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Abstract

The ultraviolet spectra of dilute aqueous solutions of antimony (IIT) have been measured from 25 to 300 °C at the saturated vapour
pressure. From these measurements, equilibrium constants were obtained for the following reactions:

H3Sb030 2 H + H,SbO;~
for which pK, (antimonous acid) decreases from 11.82 to 9.88 over a temperature range from 25 to 300 °C and
H;SbO;° +H* 2 H,SbOs+

for which log K, initially decreases from 1.38 at 22 °C with increasing temperature up to 100 °C but then increases until it reaches a value
of log K, = 1.8 at 300 °C. Unionised antimonous acid, H3SbO5°, will be the dominant species responsible for antimony transport in low
sulphur geothermal fluids in the Earth’s crust. In hydrothermal fluids having a high magmatic input, the low pH environment will also

encourage the stability of the protonated H,SbO5" species.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

The simple antimonous acid species together with the
thioantimonite adducts are considered to be mainly
responsible for antimony transport in low oxidation poten-
tial geothermal fluids migrating throughout the Earth’s
crust. Antimony concentrations in hydrothermal fluids
are in the range from 0.1 to 0.45mg/kg (i.e., 0.82-
3.70 pmol/dm®) (Weissberg et al., 1979), whereas ambient
temperature natural waters typically contain less than
1 pmol/dm® (Filella et al., 2002). Antimony-containing
minerals are often abundant in hydrothermal ore deposits
but their precipitation chemistry is poorly understood, to
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a large extent because of the paucity of fundamental data
pertaining to the stability and stoichiometry of the relevant
species in aqueous media at elevated temperatures and
pressures. The aim of this study was thus to obtain thermo-
dynamic information on Sb(III) speciation from ambient
to high temperatures in order to be able to predict and
model the behaviour of antimony in hydrothermal systems.

In order to be able to study more complex high temper-
ature systems containing antimony (Zsulphur), it is neces-
sary to first consider the simple Sb(III) hydrolysis
equilibria in aqueous media. However, the aqueous chem-
istry of antimonous acid, H;SbO;" (or aqueous antimony
hydroxide, Sb(OH);"), is not well characterised. There are
a few published data at 25 °C but almost no data are avail-
able at high temperatures.

Two equilibria may be defined, which describe antimon-
onous acid protonation/deprotonation in aqueous solu-
tions; i.e.,

H3SbOs’ + H* 2 H,Sb0Os* K, (1)
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H,SbO;° 2 H* + H,Sb0;~ K, 2)

where K, and K; are the equilibrium constants for reac-
tions (1) and (2), respectively. The published experimental-
ly derived thermodynamic data for antimonous acid
ionisation (K, and Kj) at 25 °C are summarised in Table
1. Throughout this paper, we write the Sb(III) hydrolytic
equilibria as acid ionisation as defined by Egs. (1) and (2)
bearing in mind the strong acidic properties of antimony
(III) at low pH.

Antimony (III) oxide solubility at ambient temperature
has been studied by Gayer and Garrett (1952) in water,
sodium hydroxide, and hydrochloric acid solutions under
nitrogen atmosphere. The solubility of antimonous trioxide
in water was found to be 5.2 x 10~> mol/kg. In basic solu-
tions, the solubility increases to 99.8 x 10~> mol/kg. Solu-
bility also increases in acidic media to 10.2 x 10~ mol/kg.
We have derived values for pK, and pK; from data of Gay-
er and Garrett (1952) and these values are given in Table 1.
Baes and Mesmer (1976) refer to the value of Mishra and
Gupta (1968) as the most precisely known stability con-
stant for antimonous acid protonation at that time.

Jander and Hartmann (1965) and Ahrland and Bovin
(1974) determined the speciation of antimony (III) in aque-
ous solutions at ambient temperature. Jander and Hart-
mann (1965) carried out ionophoresis, ion exchange, and
diffusion measurements at very high ionic strength in basic
(16 M NaOH) and acidic (11 M HCIO4) media and demon-
strated that there were apparently no polymeric species
formed and that one species (H,SbO3 ™) existed in basic
solutions and one in acidic solutions (H4SbO5"). Ahrland
and Bovin (1974) studied the hydrolysis of antimony (III)
in perchloric and nitric acid solutions at ionic strength
I=5M at 25 °C using the solubility method. The recalcu-
lated values for the ionisation and protonation reactions
from the potentiometric and solubility studies of Vasil’ev
and Shorokhova (1972, 1973) are given in Table 1. At ele-
vated temperatures, the only reported values for the ionisa-
tion and protonation constants of antimonous acid are
from the solubility study (to 200 °C) of Popova et al.
(1975). Zotov et al. (2003) measured the solubility of anti-
mony trioxide up to 450 °C and pressure up to 1000 bar but
considered the presence of only one species, Sb(OH)3. Our
study therefore focuses on the determination of the equilib-
rium constants for antimonous acid protonation/deproto-
nation at temperatures from 22 to 300 °C at equilibrium
saturated vapour pressure.

