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Chapter 6 ®)
Solubility and Volatility of MoO3 i
in High-Temperature Aqueous Solutions

A. V. Plyasunov, T. P. Dadze, G. A. Kashirtseva, and M. P. Novikov

Abstract The thermodynamic properties of the neutral molybdic acid H,MoOQO4
are evaluated at 273-623 K and the saturated water vapor pressure from our own
solubility data at 563—-623 K and literature results at lower temperatures. Combining
the Gibbs energies of H;MoOy in the state of the aqueous solution with those in the
ideal gas state, we calculated Henry’s constants and the vapor-liquid distribution
constants of H,MoO, at 273-623 K, and with the use of the relevant asymptotic
relations, extrapolated values of Henry’s constants, ki, and vapor-liquid distribution
constants, Kp, toward the critical point of pure water. Our results show that over the
whole temperature range of the existence of the vapor—liquid equilibrium of water,
the neutral molybdic acid H,MoQ, is somewhat less volatile compared with Si(OH)4,
and the difference in volatility of these species decreases with the temperature.

Keywords Molybdenum trioxide + Molybdic acid - Aqueous solubility -
Vapor-liquid distribution - Henry’s constant + Krichevskii parameter

6.1 Introduction

Since the opening of the Institute of Experimental Mineralogy, one of directions of
research here was the study of the solubility of minerals in hydrothermal solutions,
with the aim to quantify the transport and deposition of ore minerals. The long list of
studied systems and relevant publications is beyond the scope of this contribution, and
we will only briefly mention several solubility investigations conducted by the authors
of the current research team. These studies include the solubility of amorphous SiO,
in water and in aqueous solutions of acids at 373—673 K and pressure of 101.3 MPa
(Sorokin and Dadze 1980), of SnO, in water and aqueous solutions of acids and salts
at 473-673 K and pressure of up to 150 MPa (Dadze et al. 1981; Dadze and Sorokin
1986); the solubility of zinc oxide ZnO in aqueous solutions of alkalis (Plyasunov
et al. 1988; Plyasunov and Plyasunova 1993a), salts (Plyasunov and Ivanov 1991)
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and alkali + salt mixtures (Plyasunov and Plyasunova 1993b) at 473-873 K and
pressures up to 200 MPa; investigations of solubility of gold in aqueous H,S-bearing
solutions (Dadze et al. 1999, 2000, 2001; Dadze and Kashirtseva 2004; Gorbachev
et al. 2010), including solubility in low-density hydrothermal fluids (Zakirov et al.
2008, 2009).

The current contribution is concerned with the thermodynamic properties of the
neutral molybdic acid H,MoOQy (its real stoichiometry is likely MoO,(OH), (Akin-
fiev and Plyasunov 2013)) in aqueous solutions at elevated temperatures. The primary
motivation for this study were the unusual results by Rempel et al. (2009), who stud-
ied the vapor-liquid distribution of Mo from (NH,),MoOj solutions at 573-643 K,
and reported that HyMoO4(aq) is more volatile (in terms of Henry’s constants) than,
for example, Ar. As the interactions between water and nonpolar Ar are much weaker
than those for H,MoQy, which form hydrogen bonds with H,O molecules, such find-
ing appears unlikely. However, an earlier publication by Khitarov et al. (1967) on
the partition of Mo(VI) from dilute solutions of Na,MoOy over a temperature range
523-623 K also found unexpectedly high concentrations of molybdenum in the vapor
phase. Such was the situation before the start of our investigation: Mo(VI) compounds
appeared to be highly anomalous in terms of their partition from aqueous solutions,
challenging our knowledge of regularities in water-solute interactions. Nevertheless,
one may speculate that trapping a portion of vapor phase in a two-phase system,
as was done in studies (Khitarov et al. 1967; Rempel et al. 2009), is an error-prone
method, especially when the incomplete separation of liquid and vapor phases is
recognized as one of the major issues in the experimental studies of the vapor-lig-
uid partitioning of aqueous solutes (Palmer et al. 2004). Indeed, in 2016, Kokh et al.
(2016) published results of the study, where a direct sampling of the coexisting vapor
and liquid phases at 623 K was employed. The liquid phase was ~1 m salt solution,
and contained small amounts of Mo and other metals. In the S-free, CO,-free series
of experiments concentrations of Mo(VI) in steam were 3-3.5 orders of magnitude
lower than in earlier experiments (Khitarov et al. 1967; Rempel et al. 2009).

