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Abstract B-Nb,Os was recrystallized from commercially available oxide, and XRD analy-
ses indicated that it is stable in contact with solutions over the pH range 0 to 9, whereas solid
polyniobates such as NagNbgO19-13H,O(s) appear to predominate at pH > 9. Solubilities of
the crystalline B-Nb,Os were determined in five NaClOy solutions (0.1 < I,,/mol-kg™! <
1.0) over a wide pH range at (25.0£0.1) °C and at 0.1 MPa. A limited number of measure-
ments were also made at ,, = 6.0 mol-kg ™', whereas at I,, = 1.0 mol-kg~"' the full range of
pH was also covered at (10, 50 and 70) °C. The pH of these solutions was fixed using either
HCIO4 (pH < 4) or NaOH (pH > 10) and determined by mass balance, whereas the pH on
the molality scale was measured in buffer mixtures of acetic acid + acetate (4 < pH < 6),
Bis-Tris (pH & 7), Tris (pH & 8) and boric acid 4 borate (pH ~ 9). Treatment of the solubil-
ity results indicated the presence of four species, Nb(OH)i_" (where n = 4-7), so that the
molal solubility quotients were determined according to:

0.5Nb,0s(cr) + 0.5(2n — 5)H,O() “Nb(OH)? ™ + (n — SYHT  (n =4-7)

and were fitted empirically as a function of ionic strength and temperature, including the
appropriate Debye-Hiickel term. A Specific Interaction Theory (SIT) approach was also
attempted. The former approach yielded the following values of log,, K, (infinite dilution)
at 25°C: —(7.4+0.2) forn =4; —(9.1 £0.1) for n = 5; —(14.1 £ 0.3) for n = 6; and
—(23.9£0.6) for n = 7. Given the experimental uncertainties (20), it is interesting to note
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that the effect of ionic strength only exceeded the combined uncertainties significantly in
the case of log,, K¢ to I,, = 1.0 mol-kg™!, such that these values may be of use by defining
their magnitudes in other media. Values of A ;G°, A;H®°, $° and C; (298.15 K, 0.1 MPa)
for each hydrolysis product were calculated and tabulated.

Keywords Solubility - Niobium(V) - Aqueous solution - Thermodynamics - Speciation -
SIT

1 Introduction

Niobium and tantalum exhibit comparable chemical properties largely because of their iden-
tical ionic radii (Nb>*, Ta>*: 64 pm) and their common occurrence in the same oxidation
states [1]. Niobium and tantalum are utilized in microelectronics, the fabrication of semi-
conductor components, and the production of various types of catalysts and materials with
special electro-physical characteristics. In geochemistry, they are useful natural tracers to
elucidate the evolution of Earth’s major crustal and mantle reservoirs [2]. Both elements
display very low mobility except in the most extreme environments, tantalum oxide being
the less soluble of the two. The presence of citric, tartaric and oxalic acids enhances their
solubility through chelation.

Anthropogenic sources of niobium include nuclear fuel production, welding and steel
production [3], and it can also be present as a fission product in significant quantities, mainly
as oxides [4]. Moreover, neutron-activated wastes contain significant amounts of long-lived,
non-transuranic radioactive isotopes such as **Nb (with a half-life of 2.0 x 10* years) in
the pressure vessel and its internal components. The thermodynamic properties of aqueous
niobium species are therefore fundamental in modeling niobium release from nuclear waste
stored in deep underground vaults in contact with natural hydrothermal systems. However,
despite the practical importance of niobium and tantalum whereby their mineralogy and
geochemistry have been investigated in great detail, little is still known about the hydrolysis
behavior of their dissolved species, especially at low concentrations.

Consequently, controversy exists as to the speciation of Nb(V) species in solution at
low concentrations [5, 6], although the stabilities of the polynuclear Nb(V) species at con-
centrations traditionally accessible to conventional techniques such as potentiometry and
spectrophotometry appear to be well established [6—15]. Solubility measurements have long
provided a means of investigating solution speciation at the low concentrations generally
imposed by a solid oxide/hydroxide phase [16]. However, in the case of Nb(V), concern
has been raised as to the presence of colloidal material which would greatly enhance the
solubility of the mother phase, and to changes in the morphology of the solid as a function
of pH.

