 shows that there is a linear
relationship between stibnite solubility (log mSb) and sulfide
concentration (log mH2S(aq)

) at 350°C. The experimental data
points obtained at saturated vapor pressure (Krupp, 1988; Ak-
infiev et al., 1993) and 500 bars (Shikina and Zotov, 1996)
shown in this figure exhibit the same relationship, demonstrat-
ing the weak influence of pressure on stibnite solubility. The
slope of log mSb vs. log mH2S(aq)

is �1.39 � 0.12 (Fig. 5). This
value is close to the theoretical slope (�1.5) for Sb(OH)3(aq)

formation according to the reaction

0.5 Sb2S3(stibnite) � 3 H2O � Sb(OH)3(aq) � 1.5 H2S(aq); K��5�

� aSb(OH)3(aq) � aH2S(aq)

1.5 (5)

A similar relationship can be seen in Figure 6, which shows
experimental data on Sb2S3 solubility at 300 and 306°C
(Shikina and Zotov, 1999). The logarithm of mSb exhibits a
linear dependence on log mH2S(aq)

with slopes �1.41 � 0.07 and
�1.30 � 0.08 at 300 and 306°C, respectively, over a wide
range of H2S concentrations (0.003 	 mH2S

	 0.1). These
values are close to the theoretical slope of �1.5 according to

Fig. 3. Solubility of senarmontite (Sb2O3(cub.)) expressed as log K°(2)

vs. reciprocal temperature at saturated vapor pressure. Symbols repre-
sent experimental data (Table 2), and the line represents a linear
regression of the experimental values.

Fig. 4. Sb(metal) solubility at 450°C as a function of H2 fugacity.
Symbols represent experimental data for 500 and 1000 bars from
Shikina and Zotov (1990). The lines represent a linear regression of the
experimental values.

Table 3. Equilibrium constants for reaction 4 at 450°C (Shikina and
Zotov, 1990).

P
(bars) log K0

(4)

500 �1.09 � 0.12
1000 �0.56 � 0.14

1823Thermodynamic properties of the Sb(III) hydroxide complex



reaction 5. Thus, these results demonstrate that Sb(OH)3(aq) is
the predominant Sb species at high temperature (300 to 350°C)
in solutions with Sb and H2S molalities up at least to 0.02 and
0.1, respectively (Shikina and Zotov, 1999). Thus, there is no
need to assume formation of any dimeric aqueous species such
as Sb2(OH)6 (Akinfiev et al., 1993) at these conditions.

Experimental data on stibnite solubility at temperatures from
198 to 350°C and the corresponding calculated values of the
equilibrium constant for reaction 5 are presented in Table 4.
Values of logK°(5) calculated from our measurements and
available solubility data (Kozlov, 1982; Wood et al., 1987;
Krupp, 1988) at Psat are compared in Figure 7.

3. THERMODYNAMIC PROPERTIES OF THE ANTIMONY
SOLID PHASES

The generation of thermodynamic properties of aqueous Sb
species from solubility data requires corresponding properties
for the solid Sb phases (valentinite Sb2O3(rhomb.), senarmontite
Sb2O3(cub.), and stibnite Sb2S3).

3.1. Valentinite (Sb2O3, rhom)

The low-temperature heat capacity of valentinite was mea-
sured by Anderson (1930) and Gorgoraki and Tarasov (1965).
It was noticed (Behrens and Rosenblatt, 1973; Popova et al.,
1975) that the Cp values of Gorgoraki and Tarasov (1965) are
higher by 4 to 5% than those of Anderson (1930). Behrens and
Rosenblatt (1973) and Popova et al. (1975) explained this

difference as due to systematic error in the measurements of
Gorgoraki and Tarasov (1965). This systematic error for Sb2O3

is proved by the presence of the same difference (4 to 5%)
between Cp values for another solid, As2O3(monoclinic), reported
by Gorgoraki and Tarasov (1965) and those measured later by
Chang and Bestul (1971). For this reason, we have preferred to
use the molal heat capacity and entropy of valentinite from
Anderson’ s data, recalculated by Behrens and Rosenblatt
(1973):

C�p, 298.15 � 24.29 cal�mol�1�K�1,

S�298.15 � 29.43 cal�mol�1�K�1.

These values are practically identical to those listed in the
handbooks of Wagman et al. (1982) and Pankratz (1982) and
similar to those presented by the IVTANTERMO database
(Iorish et al., 1998). However, they differ markedly from those
given by Glushko (1968) because the latter values were based
on the measurements of Gorgoraki and Tarasov (1965).

The heat capacity of valentinite has not been measured above
300 K. We therefore estimated the high-temperature heat ca-
pacities of valentinite with the low-temperature heat capacities
data of Anderson (1930) and the 3Rn computer code (Gurevich
et al., 1997). The heat capacity measurements of Anderson
(1930), recalculated by Behrens and Rosenblatt (1973) for the
temperature range 250 to 300 K were extrapolated to higher
temperature by the equation

C�p � 3Rn�1 � AT�1 � BT�2� � CT, (6)

where R is the ideal gas constant, T is temperature (K), n � 5

Fig. 5. Solubility of stibnite Sb2S3 vs. H2S(aq) molality at 350°C at
Psat and 500 bar. The data from Krupp (1988) for H2S concentration
have been recalculated by reaction 5. Symbols represent experimental
data and the line represents a linear regression of these values.