Existing discrepancies in the Mo vapor-liquid partitioning from aqueous solutions
were the main reasons to begin a new study of the distribution of H,MoO,4 between
the vapor and liquid phases of water. We have chosen an indirect way to obtain the
values of the vapor-liquid distribution constants of the neutral form HyMoO;. First,
we determined the thermodynamic properties of this species from the solubility of
molybdite, MoOs, in liquid acid solutions at 563-623 K. Thermodynamic properties
of HMoOy in the ideal gas state are already known (Akinfiev and Plyasunov 2013).
The difference of the Gibbs energies of this form in the standard aqueous solution and
in the ideal gas state gives Henry’s constant of H,MoO,. Henry’s constant and the
vapor—liquid constant are connected through a relation, which is simple, but requires
the knowledge of the fugacity coefficient of the neutral molybdic acid, which can be
evaluated, as will be discussed in Sect. 6.3.2.

Over the course of this work, it was found necessary to perform a series of addi-
tional experimental investigations for a proper interpretation of the obtained results.
First, our studies of the solubility of MoOj3 in HCl and HCIO4 solutions at an acid
molality above 0.03 m showed an increase in the solubility in HCI, but not in HC104
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6 Solubility and Volatility of MoO3 in High-Temperature Aqueous ... 123

solutions, indicating the formation of chloride complex(es) of Mo(VI), in agreement
with earlier works (Kudrin 1985; Borg et al. 2012). In order to address this issue,
we (Dadze et al. 2018b) performed at 573 K and 10 MPa the study of solubility of
MoOj in aqueous solutions of the mixture HCI-HC1O4—NaCl (up to 1 m of chloride
ion). These data can be explained by the formation of the species MoO,(OH),Cl~,
with logoK°® = —(0.87 £ 0.20) for the solubility reaction MoO3(cr) + H,O() +
CI™ = MoO,(OH),CI". Second, the thermodynamic interpretation of the solubility
values in Na*-bearing solutions may be affected by the formation of the complex
species NaHMoOy(aq), as suggested by Kudrin (1989). Therefore, we (Dadze et al.
2017b) studied, at 573 K and 10 MPa, the solubility of MoOj3 in aqueous solutions
of NaClO4 up to the salt concentration of 2.21 m, and found no need to invoke
a complex formation between Na* and HMoO);, as solubility data could be fully
explained by the variations of the activity coefficients of H* and HMoO; in sodium
perchlorate solutions. Finally, we note that at room temperatures the Mo(VI) speci-
ation at the metal concentrations above 0.001 m and pH < 6 is dominated by highly
charged polymeric species, containing 6, 7, 8, ... up to 36 Mo atoms per polymer
(Cruywagen 2000). However, we expect that at high temperatures simple monomeric
species will predominate in aqueous Mo-bearing solutions, and such an assumption
was explicitly used at interpretation of our MoOj3 solubility data. The reason is that
highly charged polymers experience an electrostatic repulsion, which has to be over-
come when polynuclear species are formed from mononuclear constituents. The high
value of the dielectric constant (¢ ~ 78 at 298 K) decreases the electrostatic forces
at room temperatures, however, the dielectric constant of water falls at high temper-
atures (for example, at 573 K ¢ ~ 20), forcing highly charged polynuclear forms to
dissociate into monomeric species (Plyasunov and Grenthe 1994) with the increase
of temperature. Nevertheless, in order to verify the assumption that only monomers
HMoO, and HMoO, dominate speciation of Mo(VI) in weakly acid aqueous solu-
tions at elevated temperatures, we also studied (Dadze et al. 2018a) the solubility
of calcium molybdate CaMoO, (the mineral powellite) at 573 K and 10 MPa in
acid (HCI, HC1Oy) and salt (NaCl, NaClOy) solutions, because the Mo(VI) concen-
trations at the CaMoQOy solubility are about 10-200 times lower that those at the
MoO; solubility. Modeling the CaMoO, solubility data using the thermodynamic
properties of HMoO, and HMo00O4(aq) evaluated from data on dissolution of MoOj3,
i.e., at much higher contents of dissolved molybdenum, showed a satisfactory agree-
ment of experimental and calculated CaMoQ, solubility values, thus providing an
indirect confirmation of our assumption that at 573 K polynuclear forms contribute
insignificantly to the material balance of dissolved Mo(VI).