The solubility of freshly precipitated, active Nb,Os has been measured at 19 °C over
the pH ranges —0.78 to 0.0 (HNO3) and 7.00 to 9.73 (1 mol-dm~3 KNO3) [5]. The solid
phase was not characterized but was assumed to be amorphous. These authors reported
a solubility minimum corresponding to the formation of Nb(OH)g at a concentration of
1.6 x 107> mol-dm~3, or log,, Q,s ~ —4.8 for this material, that is sufficiently high as to
virtually assure that it was indeed amorphous. From these somewhat dubious results, two
step-wise hydrolysis equilibria were proposed:

Nb(OH); 4+ H,0(1)” Nb(OH)? + H* 1
Nb(OH)? + H,O(1)”Nb(OH); +H" ®))
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yielding log,, Q45 ~ 0.6 and log,, Os¢ ~ —7.8. If no change in the nature of the solid phase
had occurred during these measurements, these hydrolysis constants could in principle be
of value, although in the absence of any solid phase information and because of the scant
data reported (with no mention of how the pH was fixed or measured), these constants are
only provisional at best. Indeed, the current study estimates markedly different values of the
constants at 20 °C of —2.1 and —6.1, respectively, admittedly in 1 mol-kg~' (NaClOy).

The remaining studies of Nb(V) hydrolysis were confined to higher concentrations, i.e.,
> 1073 mol-dm—3, where the polynuclear Nb(V) species predominate and the results are
quite unambiguous. Three hydrolysis equilibria have been reported from potentiometric and
spectrophotometric studies [7—15], namely:

NbsO16(OH); ™ NbgO%; 4 3H* 3)
NbsOy7(OH)5 ™ “NbgOY; +2H* @)
NbsO5(OH)"~ _NbsO’; +HT )

Etxebarria et al. [7], in a careful potentiometric study of these equilibria mainly at [,, =
3.44 (3 mol-dm~? KNOs, converted here to molal units), reported the following hydrolysis
constants at (25.0£0.1) °C: log,, B (Eq. 3) = —(32.721+0.07); log,, B (Eq. 4) = —(23.43 =
0.04); log,, B (Eq. 5) = —(13.57 £ 0.04), which are, in general, in reasonable agreement
with earlier results at this experimental condition [9, 13]. They also determined the ionic
strength dependence of these hydrolysis constants using Bromley’s extended Debye-Hiickel
approach that, in view of the extremely high anionic charges involved, is suspect if taken
further than providing a purely empirical functional fit. Finally, Etxebarria and coworkers
attempted to rationalize the solubility data of Babko et al. [5] to define the stability boundary
between Nb(OH)g and NbsO6(OH)3™. The uncertainty of this calculation appears to have
been grossly underestimated, due to the experimental uncertainties in the latter work, but it
is relevant to mention that they predict that monomers will dominate below my, = 107> at
pH < 7.5, decreasing to almost 107 at pH & 9. Obviously, ny;, will be raised to the sixth
power and, if one were to consider the formation equilibria of these polynuclear species with
respect to the monomeric Nb(V) species such that at 107> mol-kg~! (which represents about
the maximum concentration at pH,, < 9 reached in the current study) the stabilities of the
polynuclear anions that were investigated previously at > 10~ mol-kg~! would decrease by
a factor of 10'2. Note that without knowledge of the polymerization constants, predominance
diagrams, which would otherwise more clearly illustrate this point, cannot be created.

Guillaumont et al. [17] reported an extensive series of solvent extraction measurements
performed at 25 °C on niobium(V) solutions over a wide range of pH (1-9) in 0.1 and
3.0 mol-dm~* (LiClO,). However, the results are only presented in the form of figures.
They recorded only one hydrolysis constant with log;, K45 = —3.2 (1,, = 0.101 mol-kg™!),
which is in poor agreement with that derived in the present study of —(1.7 & 0.2) at
I,, = 0.101 mol-kg~' (NaClO,). No explanation for this disparity can be offered at this
time.

Finally, it is of interest to note that in 1953, Lindqvist [18] had already established
from X-ray powder measurements the existence of a Nb(,O?g— unit cell in the phase
7Na,0-6Nb,05-32H,0, lending even more credence to the presence of Nb hexameric
species in solution at millimolar and higher concentrations of niobium(V).
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2 Experimental
2.1 Solid Phase

Crystalline B-Nb,Os was prepared by heating Aldrich reagent grade Nb,Os (reported
purity = 99.99%) up to 1000 °C at 0.1 MPa for ten hours. X-ray powder diffraction analysis
indicated the presence of pure B-Nb,Os within our ability to resolve the principal peaks that
are listed in Table 1. B-Nb,Os is referred to in some sources as the high-temperature phase,
e.g. [19]. More than 95% of the Nb,Os crystals had grain sizes in the range 5 to 10 um
as shown by SEM analysis (Fig. 1). Earlier concerns mentioned by Etxebarria et al. [7],
that in the past Nb,Os solubility measurements were hampered by colloid formation and to
variations in solid-phase composition and/or structure, were not evident in our study.