2. Experimental methods

Antimony trioxide behaves as a hydrophobic solid and
is sparingly soluble in water (5.2 x 107> m at 25 °C and 1
bar; Gayer and Garrett, 1952). In addition, Sb(III) solu-
tions are sensitive to the presence of atmospheric oxygen,
forming Sb(V). Thus, some considerable care must be tak-
en in the preparation of Sb(Ill)-containing solutions.
Sb,0O5; was dissolved in degassed water (double distilled
in silica glass) under an argon atmosphere at 65 °C, allow-
ing up to 3 days to yield either saturated or near saturated
solutions. Solutions were then filtered under an argon
atmosphere. The degassing (no CO, or O,) was carried
out in an ultrasonic bath by repeated evacuation from a
sealed flask and subsequent purging with argon. Oxidation
of Sb(IIT) can occur because of trace oxygen impurities in
the argon gas due to the long time (days) required for dis-
solving antimony trioxide. Gmelin (1950) suggested boiling
Sb,03 in water under argon for 24 h but in our experience,
this method proved vulnerable to the intrusion of O, into
the solution, causing the formation of Sb(V). For solubility
measurements, this may be a minor effect but for spectro-
photometric measurements it is critical, because Sb(V) spe-
cies also absorb intensely in the ultraviolet region. All
solutions in this study were prepared with high purity Ar
(Ar 6.0 grade) which had been further purified by passing
the argon through a column of elemental copper filings
maintained at 400 °C. The antimony concentrations of
both saturated and unsaturated stock solutions were deter-
mined by atomic absorption analysis with a precision +2%.
The solutions used for spectrophotometric measurements
were prepared by dilution by weight with deoxygenated
water under an argon atmosphere.

The compositions of all the solutions used in this study
are given in Appendix A. HCIO4 and NaOH stock solu-
tions used for spectrophotometric titrations were standard-
ized under deoxygenated argon by acid/base titration using
tris-hydroxymethyl-aminomethane with phenolphtalein for
the acid and potassium hydrogen phthalate (KHP) with
methyl orange for the base.

Spectrophotometric titrations were used to obtain Sb
solution spectra from 22 to 75 °C, using an experimental
set-up as shown in Fig. 1. A titration vessel (with Sb-
containing solutions under constant Ar flow) was con-
nected with the automatic titrator (Metrohm), HPLC
pump (Dynamax, Varian), and a flow-through quartz
glass cuvette. This cuvette was placed within a Cary 5

Table 1

Previously reported values for protonation/ionisation constants of antimonous acid at ambient temperature

t (°C) pK. pK; 1 Method References

25 -1.17 11.78 0 Solubility Gayer and Garrett (1952); recalc.

25 -1.19 — SM Solubility Ahrland and Bovin (1974); recalc.

25 —1.42 — 0 Spectroph. Mishra and Gupta (1968)

25 —1.30 — 0 Potent. Vasil’ev and Shorokhova (1972); recalc.
25 — 11.75 2M Solubility Vasil’ev and Shorokhova (1973); recalc.
25 —-1.49 11.92 0 Solubility Popova et al. (1975)

M = mol/dm?.
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Fig. 1. Experimental set-up used from 22 to 75 °C.

Spectrophotometer (Varian) and the temperature regulat-
ed from 22 to 75°C(+£0.1°C). The automatic titrator
added fixed amounts of stock (HCIO4 or NaOH) solu-
tion in a titration vessel to change pH of the solution.
After each titration step, the stirred solution was pumped
from the titration vessel into an optical cuvette and a
spectrum was collected. From the optical cuvette, the
solution was then pumped back to the titration vessel,
keeping the total solution volume in the experiment con-
stant. A “dead volume” comprising the solution within
the cuvette and tubes was measured and taken into ac-
count in the titrations. All connecting tubing was made
from Teflon.

The experimental facility used for the high temperature
spectrophotometric measurements (from 150 to 300 °C) is
similar to the one described previously (Zakaznova-Her-
zog et al., in press). The solutions were prepared as de-
scribed above, however, after each measurement, the
solutions were not returned to the original solution reser-
voir because of the possibility of a contamination from
the stainless steel outlet tubing (the inlet is lined with
gold). The spectra were collected in a flow-through mode
at all temperatures.

Thus, spectra were obtained from 22 to 300 °C over a
wide range of pH from 0.8 to 12.5 and Sb(III) concentra-
tions around 0.0001 mol/dm? (see Appendix A), and cor-
rected for background absorbance (i.e., water and quartz
windows). To relate the molar concentration scale of the
Beer-Lambert law to the molal scale of standard thermo-
dynamic convention, the measured absorbances, A°% were
corrected for the isothermal variation of solution density at
each temperature. The solutions were all in the dilute range
and were treated as water with the required density data
being taken from Haar et al. (1984).

3. Results and discussions
3.1. Spectra interpretation

Interpretation of the spectra obtained from antimony-
containing solutions with pH from 9 to 12.5 is similar to
the procedure outlined in our previous study of arsenous
acid (Zakaznova-Herzog et al., in press). Fig. 2 shows the
calculation scheme used in this study. Absorbance is a
linear function of the concentrations of all absorbing

species at a given wavelength. The number of independent
columns in the absorbance matrix (i.e., the rank) gives the
number of absorbing species. Thus, the first step after cre-
ating the absorbance matrix (4°° with “#”” number of solu-
tions and “k” number of measured wavelength points), is
to determine the rank of the matrix. Establishing the num-
ber of absorbing species allows one to create a chemical
model, which in turn is used to develop a mathematical
model based on the charge and mass balance relations
and the various equilibrium constant expressions.