All these auxiliary results are described in corresponding publications (Dadze et al.
2017a, b, 2018a, b) and will not be further addressed here. The current contribution is
concerned with the thermodynamic properties of the neutral molybdic acid HyMoO4
and its volatility from aqueous solutions.
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6.2 Experimental Methods

6.2.1 Materials

Crystals of MoOj3; were prepared by the three-stage calcining of ammonium molyb-
date as described earlier (Dadze et al. 2017a). Calcium molybdate CaMoOy (the
mineral powellite) was synthesized from a mixture of MoO3; and CaCOj; taken in
equivalent proportions and heated up to T = 1473 K. Both the synthesized molyb-
dite and powellite were hydrothermally treated at 573 K for several days in pure
water to remove small particles, edges, defects, etc. MoO3 formed elongated crystals
with sizes of 1-50 pm, see SEM photo in Supplemental Information to Dadze et al.
(2017a). The typical size of the isometric CaMoOy crystals used for solubility runs
was 10-30 wm, see SEM photo in Dadze et al. (2018a).

X-ray powder diffraction patterns were obtained using copper or cobalt Ka radia-
tion on a Bruker D8 Discovery diffractometer, both before and after the experiments.
Scanning electron microscopy (SEM) images using secondary electrons at an accel-
erating voltage of 20 kV were obtained using Tescan VEGA TS 5130MM equipped
with the INCAEnergy EDXS (energy dispersive X-ray spectroscopy) microanaly-
sis system. According to the averaged results of 4 electron microprobe analyses,
the Ca:Mo atomic ratio in the synthesized calcium molybdate is equal to (0.981 £
0.014):1.0.

Aqueous solutions of HCI, HCIO4, NaCl, and NaClO4 were prepared from
commercial reagents.

6.2.2 Experimental Procedure

Experiments were carried out in autoclaves made of the titanium alloy VT-8 of ~22 cm
in the length and an internal volume of ~20 cm?. Prior to the experiments, autoclaves
were loaded with 20 wt% nitric acid solution with the degree of filling of 0.72 and
kept for a day at 573 K to produce a protective TiO; layer (Dadze et al. 2017a). The
autoclaves were placed in a vertical cylindrical furnace during the experiments. The
temperature gradients were less than 2 K along the autoclave in the case of a typical
loading of 10 autoclaves per furnace. A temperature controller Miniterm-300 was
used to monitor the temperature to an accuracy of =1-2 K. Temperature was mea-
sured with a type K (chromel-alumel) thermocouple using a multilogger thermometer
HHS506RA (OMEGA Engineering). Temperature variations during the experiments
were typically within &2 K. The pressure in the autoclaves was not directly mea-
sured, but determined by the degree of the filling of the autoclave with a solution.
Preliminary experiments showed poor reproducibility at the two-phase (liquid +
vapor) conditions. Therefore, in order to avoid the vapor phase in the experimental
vessel, the experiments were performed at pressures slightly exceeding the vapor
pressure of water at a given temperature. The degree of filling was typically chosen
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6 Solubility and Volatility of MoO3 in High-Temperature Aqueous ... 125

to slightly exceed the density of liquid water at saturation at a given temperature. The
necessary values of the densities of water were calculated using the Wagner and Pruf3
(2002) equation of state for water. Recommendations for NaCl solutions by Archer
(1992) and for NaClOy4 solutions by Abdulagatov and Azizov (2003) were applied.
Densities of dilute (0.2 m and less) solutions of HCI and HC1O,4 were assumed to be
equal to densities of NaCl solutions of the same molality.

A weighed quantity of crystalline MoO3 (~100 mg) was placed in a titanium
container, which was suspended in the upper part of the autoclave in such a way
that it did not contact the liquid solution unless the latter expanded up to 95% of the
volume of the autoclave. Due to this design, the solid phase was never in contact
with the quenched solution. The volume of the added solution was within 12—16 cm?>.
After the run, the autoclaves were cooled down to room temperature under running
cold water for 5—7 min. The time to reach the steady-state for studies involving MoO3
was estimated to be 10—15 h, and for runs with CaMoOs—4 to 7 days, based on a
series of kinetic runs at 573 K and 10 MPa, see Dadze et al. (2017a, 2018a).