Fig. 6. The solubility of stibnite (Sb2S3) vs. H2S(aq) molality at
300°C and 306°C under saturated vapor pressure. Data from Shikina
and Zotov (1999). Symbols denote experimental data, and the lines
represent a linear regression of the experimental values.
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(number of atoms in Sb2O3), and A, B, and C are empirical
coefficients determined by least squares regression. The extrap-
olated Cp

° values for the temperature interval from 290 K to the
melting point of stibnite (928 K) were then fitted by the
Maier-Kelley equation for consistency with available data-
bases:

C�p, Sb2O3, valentinite (cal�mol�1�K�1) � 24.841 � 10.2 � 10�3 � T

� 3.197 � 105 � T�2. (7)

According to this equation, the molal heat capacity of val-
entinite at the melting point (928 K) and its mean value for the
temperature interval from 300 to 500 K is 33.8 and 26.7
cal�mol�1�K�1, respectively. These values are in good agree-
ment both with the estimate of Behrens and Rosenblatt (1973)
(Cp,928

° � 35 cal · mol�1�K�1) and with the experimental
measurement of mean molal heat capacity by Knauth and
Schwitzgebel (1988) by the DSC Ar-method (Cp,300–500 K

° �
26.58 � 0.28 cal�mol�1�K�1). By contrast, a 3Rn-code extrap-
olation of the low-temperature Cp (valentinite)

° data of Gorgoraki
and Tarasov (1965) yields values of 44.4 and 30.5
cal�mol�1�K�1, respectively. These values differ substantially
from those of Behrens and Rosenblatt (1973) and Knauth and
Schwitzgebel (1988). This provides further reason to prefer the
low-temperature heat capacity data of Anderson (1930). Thus,
Anderson’ s data recalculated by Behrens and Rosenblatt (1973)
together with empirical Eqn. 7 were adopted in this study.

Values of the standard molar Gibbs formation energy of
valentinite have been determined from experiments employing
several methods.

1. Vasil’ ev and Shorokhova (1972a), by use of a potentio-
metric method at 15 to 50°C, obtained a value for
�fG°298,Sb2O3(valentinite)

of �149.30 � 0.075 kcal�mol�1. This
value is close to that of Schuhmann (1924) (�149.0

kcal�mol�1) but differs markedly from that of Roberts and
Fenwick (1928) (�148.269 kcal�mol�1). Schuhmann (1924)
and Roberts and Fenwick (1928) also used potentiometric
methods.

2. Mah (1962) determined the standard molal enthalpy of
valentinite formation directly from the combustion of valen-
tinite in an oxygen bomb calorimeter:

�fH�298, Sb2O3(valentinite) � �169.4 � 0.7 kcal�mol�1.

Combining this value with the entropy for valentinite adopted
in this study (29.43 cal�mol�1�K�1), yields the Gibbs energy of
formation for valentinite:

�fG�298, Sb2O3(valentinite) � �149.845 � 0.8 kcal�mol�1.

3. A series of high-temperature electromotive force (EMF)
studies that used the solid-state galvanic cell technique has
determined the free energy of formation of valentinite. The
extrapolation of �fG°T,Sb2O3(valentitite)

obtained by Chatterji and
Smith (1973), Azad et al. (1986), Katayama et al. (1987), and
Knauth and Schwitzgebel (1988) from the temperature of val-
entinite-senarmontite phase transition (879 K) to the standard
temperature by using the values of S° and Cp

°(T) adopted in this
study yields values of �fG°298,Sb2O3(valentinite)

of �150.518 � 0.4;
�149.203 � 0.2; �149.950 � 0.1, and �149.263 � 1.2,
respectively. The EMF measurements made by E. Osadchii
(Appendix 3) yield a value of �149.6 � 0.5 kcal�mol�1. The
average value of �fG°298,Sb2O3(valentinite)

obtained by using this
method (Chatterji and Smith, 1973; Azad et al., 1986; Katay-
ama et al., 1987; Knauth and Schwitzgebel, 1988; and Appen-
dix 3) is �149.7 � 0.6 kcal�mol�1.

We have opted to use the average �fG°298,Sb2O3(valentinite)
value

of �149.6 � 0.3 from the studies discussed above. Note that
this value is in excellent agreement with the values presented

Table 4. Stibnite solubility in water and slightly acidic aqueous solutions and log K0
(5).

T
(°C)

P
(bars) Solution

mSb � 104

(mol�(kg H2O)�1) log K0
(5) Reference

198 500 H2O 1.97 �9.00 � 0.05 Shikina and Zotov (1999)
205 Psat H2O 2.4 �8.79
275 500 H2O 14.4 �6.84 � 0.05
300 Psat H2O 28 �6.12 � 0.03
300 Psat 0.001m HCl � H2S(aq) �6.04 � 0.07
306 Psat H2O and 0.001m HCl 33 �5.93 � 0.05
306 Psat 0.001m HCl � H2S(aq) �5.80 � 0.18
350 Psat H2O 76 �5.03 � 0.10 Akinfiev et al. (1993)
350 500 H2O 70 �5.12 � 0.05 Shikina and Zotov (1996)
350 500 H2O � Sb(aq) �5.06 � 0.02
350 Psat HCl � H2S(aq) �5.12 � 0.2 Krupp (1988)a

263 Psat H2O 19 �6.54 Kozlov (1982)b

283 Psat H2O 27 �6.16
305 Psat H2O 40 �5.74
325 Psat H2O 54 �5.41
369 Psat H2O 110 �4.69
200 Psat �8.95 � 0.2 Wood et al. (1987)c

250 Psat �7.80 � 0.35
300 Psat �6.25 � 0.3
350 Psat �5.55 � 0.45

a Solubility was recalculated using reaction 5.
b log K0

(5) was calculated in this study from the solubility data without considering the distribution of H2S between liquid and vapor phases.
c Solubility data were measured for the FeS2-FeS-F3O4-ZnS-PbS-Sb2S3-Bi2S3-Ag2S-MoS2-H2O system.
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by Wagman et al. (1982) (�149.74 kcal�mol�1), Pankratz
(1982) (�149.76 kcal�mol�1), and Glushko (1968) (�149.48
kcal�mol�1) and close to that given by the IVTANTERMO
database (Iorish et al., 1998) (�150.26 kcal�mol�1).

3.2. Senarmontite (Sb2O3, cub)

The low-temperature heat capacity of senarmontite has been
measured only by Gorgoraki and Tarasov (1965). Although this
study seems to have a systematic error (see above), we assumed
that the differences between Cp,298

o and S°298.15 values for
valentinite and senarmontite (Gorgoraki and Tarasov, 1965)

were correct. Then, by use of the data of Behrens and Rosen-
blatt (1973) for valentinite, we obtain for senarmontite:

C�p,298 � 22.54 cal�mol�1�K�1,

S�298 � 27.37 cal�mol�1�K�1.