The mathematical model for antimonous acid speciation
requires consideration of mass and charge balance expres-
sions at:

(a) low pH

mass balance:

[Sb] = [H4SbO3*] + [H3SbO5°] (3)
charge balance:

[HySbOs;™] + [HTH [Nat] = [OH™] + [ClO,; ] 4)
and also mass action:

[H4Sb03+b’}145b03+

" H T [HSbOY e
Ky = [H*ly+[OH ou- (6)
(b) high pH
mass balance:
[Sb] = [H3SbO5"] 4 [H,SbO; ] (7)
charge balance:
[H*]+ [Nat] = [OH ]+ [H,SbO;™] (8)

mass action:

[H2Sb037}Vstbo; H ]y

K, = 9
: [H; SbO3O]VH3Sb0§ ®)

and additionally, NaOH association defined by

[NaOH]yna0n

Kass = —
[Na*]yne+ [OH Jpon-

(10)

and again, the ion product constant of water, i.e., Eq. (6).
The terms in square brackets are molar concentrations of
species in mol/dm?; y is the activity coefficient. The neces-
sary activity coefficients were calculated using an extended
Debye—Hiickel equation (e.g., Robinson and Stokes, 1968)

—Az; 2\/2

logy, = —— Y2 11
g7, T aBvi (11)

where 4 constant was taken from Bradley and Pitzer (1979)
(corrected to molar scale) and B constant was taken from
Helgeson and Kirkham (1974); & was estimated by analogy
from Kielland (1937). It should be noted that the ionic
strength of most of solutions studied was always <0.01.



The association constant for sodium hydroxide ion pairing
was taken from Ho et al. (2000).
Assuming a value for K, and taking the values for the
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Fig. 2. Computational scheme for calculation of the ionisation constant.
oK ? (K ? (3K ?
ox = —0 ———0 — 0Ok,
K d[Sb] & 0[Na] M 3K, K )
(12)

other equilibrium constants as known, the mass and
charge balance equations can be solved and concentra-
tions of all existing species in the solution calculated.
The next step involves the calculation of molar absorp-
tivities, using the constrained non-negative least squares
method of optimisation. The optimisation is constrained
such that the molar absorptivities are positive, (i.e., there
is no negative absorbance). Thus, the theoretical absor-
bance can be calculated. After this, a second optimisa-
tion process determines the least squares minimum,
with care being taken to avoid values of the equilibrium
constant corresponding to a local minimum. This can oc-
cur when the initial guesses are wrong or too divergent
from the real value.

Uncertainty calculations were done using the Gaussian
error propagation rule

where 0K /0[Sb], 0K /0[Na],0K /0K, are the partial deriv-
atives of an ionisation constant with respect to each giv-
en parameter [i.e., total antimony concentration, total
sodium concentration (or total perchlorate concentra-
tion)] and the ionisation constant of water, respectively.
Osb, O[Na}» Ok, are standard deviations of total antimo-
ny concentration, total sodium concentration (or total
perchlorate concentration), and the ionisation constant
of water.

Partial derivatives were obtained using a ‘“‘brute-force”
approach with a “central differences” method. For example,
the partial derivative of K with respect to the parameter [Sb]
at a point [Sb]; is estimated by solving the model (optimisa-
tion) at two points ([Sb]; — &) and ([Sb]; + &), where / is a
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small number (e.g., 1 x 10~°) and the respective outputs are
obtained as K;; and K,. The partial derivative is then given
by

0K Ki—Kp
o)Sb] ~  2n

In the same way, the partial derivative of K with re-
spect to other parameters such as [Na] and the ionisa-
tion constant of water are obtained. Each spectrum
was obtained at a different antimony and sodium con-
centration with different corresponding uncertainties.
This means that the partial derivative of K with respect
to each parameter’s value with a given standard devia-
tion has to be taken into account. This was done by
taking an average value of all partial derivatives with re-
spect to one parameter, multiplied by its standard devi-
ation, i.e.,

h— 0. (13)

n aK
k=1 3[sb], O [Sbl;

(amrem), = (9

where n is the number of solutions.
3.2. Antimonous acid protonation

From previous studies at 25 °C (Table 1), it is known that
a protonated form of antimonous acid, H,SbO; ", occurs in
acidic aqueous solutions. In order to further study the for-
mation of this species, the spectra of Sb(II)-containing
solutions were measured at low pH and at temperatures
from 22 to 75 °C using the spectrophotometric titration
method. Fig. 3 shows spectra of Sb(Ill)-containing solu-
tions within the acidic range (pH 0.86-2.27) at 22 °C. Com-
positions of solutions used to measure spectra at
temperatures 22, 50, and 75 °C are given in Appendix Ta-
bles A.1, A.2, and A.3. Spectra at high temperatures (i.e.,

2.0
1.8 22°C f
16| Sb=1.5x10"mol/dm® |

1.4
1.2

1.0

Absorbance

0.8
0.6
0.4
0.2

0 L L L L T . .
190 200 210 220 230 240 250 260 270 280 290 300

wavelength / nm

Fig. 3. The spectra at low pH Sb(Ill)-containing solutions
(Sb= 1.5x107*1.1x107* mol/dm3) corrected for water solvent and
quartz glass cuvette absorbance at 22 °C; only 2 of 40 measured spectra
are shown.

100, 150, 200, 250, and 300 °C) were collected using a tita-
nium/palladium alloy optical cell as described previously.
Fig. 4 shows spectra of Sb-containing solutions within the
acidic range at 300 °C and saturated water vapour pressure
and Appendix Table A.4 gives the compositions of the acid-
ic antimony-containing solutions for which spectra were
measured from 100 to 300 °C. Rank analysis of the absor-
bance matrix at each temperature demonstrated that three
absorbing species were present at all measured tempera-
tures. However, at 250 and 300 °C, the contribution to the
total absorbance from the third species was very weak. In
order to understand which species were contributing to
the overall absorbance envelope, spectra of aqueous solu-
tions containing only perchloric acid with concentrations
between 0.0110 and 0.2595 mol/dm® (see Appendix Table
A.5) were measured from 25 to 300 °C. For the study of
the protonation of antimonous acid, aqueous antimony
solutions were prepared with perchloric acid concentrations
up to 0.2218 mol/dm?.The molar absorptivities, ¢, of Cl1O4~
are shown in Fig. 5 and are typical of a charge-transfer-to-
solvent (ctts) type of transition. The low energy absorption
edge undergoes the expected red shift with increasing tem-
perature (Fig. 5). The ClO4 ™ ion absorbs in the wavelength
interval 190-240 nm. Consequently, one of the absorbing
species present in the solutions is the perchlorate ion,
ClO4 . However, ClO4 ion absorbs weakly, in comparison
with the ctts spectra of OH™ and Cl™ ions. Nevertheless, at
ClO,~ concentrations of 0.1-0.2 mol/dm?, there is a signif-
icant contribution from perchlorate ion absorbance to the
total measured absorbance. Therefore, this contribution
was subtracted from the spectra of all solutions containing
perchloric acid at all temperatures.