6.2.2.1 Stability of Dilute Aqueous Perchlorate Solutions

Experiments were performed in dilute (not more than 0.22 m) aqueous solutions
of perchloric acid, HCIO;. It is well known that concentrated aqueous solutions of
perchloric acid decompose when heated above 523 K according to the reaction H*
+ CIO; = 0.5 Cl; + 0.5 H,O + 1.75 O, (Henderson et al. 1971). Experiments
of Henderson et al. (1971) in a titanium reactor showed that rates of decomposi-
tion depend strongly on initial HC1O4 concentrations, decreasing by more than 2
orders of magnitude with the decreasing molality of perchloric acid from ~4.6 to
~1.0 m. For every 10 K decrease in temperature, the rate of decomposition decreases
approximately three-fold. However, the decomposition is negligibly small for 0.2 m
acid at 573 K for experiments of a one-day duration (Henderson et al. 1971). In our
experiments, the 0.011 m solution of perchloric acid (no solid phase present) with
the initial pH = 1.98 % 0.03 did not show any change of pH values, within errors of
measurements, after being held at 573 K and 10 MPa (no vapor phase present) for
1-3 days. In contrast, a decomposition of aqueous HC1O4 was detected at 623 K. In
blank runs (no solid phase present) of a one-day duration, a strong odor of chlorine
from the quenched solution containing initially 0.10 m HCIO4 was detected. The
pH value of the quenched solution increased from the initial value of 1.04 to 1.43,
indicating significant decomposition of HC1O,4. At the same temperature (623 K) in
the quenched solution initially containing 0.01 m perchloric acid, no chlorine odor
was detected, and the pH value of the quenched solution corresponded to that of the
initial solution, pH = 2.03. In contrast, dilute aqueous HCl solutions are stable up to
very high (magmatic) temperatures.
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6.2.3 Chemical Analyses

The molybdenum concentration in quenched solutions after the experiment was
determined using the spectrophotometer Spekol-11 at A = 453 nm with the thio-
cyanate method, based on the formation of yellow color thiocyanate complexes of
Mo(V) (Marchenko 1971), and by using thiourea as a reducing agent. The detection
limit for Mo is 5 g in a sample, i.e. at the largest aliquot, 10 ml, the minimal mea-
surable molality of Mo is ~5 - 107® m. At 10 wg of Mo in a sample, the analytical
uncertainty is about 20%, and at 20 pg and above—10%. Analytical results at rela-
tively high solubility values (in excess of 10~ m) in water and dilute acid solutions
were duplicated by the weight loss (WL) method, using the WA-33 (Texma-Robot,
Poland) laboratory balance with an accuracy of 0.2 mg. We found a satisfactory
agreement of the analytical and WL results on the concentration of molybdenum in
the solution (Dadze et al. 2017a, 2018a).

For a few runs with CaMoQ, (Dadze et al. 2018a), analytical concentrations of
Ca and Mo have been determined using ICP-MS and/or inductively coupled plasma
atomic emission spectrometry (ICP-AES) using a PlasmaQuad II mass spectrometer
with a quadrupole mass analyzer (VG Elemental, GB). Independent measurements
of Mo concentrations in quenched solutions by either photometry/colorimetry or
ICP-MS show a good agreement (within first per cent).

6.2.4 Treatment of Experimental Data

The data analysis was carried out using the program OptimA (Shvarov 2015), which
processes experimental solubility data to derive the standard Gibbs free energies
of specified aqueous complexes. Details of calculations, including corrections for
activity coefficients, are described in our publications (Dadze et al. 2017a, b, 2018a,
b).

6.3 Results and Discussion

6.3.1 Solubility Results for MoO3 in Water and Acid
Solutions

Experimental results of the solubility of MoO; in acid solutions, when chloride
complexes do not form in appreciable amounts (i.e. at m(HCI) < 0.03), are shown
in Fig. 6.1 for the most studied isotherm 573 K. As seen, solubility falls with the
increase of the acid concentration and can be explained by the formation of two
hydroxo complexes of Mo(VI) according to the reactions:
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6 Solubility and Volatility of MoO3 in High-Temperature Aqueous ... 127

Fig. 6.1 Solubility of MoO3 1.4
in HCI and HC1Oy4 solutions 573 K, 10 MPa
at 573 K, 10 MPa. Symbols

designate experimental data,

the solid line represents —
calculated solubility values, =
while dashed lines shows :§
contributions of HMoO, and !
HyMoO4(aq) "-"c
)
=
261 O HaO, * HMoO;
4 3 2 1
log,, m(HCI, HCIO,)
MoOs(cr) + H,O(l) = HMoO; + H* 6.1)
and
MoOs(cr) + H,O(1) = HyMoO4(aq) (6.2)

The most extensive set of data was obtained at 573 K and 10 MPa and it is shown
in Fig. 6.1. The following values of log;oK® have been evaluated from experimental
data: log;oK°(1) —4.25, —4.31, —44.20, —4.55; log;0K°(1) —2.40, —2.22, —2.41,
—1.95 at temperatures 563, 573, 593, 623 K. The expected uncertainty of log;oK°
values is +0.2 at 563-593 K and may be somewhat higher at 623 K.