The heat capacities of senarmontite above 298 K were esti-
mated by the 3Rn code (Gurevich et al., 1997). Values of the
molal heat capacity of senarmontite in the temperature interval
250 to 300 K were derived as above: from Anderson’ s data
(Anderson, 1930) for valentinite and the difference in Cp

° be-

Fig. 7. Log K°(5) as a function of reciprocal temperature at Psat and 500 bars. The symbols denote experimental data; the
line represents a linear regression of the data from Shikina and Zotov (1996, 1999).
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tween valentinite and senarmontite (Gorgoraki and Tarasov,
1965) at the same temperatures. The extrapolated C°p values in
the temperature range from 290 K to the melting point of Sb2O3

(928 K) were fitted by the Maier-Kelley equation:

C�p, Sb2O3, senarmontite (cal�mol�1�K�1�22.525�12.028�10�3

�T�3.179�105�T�2. (8)

The standard Gibbs free energy of formation of senarmontite
can be derived by using the free energy change of the reaction
of polymorphic transition:

Sb2O3(valentinite) � Sb2O3(senarmontite). (9)

However, there is a large scatter in �G°298,(9) values obtained
by different methods (Table 5). We prefer the method based on
the temperature of polymorphic transformation and the �S°298

and �Cp
°(T) data for this reaction. This temperature was accu-

rately determined by White et al. (1967) and is equal to 879 �
5 K at 1 bar. At this temperature �G°879,(9) � 0. By using S°
and Cp

°(T) for valentinite and senarmontite from Table 6, we
calculated the values of �G°298,(9) as �1740 cal�mol�1 and
�H°298,(9) as �2354 cal�mol�1. The uncertainty in �S°(9) does

not exceed 1 cal�mol�1�K�1, which corresponds to an error in
�G°298,(9) of �600 cal�mol�1. The calculated �G°298,(9) value
(�1740 � 600 cal�mol�1) agrees perfectly with that generated
by Roberts and Fenwick (1928), who used a potentiometric
method (�G°298,(9) � �1800 � 200 cal�mol�1) and is close to
values estimated from the solubility data (Table 5). Calculation
based on the solubility data for senarmontite and valentinite at
80°C (Appendix 1, Table A1) and after recalculation of
�G°323,(9) to the standard temperature of 298.15 K yields
�1230 � 400 cal�mol�1. Calculation based on the value of
solubility of valentinite at 25°C given by Gayer and Garrett
(1952) and that for senarmontite estimated by Eqn. 3 (Fig. 3)
leads to �G°298,(9) � �1900 � 600 cal�mol�1. As a result, the
average value of �G°298 from the four values cited above for
reaction 9 with regard to uncertainties (Table 5) has been
adopted in this study: �G°298,(9) � �1800 � 500 cal/mol.
Values of �G°298,(9) (Table 5) based on the studies of Guntz
(1884), Hincke (1930), and Jungermann and Plieth (1967) were
ignored. Note that Hincke (1930) and Jungermann and Plieth
(1967) used similar methods but obtained contradictory results
(Table 5).

Finally, by using the adopted value of �G°298,(9), the stan-

Table 5. �G0
(9), 298 for polymorphic transformation 9 determined by different methods.

�G0
298, (9)

(cal�mol�1) Method Reference

�1740 � 600a Calculation based on the temperature of phase equilibrium transition Our recalculation from White et al. (1967)
�1800 � 200 Potentiometric method Roberts and Fenwick (1928)
�1230 � 400a Calculation based on the difference in solubility of senarmontite and

valentinite at 80°C (�G0
(9),353.15 � �1.1 � 0.3 kcal�mol�1)

Our calculation (Table A1)

�1900 � 600 Calculation based on the difference in solubility of valentinite at 25°C
(log K(1) � �4.28) and that for senarmontite estimated using the
extrapolation of solubility data at 80–350° (log K(2) � �4.98)

Gayer and Garrett (1952); our calculation
based on Eqn. 3 in this study

15b Heat of dissolution of senarmontite and valentinite in HCl at room
temperature

Guntz (1884)c

�400a Measurement of saturated vapor pressure of senarmontite and valentinite
at 470–640°C (�H0

(9), 470–640 � �1.6 kcal�mol�1)
Hincke (1930)

1100a Measurement of saturated vapor pressure of senarmontite and valentinite
at 657–1063°C (�H0

(9), 657–1063 � �0.1 kcal�mol�1)
Jungermann and Plieth (1967)

�1800 � 500 Adopted in this study

a Recalculated to a temperature of 298.15 K using S0
298 and C0

p (T) dependences for senarmontite and valentinite adopted in this study (Table 6).
b Calculated using S0

298 values for senarmontite and valentinite adopted in this study (Table 6).
c Cited from Popova et al. (1975).

Table 6. Thermodynamic properties of antimony solid phases used in this study.

Solid phases
�fG

0
298,15

(kcal�mol�1)
�fH

0
298,15

(kcal�mol�1)
S0

298,15

(cal�mol�1�K�1)
V0

298,15

(cm3�mol�1)
C0

p,298,15

(cal�mol�1�K�1)
Heat capacity equation

(temperature interval in K)

Valentinite
(rhombic Sb2O3)

�149.6 � 0.3a �169.3a 29.43c 50.01 � 0.06d 24.29c 24.841 � 0.0102 � T �
319700 � T�2 (290–928)a

Senarmontite
(cubic Sb2O3)

�151.4 � 0.6a �171.7a 27.37a 52.21 � 0.03d 22.54a 22.525 � 0.012028 � T �
317900 � T�2 (290–879)a

Stibnite
(rhombic Sb2S3)

�35.846 � 0.502b �36.174 � 0.550b 43.50 � 0.81b 73.414 � 0.05d 28.60b) 39.699 � 0.000741 � T �
154158.7 � T�2 �
217.73 � T�0.5 (298–829)b,e

a This study.
b Seal et al. (1992).
c Behrens and Rosenblatt (1973).
d Naumov et al. (1971).
e or 28.8549 � 3.73�10�3T � 1.27�105T�2 (the Maier-Kelley equation).
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dard Gibbs free energy of formation of senarmontite can be
calculated (Table 6):

�fG�298,Sb2O3(senarmontite)��fG�298,Sb2O3(valentinite)��G�298,�9� �

� � 149.6 � 0.3� � ��1.8 � 0.3� � �151.4

� 0.6 kcal�mol�1.