The chemical model for acidic antimony-containing
solutions is given by reaction (1). At 22 °C, the first 10
spectra from pH = 0.85 to 1.00 were identical, i.e., the con-

1.6
300°C
1.4}
1.2 |

1.0

2.218 x 10" mol/dm® HCIO,

0.8 | ),
1.35 x 10*mol/dm® Sb

Absorbance

0.6 -

2.71 x 102 mol/dm’ HCIO,

0.4t o A
8.30 x 10™ mol/dm” Sb

0.2+t

0

200 210 220 230 240 250 260 270 280
wavelength / nm

Fig. 4. The spectra at low pH Sb(IIl)-containing solutions (with
Sb = 1.35x 10~* mol/dm? in the first solution and Sb = 8.30 x 10~> mol/
dm? in the last solution) corrected for water solvent and quartz glass
windows absorbance at 300 °C and saturated water vapour pressure.
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3.0 ¢ 300°C 1
25 r B

2.0 R

1.0 1

05 |
25°C

180 200 220 240 260 280 300
wavelength / nm

Fig. 5. Molar absorptivities, ¢ of ClO4  from 25 to 300°C at the
saturated vapour pressure.

centration of the Sb(IlI)-containing species is independent
of pH in this range. Thus, the second of the three absorbing
species can be ascribed to the protonated antimonous acid,
H,SbO;". Fig. 6 shows the calculated molar absorptivity of
the protonated antimonous acid species. It absorbs intense-
ly at low temperatures. With increasing temperature, per-
chlorate ion molar absorptivity increases at a given
wavelength, although the molar absorptivity for the band
maximum for the ClO4  ion will decrease with increasing
temperature. The molar absorptivity of the protonated
antimonous acid species, HsSbO;" decreases with increas-
ing temperature. This makes calculation of molar absorp-
tivities at temperatures between 150 and 300 °C less
accurate and evaluation of protonation constant difficult.
The third absorbing species is neutral antimonous acid.
The molar absorptivities determined in this study are
shown in Fig. 7. The spectra broaden as temperature

6000

5000 —

4000 [~

3000 —

2000 -

1000 —

0 1 | !
190 200

| ]
250 260

210 220 230 240
wavelength / nm

Fig. 6. Molar absorptivities, ¢, of H,SbO; " from 22 to 300 °C at the
saturated vapour pressure.

14000

12000 (-

10000

8000
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4000

2000

200 210 220 230 240 250 260
wavelength / nm

Fig. 7. Molar absorptivity, & of H3SbOs® from 22 to 300°C at the
saturated vapour pressure.

increases up to 300 °C. At 22, 50, and 75 °C, the maximum
absorption and band position is well defined at about
190 nm. With increasing temperature, the spectra are over-
lapped by the red-shifted ClO,~ contribution and the water
continuum absorption, which obscure the band maximum
for H3SbO; by increasing absorbances to values greater
than 2.

The values of the equilibrium constants obtained by the
non-linear, non-negative least squares refinement are sum-
marised in Table 2. These values given as a function of tem-
perature were fitted to the equation

logiyK, = a+ bT + ¢T*> +d/T + elnT, (15)

where 7' is in Kelvin. A three-term expression, where
a=54.5166, b =0.0272, e = —10.7494, was found to best
fit the data and was subsequently differentiated to provide
values of the standard enthalpy, AH®, from

<6ln Ka) AH® (16)

or ) ~ RTY’

where R is a gas constant and the entropy change, AS®, is
obtained in the conventional way from

Table 2

The protonation constant (molal), K,, of antimonous acid form 22 to
300 °C at saturated vapour pressures, where the uncertainly is 2g; the
values reported here are related to the hypothetical 1 m standard state

t (°C) logK,
22 1.385 4+ 0.012
50 1.236 +0.008
75 1.078 4+ 0.009
100 0.94 4+ 0.08
150 1.04 +0.15
200 1.1+0.3
250 1.5+0.3
300 1.84+0.3
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AG° = AH® — TAS". (17)

The resulting values of AH® and AS® for antimonous acid
protonation are given in Table 3. In Fig. 8, it can be seen
that the equilibrium protonation constant initially decreas-
es with increasing temperature up to 100 °C but then
increases until it reaches a value of logK,=1.8 at
300 °C. Uncertainties in the determination of the proton-
ation constant at 22, 50, and 75°C temperatures are
remarkably low (see Table 2) because a large number of
experimental solutions (up to 60) were studied that allowed
a statistically rigorous definition of the spectra for all three
species, C104~, H,SbO5 ™, and H;SbO;". For constants ob-
tained from 100 to 300 °C, uncertainties increase, partly be-
cause of the smaller number of solutions studied. With
increasing temperature, additional uncertainties can be ex-
plained by a combination of changes of molar absorptivi-
ties of all three species and possible decomposition of
perchloric acid at the highest temperatures, despite having
collected the spectra in a flow-through mode. The molar
absorptivity of ClO4~ (Fig. 5) is red-shifted with increasing
temperature and strongly overlaps with the absorbance of