In a later publication (Dadze et al. 2018a), we used both our results and the
literature values to determine the temperature dependence of equilibrium constants
for a number of reactions involving Mo(VI) species (the first and second ionization
constants of H,MoQy, solubility product of powellite CaMoQy, etc.), and to calculate
the thermodynamic properties of H,MoO4(aq), HMoO, , and MoOff at 273.15—
623 K at the saturated water vapor pressure. The rest of this publication will be
concerned with thermodynamic values of the neutral molybdic acid HyMoOQy in the
vapor and liquid phases of water, including recommendations of Henry’s constants
and vapor-liquid distribution constants over the whole temperature range of existence
of the vapor—liquid equilibrium of water, from 273.15 to 647.096 K (the critical
temperature of water, 7).
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6.3.2 Volatility of MoOj3 from Aqueous Solutions

It is known (Alvarez et al. 1994; Palmer et al. 2004) that overwhelmingly neutral
(i.e. non-charged) species partition from aqueous solutions into a vapor phase, as it
is energetically very expensive to transfer an ion from a liquid phase into a gas phase
that has a much lower value of a dielectric constant. Because of this, the rest of this
study will be concerned with the thermodynamic properties of the neutral molybdic
acid HMoOy. The partition between the liquid and gaseous phases is described by
two quantities: the vapor-liquid distribution constant, Kp, and Henry’s constant, ky.
The vapor—liquid distribution constant, Kp, is defined as

Kp = ling) y/x, (6.3)

where y and x stand for the mole fractions of a solute in coexisting vapor and liquid
phases, respectively. In our case, the simplest way to evaluate K, is to use the relation
between the vapor—liquid distribution constant and Henry’s constant, ky, defined as

ky = lim fo/x, (6.4)

where f, stands for the solute’s fugacity. There is a simple relation between two
properties (Japas and Levelt Sengers 1989; Alvarez et al. 1994):

ki = ¢ - P Kp (6.5)

where ¢5° stands for solute’s fugacity coefficient at infinite dilution, and P is the
pure solvent pressure at vapor-liquid saturation.

Results of Dadze et al. (2017a) and Akinfiev and Plyasunov (2013), reporting
the Gibbs energies of the species HyMoO; in the state of an aqueous solution and
in the ideal gas state, allow calculating Henry’s constants as described below at
temperatures between 273 and 623 K at P/, see Table 6.1.

The logarithm of Henry’s constant is proportional to the difference of the chemical
potential of a species in the ideal gas state, G°(g), and in the state of the standard
aqueous solution, G5°:

Inky (bar) = —[G?(g) — G5° — RT In N, 1/RT (6.6)

and
Inky (MPa) = In kg (bar) — In 10 (6.7)
where N, ~ 55.508 is the number of moles of water in 1 kg of water, the last term in

Eq. (6.6) is needed because G5° is in the molality concentration scale, while Henry’s
constant is in the mole fraction scale.