3.3. Stibnite (Sb2S3)

The thermodynamic properties of stibnite are discussed in
detail by Seal et al. (1992). In spite of large variations in
reported values for �fH°298 and �fG°298 of stibnite, these
authors have generated a reliable set of thermodynamic prop-
erties for this mineral by using low- temperature (Romanovskii
and Tarasov, 1960; King and Weller, 1962) and high-temper-
ature (Seal et al., 1992) heat capacity measurements and high-
temperature experimental data on the sulfidation of native
antimony (Schenck and von der Forst, 1939; Barton, 1971). In
this article, we have employed the full set of thermodynamic
properties of stibnite reported by Seal et al. (1992) (Table 6).

4. THERMODYNAMIC PROPERTIES OF SB(OH)3(AQ)

The values of �fG°Sb(OH)3(aq)
(P, T) were generated for a wide

range of temperatures (15 to 450°C) and pressures (1 to 1000
bars) from the solubility data corresponding to reactions 1, 2, 4,
and 5 presented in Tables 1 to 4. Activities of the solids and
H2O, and the activity coefficients of the neutral aqueous species
were assumed to be unity. Thermodynamic properties of H2O
were calculated by using the equation of state of Hill (1990).
Thermodynamic properties of H2S(aq) were generated by using
a new equation of state reported by Akinfiev and Diamond
(2003). This approach provides an accurate description of the
properties of dissolved gases for a wide range of temperatures
(0 to 600°C) and pressures (1 to 4000 bar), and is discussed
briefly in Appendix 4.

To estimate the value of the Born parameter for Sb(OH)3(aq),
special experiments on senarmontite solubility in H2O-N2 su-
percritical mixed fluids were carried out (Appendix 5). The
Born parameter was extracted by the algorithm given by Ak-
infiev and Zotov (1999). It is based on the electrostatic inter-
action between dissolved species and the surrounding mole-
cules of H2O. According to this approach, the logarithm for the
equilibrium constant of a reaction is expressed as

� log K0 � � �r� � 
, (10)

where �log K° denotes the deviation of log K° in the mixture
relative to that in pure H2O, �r� is the change in the Born
parameter for the reaction, and 
 denotes the “dielectric cor-
rection factor” as follows:


 � �1

�
�

1

�H2O
� �

1

2.303RT
, (11)

where � and �H2O
correspond to the dielectric permittivity of

the mixture and pure water, respectively, and R and T represent
the universal gas constant and absolute temperature in K,
respectively. For reaction 2, �r� is identical to �Sb(OH)3(aq)

, and
hence the value for the Born parameter of Sb(OH)3(aq) can be
calculated from the decrease in senarmontite solubility with

increasing mole fraction of N2. The experimental data, calcu-
lated values of dielectric permitivity, and dielectric correction
factor are presented in Table A5. The dependence of log K°(2)

on the dielectric correction factor is shown in Fig. A5. By use
of the linear slope of the relationship, we obtain �Sb(OH)3(aq)

�
(0.046 � 0.003)�105 cal�mol�1.

Volumetric properties of Sb(OH)3(aq) were extracted by us-
ing the dependence of senarmontite solubility on pressure at
temperatures of 210°C and 300°C (Table 2) The standard
chemical potential of Sb(OH)3(aq) can be expressed as

	�Sb(OH)3�aq�
� 0.5	�sen. � 1.5	�H2O � RT ln mSb(OH)3(aq), (12)

where mSb(OH)3(aq)
is the measured molal concentration of Sb,

and 	°sen. and 	°H2O
represent the standard chemical potentials of

senarmontite and water at the temperature and pressure of
interest. Values of 	°sen. and 	°H2O

were calculated by using data
from Table 6 and the SUPCRT92 computer package (Johnson
et al., 1992). Then, by use of the common thermodynamic
expression

V �

	�


P �
T

�
	�P1 � 	�P2

P1 � P2
, (13)

the average values of molal Sb(OH)3(aq) volume in a range of
pressure from vapor saturated pressure to 1000 bars were
derived: 52 � 7 and 56 � 5 cm3�mol�1 at 210° and 300°C,
respectively. The value of VSb(OH)3(aq)

for standard state condi-
tions (25°C and 1 bar) was matched by using values of
VSb(OH)3(aq)

calculated above at 210°C and 300°C and correla-
tion algorithms for the volumetric HKF parameters (a1, a2, a3,
and a4) from Shock et al. (1989). The derived value of the
standard partial molal volume of Sb(OH)3(aq) V°298,Sb(OH)3(aq)

is equal to 54 � 7 cm3�mol�1.
Taking account of the derived V°298 and �298 for

Sb(OH)3(aq), the values of �fG°Sb(OH)3(aq)
(P, T) generated above

were regressed by the UT-HEL code of the HCH software
package (Shvarov, 1999; Shvarov and Bastrakov, 1999) con-
sistent with the revised HKF equation of state (Tanger and
Helgeson, 1988). Two parameters were used in the optimiza-
tion procedure: S°298 and Cp,298

° . The heat capacity HKF pa-
rameters c1 and c2 were derived by the correlation from Shock
et al. (1989).