Table 3

Thermodynamic data calculated from our experimental data (see Egs. (16)
and (17)) for antimonous acid protonation (reaction (1)) at the saturated
vapour pressure

1 (°C) AG® (kJ mol™1) AH° (kJ mol™Y) AS° (Jmol ' K™h
22 —7.82 —15.37 —25.6
50 —7.64 —12.12 —-13.9
75 —-7.17 —8.53 -39
100 —6.72 —4.28 6.5
150 —8.40 6.16 34.4
200 —10.28 19.20 62.3
250 —15.02 34.84 95.3
300 —19.74 53.08 127.1
3.0
o5l ® This study |
o Popova et al. (1975)
2.0 1
15F o
1.0 | ®
logKa
0.5 o
0 | (o)
(o)
-05 o
o
-10 -
_15 L L L L L L
0 50 100 150 200 250 300 350

t/°C

Fig. 8. Variation logK, (Egs. (1) and (5)), for the formation of H,SbO;"
at the equilibrium saturated vapour pressure.
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H,SbO;" (Fig. 6), which also decreases with increasing
temperature.

Unfortunately, there are no available thermodynamic
data on perchloric acid association. At temperatures below
100 °C, estimates of perchloric acid ionisation are contro-
versial (Haase et al., 1965; Quist et al., 1965). However,
association of perchloric acid at high temperatures has al-
ready been observed by Ratcliffe and Irish (1984) who stud-
ied the Raman spectra of perchloric acid and found traces
of molecular HCIO, in concentrated acid solutions. Hen-
derson et al. (1971) studied the kinetics of thermal decom-
position of 1.1-6.6 m perchloric acid at 295-322 °C, with
the suggested products of decomposition being O,, Cl,,
and HCI. Since there are no reliable thermodynamic data
on perchloric acid association, correction for association
was not included in the calculations and the assumption
was made that all perchloric acid is ionised. The rank of
the absorbance matrix is three, indicating that no other
absorbing decomposition products such as Cly(aq) or C1O™
are present.

At ambient temperature, our value of log K, = 1.385 is
in good agreement with the spectrophotometrically derived
value of logK, =1.42 reported by Mishra and Gupta
(1968) at I=0. The values of Vasil’ev and Shorokhova
(1972) and Popova et al. (1975) (see Table 1) are also in
reasonable agreement although the earlier reported value
of log K, = 1.17 by Gayer and Garrett (1952) is apparently
a little low.

Equilibrium constants at elevated temperatures for the
protonation of antimonous acid reaction estimated by Pop-
ova et al. (1975) from solubility measurements are plotted
in Fig. 8. The agreement with their values is reasonable
up to 100 °C, however, their values diverge from our exper-
imentally determined values with increasing temperature.
We are unable to account for the discrepancy.

1.4

22°C
1.2 1

experimental absorption envelope

Absorbance

wavelength / nm

Fig. 9. Deconvoluted spectrum for a solution having pH 1.38 and
Sb = 1.20 x 10* mol/dm” at 22 °C.
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-4
Sb=1.1x10 mol/dn?®; pH=2.27

0.4 + -4 3
Sb=1.5x10 mol/dm”; pH=0.86

0.2

200 210 220 230 240 250
wavelength /nm

Fig. 10. Experimental (solid lines) and calculated (dots) antimonous acid
spectra for a series of solutions within the pH interval from 0.86 to 2.27
and Sb=1.5x10"* — 1.1 x 10~* mol/dm” at 22 °C.

Fig. 9 shows an example of a deconvoluted spectrum of
antimonous acid solution at 22 °C with a total concentra-
tion of Sb = 1.20 x 10~* mol/dm® and pH = 1.38. Fig. 10
shows experimental and calculated antimonous acid spec-
tra at room temperature for a series of solutions and illus-
trates the excellent agreement between the calculated and
experimental spectra. This suggests that the chosen chemi-
cal model and mathematical description are credible.

3.3. Antimonous acid ionisation

Spectra were collected at temperatures 25, 50, 100, 150,
200, 250, and 300 °C in alkaline solutions. Figs. 11 and 12
show measured spectra of a series of alkaline Sb-containing
solutions at 25 and 300 °C at the saturated water vapour
pressure. The compositions of the solutions are given in
Appendices A.6 and A.7. In all cases, the absorbance
increases with increasing sodium hydroxide concentration.
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Fig. 11. Antimonous acid spectra in alkaline aqueous solutions at 25 °C.
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Fig. 12. Antimonous acid spectra in alkaline aqueous solutions at 300 °C
at the saturated vapour pressure.