oleg@iem.ac.ru



129

6 Solubility and Volatility of MoO3 in High-Temperature Aqueous ...

(panunuoo)
16'6— 80— 6L'6— L1'L98— 8YI16— 0829¥0°0 6180 9¢6°0 SI'86%
8¢'II— | 090— PSI1— S0°LS8— 81'606— 966L¥0°0 S50 240] SI'ELy
10€l— | €70~ Ssel— 01'Ly8— L6'€06— 62S6¥0°0 YLI0— PIT0— | SI'St¥
S8vi— | 6T0— 88'G1— TELES— 12°668— 2060S0°0 €8L°0— TLo— | STeTy
76'91— | 810— 86'81— YLLT8— T6'768— ¥212S0°0 98" 1— 09%'1— | S1'86€
se6l— | 110— YLIC— SE8I8— TI168— 961€S0°0 Y0€T— 687TC— | SI'€LE
I'0c— | 80°0— Srec— SovI8— ¥L'688— T8S€S0°0 699°C— LS9T— | SI'€9¢
SS'IT— | 900— 99'v¢— 66°018— £7'888— I76£50°0 850°€— 6¥0°¢— | SI'€Se
vI'ce— | 900— S¥'ST— L1'608— 18°L88— 011+50°0 €97 €~ SsTeE— | SI8KE
9LCCc— | S00— LT9T— 9€'L08— 17,88~ €LTHSO0 vLY €— LovE— | SI'eve
sove— | ¥00— 00'8C— LL'€08— 80'988— ¥LSPS0'0 0T6'¢— Sl6'e— | Sleee
€r'sT— | €00— 68'6C— TT008— £0'88— T8HS0°0 86€— voey— | SIece
169c— | T00— P8 IE— 0L'96L— 90'+88— ¥L0SS0°0 16— 806v— | SI'€le
0$'8c— | 100— 86'¢E— TTE6L— 61'¢88— §92SS0°0 €9'S— OrS— | SI'eog
ve6c— | 100— 16— 0S'16L— 81788~ THESS00 96LS— ¥SL'S— | S1'86C
1coe— | 100— 87°9¢— 6L'68L— 01'788— 90¥5S0°0 6509— 8609— | SI'€6T
90'CE— | 100— LL'8E— 6£'98L— 69'188— 68¥5S0°0 €0L'9— T0L9— | S1'€8T
soveE— | 000 o Iv— ¥0'€8L— 60'188— L6¥SS0°0 10¥°'L— 00¥'L— | ST'€ELT
o( ;o ) ql 10w 1)
JAY U | o&pur | AN Hyul (®YOOINTH) D | ((BR)POOINTH) 5D | o(c_woTow) (7)}0 | HdIN) N Ul | o(ed) Jdul | OD I

“ & “UONN[IP SITULUI JE JUSLOLFR00 K11oedng oyy ‘Hy ‘ueisuoo s KIus “((8)YOOINTH) o0 93ess sed [eapt oy ut pue ‘(be)YOONTH) S0 Iejem ur proe drpgAiowr
jo pue ‘7 1e (77)}0 10rem pmbry oy Jo Lysuep oy <) 1o 1S LioeSny oy ¢}y emssard sodea oy) 1o3em pmbip jo seniedoxd orweudpouroyy, 1'9 QL

(191eMm Ul proe drpgAouwt Jo ‘dy “ueisuod uonnquysip pibij—todea oy

oleg@iem.ac.ru



A. V. Plyasunov et al.

130

(6'9) ‘bI—31 960" L+9-S1°¢£9 1®
N ST'€T9-ST°ELT I8 (6°9) b, 91%3) 995—3 960" L¥9—-ST'€€9 18 I 18 3 ST'€29-ST°€LT I8 (8'9) B, (01°9) DA 960 LY9-ST'€€9 I8 3 ST'€T9-ST€LT I®

(L'9)~(9'9) 'sbg,, ((€10T) AounseA[d pue ASYULNY , :1Xd) 95— 960" LF9I—ST'€E9 18 “,:d 18 3 ST°€T9~S1"€LT ¥e (BY10T) Te 19 9zpe(y *(T00T) gnid pue 1ousem,

0 (aIsv-) (T'1-) 79°066— (6¥'L¥6—) YL8L100 99T v60'€ | 960°LY9
(6 1) | (Lse—) hz—-) 88'876— (60°'156—) 850S20°0 79T Lv0'E ST'E9
(60€—) | (zoe—) (81°€-) Ly vT6— (£2°056—) 987620°0 wWs'T LT6T ST€€9
vTr— 0S'T— v6'€— 80°026— 9€'6v6— 1061£0°0 8¥h'T S08°C S1°€79
€Ts— L0T— 87— 127606~ L9 Tv6— 12€9€0°0 €61°C 681'C S1'86S
LT9— 0LT— 18°6— 81'868— SEPE6— 0£S6£0°0 806'T 0ST'C STELS
8€'L— 9¢'T— 96'9— 63188~ v LT6— 1€1200°0 88G'T €8L'1 ST'8%S
65'8— LO'T— 8T8— Sh'LLS— €6'026— SHEFFO'0 LTT1 08€'1 SI°€Ts

o(j—Tow [3) q(j—tow )
JAY UL | u&pur | pedN) Hyul (B)YOONTH) o0 | (BR)POOINTH) oSO | (g—woow) (7)1 | o(edIN) A Ul | o(ed) Jdul | OD L