The generated standard molal thermodynamic properties of
Sb(OH)3(aq) at 25°C and 1 bar and the corresponding HKF
parameters are given in Table 7. The difference between the
experimental Sb(OH)3(aq) Gibbs free energy values and those
predicted by these parameters is shown in Figure 8. This
difference is equal to �0.25 kcal�mol�1 at 25°C and increases
with temperature to 0.5 to 0.6 kcal�mol�1 at 450°C. Thus, the
uncertainty in the predicted constants of reactions 1 to 5 does
not exceed 0.2 log units for the range of temperature and
pressure considered in this study.

5. APPLICATION TO NATURAL SYSTEMS

The stability of minerals in the system Fe-Sb-S-O-H and the
principal factors that control antimony transport and deposition
were recently considered in detail by Williams-Jones and Nor-
mand (1997). Here we will briefly discuss the relative stability
of hydroxy and bisulfide antimony species using the new ther-
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modynamic data for Sb(OH)3(aq) generated in this study and
thermodynamic data for antimony species in sulfide solutions
calculated by Akinfiev et al. (1993).

The most comprehensive experimental investigation of stib-
nite solubility in sulfide solutions was carried out by Krupp
(1988), who concluded that at high temperatures (300 to
350°C), the predominant Sb species is Sb2S2(OH)2(aq). How-
ever, the data presented above (section 2.3; Figs. 5 and 6) show
that at these temperatures the hydroxide species Sb(OH)3(aq)

dominates at H2S concentrations up at least to 0.1m. Conse-

quently, the data of Krupp (1988) need to be reinterpreted to
take account of the hydroxide species at high temperatures (200
to 350°C). Such a reinterpretation was performed by Akinfiev
et al. (1993). The further revision of stoichiometry and stability
of sulfide Sb species (Belevantsev et al., 1998b; Gushchina et
al., 2000) applied only to highly alkaline solutions.

In our analysis of the behavior of Sb in natural systems, the
thermodynamic properties of Sb sulfide complexes and
Sb(OH)4

� are taken from Akinfiev et al. (1993). Data for
Sb(OH)3(aq), stibnite, and H2S(aq) are given in Tables 7, 6, and
A4 of this study, respectively. The thermodynamic properties
for other aqueous species (HS�, OH�, Na�, Cl�, NaCl(aq),
NaOH(aq), O2(aq), H2(aq)) and solid phases (pyrite, pyrrhotite,
magnetite) used in our calculations were taken from
SUPCRT92 (Johnson et al., 1992). Activity coefficients of
charged species were calculated by the extended Debye-Hückel
equation with a value of å � 4.5 � 10�8 cm adopted for all
species. Activity coefficients of neutral aqueous species were
assumed to be unity.

The fields of predominance of the various Sb species are
shown in Figure 9 at temperatures of 25, 100, 200, and 350°C
and saturated vapor pressure. The stability field of stibnite is
given at a total Sb concentration equal to 10�6m (Fig. 9A) and
10�4m (Fig. 9B), and an ionic strength of 0.1 at all tempera-
tures.

Figure 9 demonstrates that increasing temperature rapidly
reduces the stibnite stability field and widens the field of
predominance of Sb(OH)3(aq) relative to sulfide Sb species. The
deposition of stibnite in natural environments is virtually im-
possible at high temperature (above 350°C) because of the very
high solubility of this mineral in H2O (up to 10�2m Sb). The
strong increase of stibnite solubility with increasing tempera-
ture leads to the conclusion that decreasing temperature is one
of the most important factors in antimony deposition. At lower
temperatures, antimony can be transported both as Sb(OH)3(aq)

and bisulfide complexes (H2Sb2S4(aq), HSb2S4
� and Sb2S4

2�).
Hence, Sb speciation in natural fluids depends on the H2S
concentration. At low H2S concentration, Sb is transported as
Sb(OH)3(aq). This speciation is evident for natural chemical
conditions encountered during modern stibnite formation in the
Uzon geothermal system, Kamchatka (Alekhin et al., 1987):
�mSb � 2�10�6 to 5 � 10�5 mol�kg�1; T � 93 to 98°C.
Symbols in Figures 9A,B represent the measured in situ pH and
H 2S concentrations in natural solutions with coexisting stib-
nite. Our calculations show that at high temperature (200 to
350°C), Sb(OH)3(aq) is also the main agent in the transport of
Sb if the H2S concentration is buffered by the pyrite � pyr-
rhotite � magnetite assemblage (dashed line in Fig. 9). How-
ever, many researchers (Barnes, 1979; Sorokin et al., 1988)
have proposed, on the basis of a study of fluid inclusions,
markedly higher concentrations (up to 10�1 mol�kg�1) of H2S
in ore fluids. For example, Kolpakova (1982b) determined that
the H2S concentration ranged from 10�1 to 10�3 mol�kg�1 in
fluid inclusions from low-temperature Dzhizhikrut hydrother-
mal Sb deposit, Tadjikistan, and low-temperature Au-Sb de-
posits in Yakutiya. In these situations, Sb is likely to be
transported as sulfide species. The type of Sb speciation (hy-
droxide vs. sulfide complexes) will determine the effect of
variations in the H2S concentration on ore deposition. Deposi-
tion of stibnite is associated with an increase in the H2S

Table 7. Standard thermodynamic properties and HKF parameters of
Sb(OH)3(aq) adopted in this study.

Thermodynamic parameters Sb(OH)3(aq)

�fG
0
298 (cal�mol�1) �154,010

S0
298 (cal�mol�1�K�1) 43.260

C0
p. 298 (cal�mol�1�K�1) 66.4

V0
298 (cm3�mol�1) 54.0

a1�10 (cal�mol�1�bar�1) 9.1718
a2�10�2 (cal�mol�1) 14.6130
a3 (cal�K�mol�1�bar�1) 0.0064
a4�10�4 (cal�K�mol�1) �3.3831
c1 (cal�mol�1�K�1) 45.5017
c2�10�4 (cal�K�mol�1) 10.4911
��10�5 (cal�mol�1) 0.0461

Fig. 8. Differences between calculated values of Gibbs energy of
Sb(OH)3(aq) by using the data from Table 7 and those generated from
experimental measurements (Tables 1 to 4). The dashed lines corre-
spond to the error of � 0.2 in log K.
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concentration if Sb(OH)3(aq) dominates in the fluid, and with a
decrease in H2S if Sb is present as sulfide species.