Rank analysis of the absorbance matrix at temperatures
from 25 to 300 °C was carried out for all spectra. The rank
of the matrix is two at all temperatures from 25 to 300 °C
as illustrated for 25 and 300 °C in Fig. 13. For 25 °C, the
spectra of eight solutions (Appendix Table A.6) were used
to determine the rank. At 300 °C, the spectra of 21 solu-
tions (Appendix Table A.7) were employed in the rank
determination. Now we are left to assign the two absorbing
species. The solutions contained high concentrations of
sodium hydroxide. The hydroxide ion absorbs strongly in
the uv in the region from 190 to 220 nm at 25 °C and from
190 to 250 nm at 300 °C as shown previously (Zakaznova-
Herzog et al., 2006). That means that it does not absorb in
the wavelength range from 220 to 240 nm from 25 to
250 °C, but it absorbs at 240-250 nm at 300 °C, where
spectra of Sb-containing solutions were measured, and
where results of the rank analysis indicated two absorbing
species to be present. We have shown (Fig. 7) that H3SbO5"
absorbs in the wavelength interval, 190-240 nm at 250 °C,
broadening to 190-250 nm with increasing temperature to
300 °C. Thus, one of the absorbing species in the alkaline
antimony-containing solutions from 25 to 250 °C can be
assigned to H3SbO5’. At 300 °C, one of the absorbing spe-
cies can be assigned to the hydroxide ion, since H;SbO5’
has almost no contribution to the total absorbance at this
temperature. This conclusion is based not only on analysis
of absorbance interval, but is also supported by the chem-
ical/mathematical model used in the calculation of the
deprotonation constant. Thus, the presence of H;SbO;’
as an absorbing species at 300 °C is not consistent with
the trends observed at other temperatures.

The second absorbing species at all measured tempera-
tures is assigned to the deprotonated antimonous acid
ion, H,SbO3™. The formation of the polynuclear species
is considered unlikely because the concentration of antimo-
ny in the solutions was low and always less than
0.00026 mol/dm>. The strong red shift of the low energy
absorption edge of the deprotonated antimonous acid spe-
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Fig. 13. Determination of the rank of the absorbance matrix for Sb(III)-
containing alkaline solutions (Appendices A.6 and A.7) at 25 and 300 °C.

cies with increasing temperature is characteristic of a ctts
type of electron transition. Therefore, the deprotonation
reaction (reaction (2)) describes the system in this alkaline
pH range. The molar absorptivities for the deprotonated
antimonous acid species, H,SbO;™, from 25 to 300 °C at
the saturated vapour pressure are shown in Fig. 14.

The values of the equilibrium constants for the reaction
(2) were obtained by the nonlinear non-negative least
squares refinement and are summarised in Table 4. Our
value (pK; =11.82) at 25°C and =0 is in good agree-
ment with previously reported values of 11.78 and 11.92
by Gayer and Garrett (1952) and Popova et al. (1975),
respectively. With increasing temperature, the deprotona-
tion constant of the antimonous acid (Fig. 15) decreases
in a manner similar to that observed for arsenous acid
and other weak acids.

The available literature values of equilibrium constants
by Popova et al. (1975) are shown in Fig. 15 by the empty
circles. These values are based on the recalculation of their
solubility data up to 200 °C and are in a reasonable agree-
ment with our data.
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Fig. 14. Molar absorptivities, ¢, for H,SbO;™ from 25 to 300 °C at the
saturated vapour pressure.

Table 4

Ionisation constants, K, of antimonous acid (reaction (2)) from 25 to
300 °C at saturated vapour pressures; the uncertainty is 20; the values
reported here are related to the hypothetical 1 m standard state

1 (°C) pK,
25 11.82 £0.02
50 11.52 +£0.04
100 11.05 £0.02
150 10.56 £ 0.03
200 10.19 4+ 0.02
250 9.99 +0.02
300 9.88 £0.02
13.0
125} ® This study
o Popova et al. (1975)
12.0 1
115+t
pKy 11.0 1
10.5¢
100}
957+
9.0t
8.5

0 50 100 150 200 250 300 350
t/°C

Fig. 15. Temperature dependence of the ionisation constant, K;, for
antimonous acid at the saturated vapour pressure.

In addition, the values of the ionisation constants as a
function of temperature were best fitted by the three term
version of Eq. (15), where a = —17.4166, b = 0.0247, and
¢=—2.0158 x 107°. The equation was subsequently differ-
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entiated to provide values of the standard enthalpy and
entropy change of arsenous acid ionisation (Table 5). An
example of a deconvoluted spectrum of antimonous acid
solution at 25°C with a total concentration of
Sb=1.40 x 10 *mol/dm® and pH=11.68 is given in
Fig. 16.

Table 5

Thermodynamic data calculated from our experimental data (see Egs. (16)
and (17)) for antimonous acid ionisation (reaction (2)) at the saturated
vapour pressure

t (°C) AG® (kI mol ™) AH°® (kI mol ™) AS° (Jmol 'K
25 67.43 17.2 —169
50 71.23 20.1 —158
100 78.90 26.5 —141
150 85.50 33.7 —122
200 92.26 41.7 —107
250 100.0 50.4 —94.8
300 108.4 59.8 —84.7
1.0} E
0.8 E
® exp. absorption envelope
8 OOOQ  calc. absorption envelope
@ 06 i
£
o
1%}
Q
< 04f .
02 i
0 )
215 220 225 230 235 240 245 250 255
wavelength / nm
Fig. 16. Deconvoluted  spectrum for a  solution  having

Sb = 1.40 x 10~ mol/dm® and pH 11.68 at 25°C. The solid line refers
to the experimental absorption spectrum and the circles to the calculated
spectrum.

4. Conclusions

The protonation and deprotonation of antimonous acid
from ambient temperature to 300 °C have been studied
spectrophotometrically. Log K, for protonation of antimo-
nous acid varies from 1.38 to 0.94 over a temperature inter-
val from 22 to 100 °C and then increases to 1.8 at 300 °C.
The deprotonation constant for antimonous acid decreases
dramatically with temperature in a way similar to that ob-
served for arsenous acid by Zakaznova-Herzog et al.
(2006). pK; constant varied from 11.82 to 9.88 from 25
to 300 °C. Fig. 17 shows the distribution of antimonous
acid species in aqueous solutions at 25 and 300 °C as a
function of pH.