(ponunuod) 19 SqeL

oleg@iem.ac.ru



6 Solubility and Volatility of MoO3 in High-Temperature Aqueous ... 131

The relation (6.5) can be used to calculate Kp provided that the values of ¢5°
can be estimated. Elsewhere (Akinfiev and Plyasunov 2013; Dadze et al. 2017a) we
recommended for H;MoOy the approximation

Ing® ~k-Ingy =7 Ingj, (6.8)

where ¢ is the fugacity coefficient of pure water (Wagner and Pruf3 2002), and the
rules to estimate k depending on the composition of a compound were discussed
in Akinfiev and Plyasunov (2013). It was shown that Eq. (6.8) allows a satisfactory
prediction of solubility of MoOj3 in steam at 573—-873 K at water densities up to
~250 kg m~3, see Dadze et al. (2017a) for detail. Values of Kp evaluated with
relations (6.5) and (6.8) at 273.15-623.15 K are given in Table 6.1.

6.3.2.1 Extrapolation of K and ky Toward the Critical Point of Water

The value of the vapor-liquid distribution constant at the critical point of water is
equal to 1, as the liquid and the vapor phase became indistinguishable here. The
question is, what is the law governing the course of K, toward the critical point of a
solvent? This question was solved theoretically by Japas and Levelt Sengers (1989)
and confirmed by the reliable data (Fernandez-Prini et al. 2003): at temperatures
above ~500 K and up to the critical temperature of water, variations of Kp can be
quantitatively described by the relation:

2(pf (L) — po)

RT IIIKDIAKI-- 3
0?

) (6.9)

where Ag; is the Krichevskii parameter, the main thermodynamic characteristic of
a solute close to the critical point of a solvent, see Levelt Sengers (1991) for the
corresponding discussion; p. stands for the critical density of the solvent (322 kg m—3
for water), pj (L) is the pure water density along the liquid side of the saturation
vapor-liquid curve (note that in order to obtain values of Ak, in MPa, density values
should be in cm™ mol). Equation (6.9) was employed by us earlier (Dadze et al.
2017a) to evaluate Ag, = —228 + 33 MPa for HyMoQy, in water. The relation (6.9)
was used to estimate Kp at 633.15, 643.15 and T, see values in parentheses in the
corresponding column of Table 6.1.

The theoretically-based asymptotic (i.e. valid in the neighborhood of the critical
point of a solvent) relation was derived (Japas and Levelt Sengers 1989) for Henry’s
constant as well

k pi(L) —p
RT lnf—[i =C0+AKr-%,

1 c

(6.10)

The evaluation of the constant C, for HyM0O, can be made in the same way as
for Si(OH)4 (Plyasunov 2012), i.e. by plotting the values of the auxiliary function Z
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Fig. 6.2 Evaluation of C, T 623.15  573.15 473.15 27315
for HoMoOy4 from kg data -16 ! : J '
-21.98+0.18 kJ-mol™
-20 -
- z = o o o O
= 24 o)
E o
= a8 2
N
=32 4
=36 4
=40 + T T T
0.00 0.01 0.02 0.03 0.04
£,(L)-p, mol-cm™
ky PT(L) = pe
Z =RT 1n—*—AKr-¥ 6.11)
fl I

versus p; (L) — p., see Fig. 6.2. According to Eq. (6.10), the auxiliary function Z
close to the critical point of water should approach the constant value equal to C,,
and data for H,MoOy confirm that at temperatures above 550 K with C, = —21.98
+ 0.18 (20) kJ mol~!. With relation (6.10) we estimated ky at 633.15, 643.15 and
T, see values in parentheses in the corresponding column of Table 6.1.

6.3.2.2 Temperature Dependence of Ky and kg from 273.15 K to 7',

The asymptotic relations, given by Eqgs. (6.9)—(6.10), should serve as foundations
for the equations for ky and K, covering the whole temperature range of the vapor—
liquid equilibrium for water, from 273.15 to the critical temperature of water, T, =
647.096 K (Wagner and Prufl 2002). After some trials, the following forms were
selected for the regression of Kp and ky data from Table 6.1:

2(pi (L) = pc)

2
c

RT InKp = A - A1+a(1=T/T)+a (1 —T/T,)*},

(6.12)

and

14+ (1=T/T.)+ b (1 - T/T.)?*},
(6.13)

k *(L)_ c
RTlnf—Z=C0+AKr~M-{

1 c
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Fig. 6.3 Temperature 20
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where the Krichevskii parameter Ag, = —228 MPa; a; = —0.373912, a, = 1.93796;
the constant C, = —21,980 J mol~!, b, = —0.516457, b, = 4.06929. The fitted
values of Kp and kyy are shown in Figs. 6.3 and 6.4. The combination of G°(g) and kg
allowed evaluating G5° for H,MoO, at 633.15, 643.15 and T, see the corresponding
column of Table 6.1.