6. CONCLUSION

We have attempted to summarize all the available data
relating to the stability of Sb(OH)3(aq) at elevated temperatures
and pressures and have used these data to derive standard
thermodynamic properties and HKF parameters for
Sb(OH)3(aq) that are consistent with thermodynamic properties
for the solid antimony phases (Sb, Sb2O3, Sb2S3). Both exper-
imental data and thermodynamic calculations confirm that the

hydroxide complex Sb(OH)3(aq) is primarily responsible for the
hydrothermal transport of antimony, especially at temperatures
above 200 to 250°C.
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APPENDIX 1

Valentinite and Senarmontite Solubility in H2O at 80°C
Dissolution experiments were performed on natural senarmontite

from an Algerian deposit and two samples of synthetic valentinite. The
first sample (Valentinite-1) is a fine-grained chemical reagent (Sb2O3

99.99%). The second sample (Valentinite-2) is characterized by needle-
shaped crystals ranging from 3 to 10 mm in length and 0.2 to 0.8 mm
in diameter. These crystals were synthesized from pure antimony (III)
oxide (Merck) at 450°C in the Institute of Crystallography of the
Russian Academy of Sciences by using the fluoride method (Popolitov,
1989). Both solids were analyzed by X-ray diffraction, and valentinite
(Sb2O3(romb.)) was the only phase detected. The senarmontite was in the
form of large octahedral crystals (10 to 15 mm). The crystals were
crushed to 2 to 5 mm in size and washed with HCl and H2O. Only
well-crystallized senarmontite (Sb2O3(cub.)) was detected in the sample
by X-ray diffraction, but chemical analysis showed a small amount of
As2O3 (2.2 wt %).

Valentinite and senarmontite solubility were measured at 80 � 0.5°C
in oxygen-free distilled water. The solids were put in glass flasks placed
in a water thermostat and periodically shaken. Solution samples were
extracted and immediately filtered through a 1.0-	m paper filter at the
temperature of the experiment (80°C). To avoid Sb precipitation, the
samples were acidified with HCl. Aqueous antimony concentrations
was determined by flame atomic absorption spectrometry with a Varian
AA-875 spectrophotometer. Experimental results are listed in Table
A1. It can be seen that the solution reached equilibrium with valentinite
in less than 4 days. The higher solubility of Valentinite-2 compared
with that of Valentinite-1 may reflect a poorer crystallinity of Valen-
tinite-2. For this reason, only the solubility of well crystallized Valen-
tinite-1 was used in the thermodynamic calculations presented in this
article. The dissolution of senarmontite was considerably slower than
that of valentinite. Steady-state Sb concentrations were not achieved
even after 20 d of the experiment (Table A1). Extrapolation of these
dissolution-kinetic measurements as a function of time yields a Sb
concentration of approximately (1.1 � 0.2) � 10�4 mol Sb�(kg H2O)�1

in solution in equilibrium with senarmontite.

APPENDIX 2

Senarmontite Solubility in H2O at 350°C and Saturated Vapor
Pressure

Dissolution experiments were performed with natural senarmontite
(see Appendix 1). Solubility was measured at 350 � 3°C and Psat in

oxygen-free distilled water. The experiments were performed in �20
cm3 titanium-alloy (VT-8) autoclaves placed vertically in an oven. The
solid/solution ratio was �1:50. The crystals were put in a sample
holder located in the upper part of the autoclave to ensure that they
were not in contact with the solution at ambient temperature. As
temperature increased, the expanded solution came in contact with the
Sb2O3 crystals. At the end of the run, the autoclave was quenched in
cold water to rapidly separate crystals from solution. The solubility was
determined by the weight-loss method (Table A2). It was shown by
Popova et al. (1975) that equilibrium between senarmontite crystals and
solution is achieved within 3 to 4 d at 200°C at solid/solution ratios
close to those at in our runs. To ensure that equilibrium was attained in
our experiments, the runs lasted 8 to 10 d twice that of the experiments
of Popova et al. (1975). Moreover, a recent XAFS spectroscopy study
(Pokrovski G., Roux J., Testemale D., and Hazemann J–L., unpub-
lished data) showed that Sb aqueous species attain equilibrium with
senarmontite within an hour at temperatures above 300°C and solid/
solution ratios of �1:5.

APPENDIX 3

Measurements of Standard Molal Gibbs Free Energy of
Formation of Sb2O3(cr) by EMF Method with a Zirconia Solid
Electrolyte

The standard molal Gibbs free energy for the formation of Sb2O3

was determined by the EMF solid state galvanic cell technique with
yttria-stabilized zirconia as the solid electrolyte. The measurements
were performed at the Institute of Experimental Mineralogy of RAS
(Chernogolovka) by E. Osadchii.

EMF measurements of the cell

Re, O2, Sb(s), Sb2O3(s) YSZ ’FeO’ (s), Fe(s), O2, Re (A3-1)

were performed for the temperature range from 869.3 to 902.6 K.
Experimental details about cell arrangement, furnace, temperature con-
trol, etc., can be found elsewhere (Osadchii et al., 1998). Crushed
ultrapure Sb (99.999%) and fine-grained Sb2O3 (99.99%) were used.
The antimony oxide was the same as that used in the solubility runs
(Valentinite-1 in Appendix 1). The reference half-cell was prepared
from ultra-pure Fe (99.99%) and “FeO” synthesized from appropriate
amounts of ultra–pure Fe2O3 (99.99) and metallic iron.

Experimental results are shown in Table A3. Measured Eexp. values
as a function of temperature (Fig. A3) can be expressed by a straight
line

E � �0.117832 � T � 152.136. (A3-2)

This relationship corresponds to the assumption of a constant value of
�Cp for the equilibrium reaction considered.