We note that the dominant antimony (III) species in low
sulphur, rock buffered hydrothermal fluids will be H;SbOs.
However, phase separation and/or boiling leads to an in-
crease in pH and hence the role of H,SbO;™ in more alka-
line geothermal fluids at elevated temperatures must also
be considered. In high sulphidation epithermal ore deposits
and other hydrothermal environments exhibiting advanced
argillic alteration, low pH fluids are involved at various
stages in the evolution of such systems. The H4SbO;" spe-
cies may play a role in Sb(III) transport and in the deposi-
tion of antimony-containing phases (e.g., Sb-containing
enargite and luzonite-famatinite solid solutions) in such
ore depositing systems.
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Appendix A

See Tables A.1-A.7.
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Table A.1
Compositions of 60 experimental solutions used for antimonous acid
protonation determination at 22 °C

Table A.2

Compositions of 62 experimental solutions used for antimonous acid

protonation determination at 50 °C

Solution >°Sb ClO4~ NaOH pH Solution >Sb ClO4~ NaOH
1 0.00015 0.13927 0.00000 0.86 1 0.0001605 0.1685 —
2 0.00015 0.13860 0.00223 0.87 2 0.0001598 0.1677 0.00209
3 0.00015 0.13794 0.00445 0.87 3 0.0001591 0.1670 0.00418
4 0.00015 0.13729 0.00664 0.88 4 0.0001584 0.1663 0.00624
5 0.00014 0.13664 0.00881 0.89 5 0.0001577 0.1655 0.00828
6 0.00014 0.13600 0.01096 0.90 6 0.0001570 0.1648 0.01031
7 0.00014 0.13536 0.01309 0.91 7 0.0001563 0.1641 0.01231
8 0.00014 0.13473 0.01520 0.92 8 0.0001556 0.1633 0.01430
9 0.00014 0.13411 0.01729 0.39 9 0.0001549 0.1626 0.01628
10 0.00014 0.13349 0.01936 0.94 10 0.0001543 0.1619 0.01823
11 0.00014 0.13288 0.02141 0.95 11 0.0001536 0.1612 0.02017
12 0.00014 0.13227 0.02345 0.96 12 0.0001529 0.1605 0.02209
13 0.00014 0.13167 0.02546 0.97 13 0.0001523 0.1598 0.02400
14 0.00014 0.13107 0.02746 0.98 14 0.0001516 0.1592 0.02588
15 0.00014 0.13048 0.02944 1.00 15 0.0001510 0.1585 0.02776
16 0.00014 0.12990 0.03140 1.01 16 0.0001503 0.1578 0.02961
17 0.00014 0.12932 0.03334 1.02 17 0.0001497 0.1571 0.03145
18 0.00014 0.12874 0.03527 1.03 18 0.0001491 0.1565 0.03328
19 0.00014 0.12817 0.03718 1.04 19 0.0001485 0.1558 0.03509
20 0.00014 0.12761 0.03907 1.05 20 0.0001478 0.1552 0.03689
21 0.00013 0.12705 0.04094 1.07 21 0.0001472 0.1545 0.03867
22 0.00013 0.12649 0.04280 1.08 22 0.0001466 0.1539 0.04043
23 0.00013 0.12594 0.04465 1.09 23 0.0001460 0.1533 0.04218
24 0.00013 0.12540 0.04647 1.10 24 0.0001454 0.1526 0.04392
25 0.00013 0.12486 0.04829 1.12 25 0.0001448 0.1520 0.04564
26 0.00013 0.12432 0.05008 1.13 26 0.0001442 0.1514 0.04735
27 0.00013 0.12379 0.05186 1.14 27 0.0001437 0.1508 0.04905
28 0.00013 0.12326 0.05363 1.16 28 0.0001431 0.1502 0.05073
29 0.00013 0.12274 0.05538 1.47 29 0.0001425 0.1496 0.05240
30 0.00013 0.12222 0.05711 1.19 30 0.0001419 0.1490 0.05405
31 0.00012 0.11714 0.05884 1.20 31 0.0001414 0.1484 0.05569
32 0.00012 0.11665 0.06054 1.22 32 0.0001408 0.1478 0.05732
33 0.00012 0.11616 0.06223 1.23 33 0.0001403 0.1472 0.05893
34 0.00012 0.11567 0.06391 1.25 34 0.0001397 0.1466 0.06054
35 0.00012 0.11519 0.06558 1.27 35 0.0001392 0.1461 0.00013
36 0.00012 0.11471 0.06723 1.28 36 0.0001386 0.1455 0.06371
37 0.00012 0.11424 0.06887 1.30 37 0.0001381 0.1449 0.06527
38 0.00012 0.11377 0.07049 1.32 38 0.0001375 0.1444 0.06682
39 0.00012 0.93390 0.07210 1.34 39 0.0001370 0.1438 0.06837
40 0.00012 0.11284 0.07370 1.36 49 0.0001319 0.1433 0.06990
41 0.00012 0.11238 0.07528 1.38 41 0.0001360 0.1427 0.07141
42 0.00012 0.11192 0.07685 1.40 42 0.0001354 0.0422 0.07292
43 0.00012 0.11147 0.07841 1.43 43 0.0001349 0.1416 0.07441
44 0.00012 0.11102 0.07996 1.45 44 0.0001344 0.1411 0.07590
45 0.00011 0.11058 0.08149 1.48 45 0.0001339 0.1406 0.07737
46 0.00011 0.11014 0.08302 1.50 46 0.0001334 0.1400 0.07883
47 0.00011 1.02470 0.08453 1.53 47 0.0001329 0.1395 0.08028
48 0.00011 0.10926 0.08603 1.56 48 0.0001324 0.1390 0.08172
49 0.00011 0.10883 0.08751 1.59 49 0.0001319 0.1385 0.08315
50 0.00011 0.10841 0.08899 1.63 50 0.0001314 0.1380 0.08457
51 0.00011 0.10798 0.09045 1.66 51 0.0001309 0.1374 0.08598
52 0.00011 0.10756 0.09191 1.70 52 0.0001305 0.1369 0.08737
53 0.00011 0.10714 0.09335 1.74 53 0.0001300 0.1364 0.08876
54 0.00011 0.10673 0.09478 1.79 54 0.0001295 0.1359 0.09014
55 0.00011 0.10632 0.09620 1.84 55 0.0001290 0.1355 0.13550
56 0.00011 0.10591 0.09761 1.90 56 0.0001286 0.1350 0.09286
57 0.00011 0.00551 0.09900 1.97 57 0.0001281 0.1345 0.09421
58 0.00011 0.10511 0.10039 2.05 58 0.0001237 0.1298 0.12980
59 0.00011 0.10471 0.10177 2.15 59 0.0001199 0.1259 0.11810
60 0.00011 0.10431 0.10313 2.27 60 0.0001191 0.1250 0.14960
. . . 61 0.0001183 0.1242 0.12270
pH is calculated from mass and charge balance equations; concentrations 6 0.0001179 0.1238 0.12390