6.3.2.3 Comparison with Literature Data for Mo and Some Other
Solutes

A comparison of Kp values recommended in this study, and those reported in the
literature (Khitarov et al. 1967; Rempel et al. 2009; Kokh et al. 2016) is not straight-
forward. Indeed, the literature partition values are reported as stoichiometric distri-
bution constants, i.e. as ratios of analytical concentrations of elements in coexisting
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phases. However, as briefly discussed in Sect. 6.1, the partitioning solute is a non-
charged species, H,MoOy in the case of Mo(VI) solutions, and its concentration
is a strong function of pH of the liquid solution. Nonetheless, a semi-quantitative
estimation of Kp, values in terms of H,MoO, concentrations in coexisting vapor and
liquid phases at 623 K based on data of Khitarov et al. (1967), Rempel et al. (2009),
Kokh et al. (2016) was undertaken in Dadze et al. (2017a). It was found that the
difference with the experimental results (Khitarov et al. 1967; Rempel et al. 2009)
exceeded 8 and ~3 orders of magnitude, respectively. By contrast, a relatively close
agreement (0.5-1 log;o units) was found with vapor phase concentrations measured
by Kokh et al. (2016). Considering a complicated composition of the liquid phase
in experiments of Kokh et al. (2016)—0.5 m NaCl, 0.5 m KCl, 0.1 m HCI, 0.01 m
ZnCl,, 0.01 m CuCl, 0.01 m NayMoQy, plus solid phases SnO,, SiO;, Fe, 03, Fe;0y4,
Pt, Au and simplifications in calculations, this level of agreement appears to be as
good as it gets. We remind that Kokh et al. (2016) applied a direct sampling of the
coexisting vapor and liquid phases, while Khitarov et al. (1967) and Rempel et al.
(2009) attempted to trap a portion of a vapor phase in a two-phase system, which
appears to be an error-prone method.

As was discussed in Sect. 6.1, Henry’s constants of HyMoOy reported in Rempel
et al. (2009) exceed those for Ar. According to Fig. 6.4, this result appears grossly in
error. Previously we (Dadze et al. 2017a) suggested that Si(OH)4 would be a good
proxy for H,MoOy. As Figs. 6.3 and 6.4 show this is a better, but still not a perfect
approximation for HyMo0OQ;.

6.4 Conclusions

Experimental results of the solubility of MoOj3 in acid aqueous solutions at 563-623 K
were used to determine the thermodynamic properties of the neutral molybdic acid
H;MoOy at these temperatures (Dadze et al. 2017a). The joint treatment of our own
and literature data resulted in a recommendation of the thermodynamic properties of
this species at 273—623 K and the saturated water vapor pressure (Dadze et al. 2018a).
Combining the Gibbs energies of H,MoQy in the state of the aqueous solution with
those in the ideal gas state (Akinfiev and Plyasunov 2013), we calculated Henry’s
constants and the vapor-liquid distribution constants of HyMoO, at 273-623 K,
and with the use of the relevant asymptotic relations (Japas and Levelt Sengers
1989) extrapolated values of K and ky toward the critical point of pure water. Our
results show that over the whole temperature range of existence of the vapor-liquid
equilibrium of water, the neutral molybdic acid HMoO, is somewhat less volatile
compared with Si(OH)4, and that the difference in volatility of these species decreases
with the temperature, see Figs. 6.3 and 6.4.

Finally, we note that many vapor—liquid partitioning results in the geochemical
literature are reported as ratios of analytical concentrations of elements in coexisting
phases, often having multicomponent compositions. The rigorous thermodynamic
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treatment of such data is usually not possible, leaving such results suitable for semi-
quantitative modeling at best (or littering the literature with improbable thermody-
namic values at worst). If the quantitative modeling of geochemical processes is a
goal, even a remote one, than the experimental investigation of the simplest systems,
which are easiest for rigorous thermodynamic interpretation, will be of value.
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