The oxygen pressure (PO2
, bar) for the reaction

2 Sb(s) � 1.5 O2(g) � Sb2O3(s) (A3-3)

is related to the EMF (E, mV), temperature (T, K) values and the
reference oxygen pressures (P'O2

, bar) by the equation

Table A1. Measured solubility of valentinite and senarmontite in
H2O at 80°C and log K0

(1, 2) at the 0.95 confidence level.

Solid phase
Time
(d)

mSb � 104

(mol�(kg H2O)�1) log K0
(1, 2)

Valentinite-1 4 2.03
7 1.80

11 2.26
20 2.01

2.02 � 0.3a �3.69 � 0.06
Valentinite-2 4 2.31

7 2.44
11 2.33
20 2.43

2.38 � 0.12a �3.62 � 0.02
Senarmontite 4 0.588

7 0.808
11 0.926
20 1.040

1.1 � 0.2b �3.96 � 0.08

a Average value.
b Approximated value.

Table A2. Measured senarmontite solubility in H2O at 350°C and
vapor saturation pressure and log K0

(2) at the 0.95 confidence level.

Time
(d)

mSb � 104

(mol�(kg H2O)�1) log K0
(2)

8.5 647
637
623

9.5 780
739
756
724
701 � 60a �1.15 � 0.04

a Average value.
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log PO2 � log P�O2 � 4FE � 10�3/�RT � ln10�, (A3-4)

where R and F are the gas and the Faraday constant, respectively. The
reference oxygen pressures (P'O2

, bar) were obtained from the reaction

Fe(s) � 0.5 O2(g) � ’FeO’ (s) (A3-5)

and can be expressed (Fredriksson and Rosén, 1984) by the equation

log P�O2 � �0.8839 � 26506/T � 2.2012 � log T. (A3-6)

By combining equations A3-2, A3-4, and A3-6, the following relation-
ship is derived:

log PO2(A3-3) � 1.492 � 23439/T � 2.2012 � log T. (A3-7)

At the temperature of valentinite–senarmontite phase transition (879
K), the values of �G°(A3-3),879 � 1.5 RT�ln10�log PO2(A3-3)

and is equal
to �112.776 kcal�mol�1. The values of standard molal Gibbs free
energy for these phases at 25°C and 1 bar were derived by using the
values of S°298 and the heat capacity equation for senarmontite and
valentinite presented above (Table 6):

�fG�298, Sb2O3(senarmontite)��151.332 � 0.5 kcal�mol�1,

and

�fG�298, Sb2O3(valentinite)��149.604 � 0.5 kcal�mol�1.

The uncertainties on these values mainly stem from the extrapolation
of �fG° from 879 to 298.15 K.

APPENDIX 4

Thermodynamic Properties of H2S°(aq)

As noted by Plyasunov (1991), O’Connell et al. (1996), and Akinfiev
(1997), the HKF model for the neutral aqueous species proposed by
Shock et al. (1989) is unreliable in the supercritical region, and dis-
crepancies with experiment increase with increasing temperature. For
this reason, we used an alternative description for aqueous H2S based
on the equation of state proposed by Akinfiev and Diamond (2003). In
brief, the chemical potential (	2(P, T)) of a dissolved species at infinite
dilution, pressure P (bar) and temperature T (K) is approximated by the
empirical equation

	2�P,T� � 	2,g�T� � RT lnNw � �1 � �� RT lnf1 � RT�ln�RVT

M1

1�

� RT
1 � 2�B, (A4-1)

where 	2,g(T) stands for the chemical potential of the pure gaseous
component at temperature T and standard pressure (1 bar), R � 1.9872
cal�mol�1�K�1 and RV � 83.1441 cm3�bar�K�1�mol�1 are the gas
constants, Nw � 1000/M1 � 55.51 mol�kg�1, M1, f1, and 
1 stand for
molar mass (g�mol�1), fugacity (bar), and density (g�cm�3) for the pure
solvent (H2O) at the P-T conditions of interest, respectively; � is the
so-called scaling factor that is introduced to describe the difference
between intrinsic volumes of H2O and that of the dissolved molecule
(Plyasunov et al., 2000), and �B characterizes the difference in the
short-range interaction energy between solute and solvent molecules.
The temperature dependence of �B is given by

2�B � a � b�103

T � 0.5

, (A4-2)

where a and b are adjustable parameters of the model. Differentiating
Eqn. A4-1 with respect to pressure and temperature results in expres-
sions for the partial molal volume and heat capacity of the dissolved
species:

Table A4. Chemical potentials of aqueous H2S(aq) (in cal�mol�1) at
infinite dilution used in this study. Psat is equal to 1 bar at T 	100° and
corresponds to H2O vapor saturation pressure at higher temperature.

T
(°C)

P (bars)

Psat 250 500 1000 2000 3000

0 �6131 �5918 �5711 �5314 �4575 �3891
25 �6767 �6563 �6364 �5979 �5254 �4576
50 �7509 �7307 �7109 �6726 �6004 �5327
75 �8337 �8133 �7933 �7547 �6820 �6139
100 �9241 �9031 �8827 �8434 �7696 �7007
125 �10211 �9995 �9784 �9380 �8628 �7927
150 �11243 �11018 �10798 �10381 �9610 �8896
175 �12332 �12098 �11867 �11433 �10639 �9910
200 �13475 �13230 �12985 �12531 �11711 �10965
225 �14671 �14414 �14152 �13673 �12823 �12059
250 �15919 �15650 �15365 �14856 �13972 �13188
275 �17221 �16940 �16623 �16077 �15156 �14350
300 �18583 �18289 �17927 �17336 �16372 �15542
325 �20021 �19711 �19279 �18629 �17617 �16764
350 �21581 �21239 �20682 �19956 �18891 �18012
375 �23051 �22143 �21314 �20190 �19284
400 �25867 �23675 �22703 �21512 �20580
425 �27308 �25295 �24119 �22856 �21897
450 �28690 �26984 �25560 �24220 �23234
475 �30071 �28630 �27021 �25602 �24589
500 �31460 �30160 �28497 �27000 �25961
525 �32861 �31619 �29979 �28412 �27349
550 �34274 �33050 �31460 �29836 �28751
575 �35701 �34475 �32936 �31271 �30166
600 �37140 �35901 �34406 �32716 �31594

Table A3. The experimental data, EMF (Eexp.) and temperature (T),
and calculated values �E � Eexp. � E, obtained for the cell (A3-1).