are in mol/dm?>.

Concentrations are in mol/dm®.
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Table A.3
Compositions of 44 experimental solutions used for antimonous acid
protonation determination at 75 °C

Table A.5
Compositions of six experimental solutions obtain for calculating molar
absorptivities of ClO4~ ion from 25 to 300 °C

Solution > Sb ClO,~ NaOH Solution Clo4~
1 0.000159 0.1677 — 1 0.0110
2 0.000159 0.1669 0.00231 2 0.0278
3 0.000158 0.1661 0.00459 3 0.0551
4 0.000157 0.1653 0.00686 4 0.1158
5 0.000157 0.1645 0.00911 5 0.1661
6 0.000156 0.1637 0.01133 6 0.2595
7 0.000155 0.1629 0.01353 Concentrations are in mol/dm?>.

8 0.000154 0.1621 0.01570
9 0.000154 0.1613 0.01786

10 0.000153 0.1606 0.02000

11 0.000152 0.1598 0.02211 Table A6

12 0.000152 0.1590 0.02421 Compositions of experimental solutions used for antimonous acid

13 0.000151 0.1583 0.02629 deprotonation determination at 25 °C

14 0.000150 0.1575 0.02835

15 0.000149 0.1568 0.03038  Solution 2Sb NaOH

16 0.000149 0.1561 0.01350 1 0.000089 0.001994

17 0.000148 0.1554 0.03441 2 0.000089 0.002528

18 0.000147 0.1547 0.03639 3 0.000097 0.002570

19 0.000147 0.1540 0.03835 4 0.000097 0.002804

20 0.000146 0.1533 0.15330 5 0.000097 0.003088

21 0.000145 0.1526 0.04223 6 0.000097 0.003972

22 0.000145 0.1519 0.04414 7 0.000097 0.005572

23 0.000144 0.1512 0.04603 8 0.000097 0.006992

24 0.000143 0.1505 0.04791 3 N 3

25 0.000143 0.1498 0.04977 Concentrations are in mol/dm”.

26 0.000142 0.1492 0.05162

27 0.009112 0.1485 0.05344

28 0.000141 0.1479 0.05526 ~ Lable A7 . ) . .

29 0.000140 0.1472 0.05705 Composnlqns of 21 gxpérlmental solutlonsoused for antimonous acid

30 0.000140 0.1466 0.05883 deprotonation determination from 50 to 300 °C

31 0.000139 0.146 0.06060 Solution >Sb NaOH

32 0.000138 0.1453 0.06235 1 0.000105 0.000065

33 0.000138 0.1447 0.06408 D) 0.000262 0.000162

34 0.000137 0.1441 0.06580 3 0.000105 0.000189

35 0.000137 0.1435 0.06751 4 0.000096 0.000252

36 0.000136 0.1429 0.06920 5 0.000138 0.000313

37 0.000136 0.1423 0.07088 6 0.000094 0.000403

38 0.000135 0.1417 0.07254 7 0.000144 0.000490

39 0.000134 0.1411 0.07419 3 0.000113 0.000562

40 0.000134 0.1405 0.07582 9 0.000069 0.000798

41 0.000129 0.1349 0.09145 10 0.000107 0.001257

42 0.000124 0.1297 0.12970 11 0.000120 0.001332

43 0.000119 0.1249 0.12490 12 0.000089 0.001513

44 0.000118 0.1239 0.12180 13 0.000089 0.001620

Concentrations are in mol/dm?. 14 0.000089 0.001994

15 0.000089 0.002528
16 0.000089 0.002570
17 0.000097 0.002804
18 0.000097 0.003088

Table A.4 , ‘ ‘ , , 19 0.000097 0.003972

Compositions of eight experimental solutions used for antimonous acid 20 0.000097 0.005572

protonation determination from 100 to 300 °C 21 0.000097 0.006992

Solution > Sb ClO4~

1 0.000135 0.22180
2 0.000083 0.18963
3 0.000094 0.15424
4 0.000092 0.10967
5 0.000087 0.08572
6 0.000076 0.05326
7 0.000103 0.04827
8 0.000083 0.02713

: - 3
Concentrations are in mol/dm"”.

Concentrations are in mol/dm?>.
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