T
(K)

Eexp.
(mV)

�E
(mV)

869.3 �254.58 �0.01
879.9 �255.80 0.02
884.0 �256.30 0.00
884.9 �256.40 0.00
893.9 �257.50 �0.04
894.5 �257.50 0.04
902.6 �258.50 �0.01

Fig. A3. EMF of the cell (A3-1) as a function of temperature.
Symbols are experimental data (Table A3), and the line represents the
linear regression of experimental values.
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Fig. A4-1. Values of the Henry constant for H2S at saturated vapor
pressure (Psat.) and 1000 bar total pressure plotted against reciprocal
temperature. Symbols correspond to the experimental data, the solid
curves are the model predictions. The dashed curves indicate predic-
tions of the HKF model with data from the SUPCRT92 package
(Johnson et al., 1992).

Fig. A4-2. Apparent molar heat capacity of aqueous H2S as a function of temperature at 280 bar. Symbols correspond
to the experimental data for an H2S molality of approximately 0.372 (Hnĕdkovsky and Wood, 1997), and the solid curve
is the model prediction for infinite dilution. The dashed curve indicates prediction of the HKF model with data from the
SUPCRT92 package (Johnson et al., 1992).

Fig. A4-3. Apparent molar volumes of aqueous H2S at 350 bar as a
function of temperature. Symbols correspond to experimental data for
an H2S molality of approximately 0.248, from Hnĕdkovsky et al.
(1996), and the solid curve is the model prediction for infinite dilution.
The dashed curve indicates the prediction of the HKF model with data
from the SUPCRT92 package (Johnson et al., 1992).
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Here, as before, index g stands for ideal gaseous component at the T of
interest and standard pressure, index 1 denotes pure H2O, and 2 denotes
the solvent.

Assuming V2 � 34.8 cm3�mol�1 (Hnĕdkovsky et al., 1996), and
taking into account the complete set of experimental data for the Henry
constant of H2S covering both subcritical (Kozintseva, 1964; Clarke
and Glew, 1971; Drummond, 1981; Namiot, 1991; Suleimenov and
Krupp, 1994) and supercritical (Kishima, 1989) regions of H2O, a set
of data for the following empirical parameters was retrieved: � �
�0.202, a � �11.4803 cm3�g�1, and b � 12.7158 cm3�K0.5�g�1

(Akinfiev and Diamond, 2003). The fit quality is illustrated in Figs.
A4-1 to A4-3. It can be seen that there is good agreement between the
experimental data and corresponding calculated values. Predictions of
the HKF model with data from the SUPCRT92 package (Johnson et al.,
1992) are given as dashed lines for comparison. For the convenience of
readers, calculated values of chemical potentials of aqueous H2S°(aq) at
infinite dilution used in this study are given in Table A4.

APPENDIX 5

Senarmontite Solubility in H2O-N2 Mixed Fluids at 400°C and
500 bars

Dissolution experiments were performed by using natural and syn-
thetic senarmontite occurring in the form of large octahedral crystals (2
to 8 mm). The natural senarmontite was from Algeria (see Appendix 1);
synthetic crystals were prepared in the Institute of Crystallography of
the Russian Academy of Sciences by use of the fluoride method

(Popolitov, 1989). Only senarmontite was detected by X-ray diffraction
of these crystals. Senarmontite solubility was measured at 400 � 3°C
and a pressure of 500 � 50 bars. The experiments were carried out in
the Ti autoclaves described in Appendix 2. Fluids of different compo-
sitions were prepared by introducing mass ratios of H2O and liquid N2

into the autoclave. The duration of runs was 4 to 6 d. After quenching
at the end of a run, the mole fraction of N2 was determined by weighing
on an Acculab LT-3200 balance, and the concentration of Sb was
measured by the weight-loss method with an Ohaus analytical balance.
The measured values of equilibrium Sb concentration (mol Sb per kg
H2O) as a function of mole fraction of N2; and calculated values of
pressure, fluid dielectric permitivity, and dielectric correction factor are
presented in Table A5. For H2O-N2 mixed fluids, the values of pressure
and dielectric permitivity were calculated by the Redlich-Kwong equa-
tion and the modified Kirkwood equation, respectively. Details of these
calculations are given by Akinfiev and Zotov (1999).

Fig. A5. Logarithm of constants for reaction 2 as a function of the dielectric correction factor (
; see text) in mixed
H2O-N2 fluids at 400°C and 500 � 50 bars. The symbols denote experimental data (Table A5); and the curve represents
a linear regression of these values. The slope S of the linear regression corresponds to the value for the Born parameter (��)
of Sb(OH)3(aq).

Table A5. Senarmontite solubility in the mixed H2O-N2 fluid at
400°C and 500 � 50 bar.

P
(bars)

XN2

(mole
fraction)

mSb

(mol�(kg
H2O)�1)

log mSb

�1.5 log
�H2O

a

Dielectric
permittivity

(�)

Dielectric
correction

factor

500 0 0.072 � 0.005 �1.14 12.263 0
490 0.05 0.063 �1.17 7.575 1.67
490 0.05 0.061 �1.18 7.575 1.67
495 0.05 0.058 �1.20 7.575 1.68
454 0.10 0.052 �1.22 4.135 5.05
454 0.10 0.045 �1.28 4.135 5.05
452 0.10 0.049 �1.24 4.135 5.11
480 0.18 0.025 �1.16 3.124 7.69
515 0.31 0.014 �1.61 2.435 10.73
535 0.33 0.01 �1.74 2.415 10.89

a Activity of H2O is assumed to be equal to its mole fraction.
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