TGA was used to determine the water content of the pristine recrystallized B-Nb,Os
as well as to track possible hydration and/or phase alteration of the solid, particularly as a
function of pH. Figure 2 shows three thermogravimetric traces (temperature in Celsius on
the LHS ordinate, percent weight loss on the RHS versus time on the abscissa). The un-
reacted and acid-equilibrated samples (Nb1 and Nb3, respectively) showed < 0.025% mass
loss by 200 °C (loss of one mole of water of crystallization would correspond to 6.77%),
clearly demonstrating that the solid phase remained anhydrous under these conditions; even
by 800 °C the weight loss was only ca. 0.125%. The solid reacted with dilute NaOH, on the
other hand, showed a continuous weight loss that implies some initial dehydration followed
by a probable phase change to reconstitute the oxide with a 0.66% total weight loss. As dis-
cussed below, this behavior supports the conclusion that in acidic and near-neutral pH solu-
tions the solid phase remains unaffected (i.e., crystalline B-Nb,Os predominates), whereas
at moderately high pH a hydroxylated multinuclear niobium(V) phase may be formed at
least on the surface of the oxide particles, noting that an XRD analysis of the latter material
failed to show the presence of crystalline sodium niobate.

2.2 Solutions

The aqueous solutions used in this study were prepared on a mass basis by dilution of the
following stock solutions with deionized water (resistivity: 18.2 M2-cm) to concentrations
of 0.01, 0.05 and 0.1 mol-kg~'. Solutions of 1-6 mol-kg~! NaClO, were prepared from
Merck reagent grade NaClO,4 and were standardized by pH titration of the leachate from a
Dowex cation exchange resin column in the hydrogen ion form. A 1 mol-kg~' HCIO, so-
lution (prepared from Aldrich, reagent grade 70%) was standardized by pH titration against
a solution of oven-dried Na,CO;. A 1 mol-kg~! NaOH (Aldrich, reagent grade) solution
was prepared by diluting 50 wt-% NaOH and then was standardized by pH titration against
the stock HCIOy solution. A 1 mol-kg~! CH3;CO,H (Aldrich, glacial grade 99.8%) solution
was prepared by mass and standardized by pH titration against the stock HC1O4 solution, and
1 mol-kg~! solutions of (HOCH,);CN(HOCH,CH,), or Bis-Tris (Aldrich, reagent grade,
99+%), (HOCH,)3CNH, or Tris (Aldrich, reagent grade, 99.8%), and B(OH); (Aldrich,
reagent grade) were prepared by mass. All stock solutions were stored in 50 cm?® disposable
polyethylene/polypropylene syringes (Aldrich Chemical Co.). The starting solution com-
positions were known to better than 0.1% and also served as standard solutions for the
calibration of the pH,, (= —log,, my+) measurements, as discussed below.

2.3 Experimental Procedure

The experiments were conducted in 50 cm® polypropylene/polyethylene syringes mounted
on a rotating cylindrical sample holder that was completely submerged in a 200 L water
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Table 1 Comparison of the main peak positions in the XRD patterns of Nby O5(cr)

Lit.? Intensity Our study Lit.? Intensity Our study
d &) d (&) d &) d &)
10.575 8 10.568 2.316 19 2.316
9.669 2 9.673 2.211 1 2.211
9.192 4 9.183 2.165 2 2.165
8.399 3 8.401 2.113 3 2.113
6.304 5 6.302 2.078 19 2.078
5.595 2 5.601 2.038 18 2.038
5.284 5 5.284 1.993 2 1.995
5.122 23 5.124 1.924 3 1.925
4.743 3 4.740 1.912 35 1.915
4.728 4 4.731 1.871 3 1.872
4.625 18 4.625 1.820 12 1.821
3.866 3 3.866 1.790 8 1.789
3.828 6 3.825 1.767 4 1.767
3.745 83 3.744 1.757 3 1.757
3.642 100 3.642 1.743 12 1.743
3.557 9 3.557 1.728 8 1.728
3.523 19 3.523 1.710 6 1.710
3.489 79 3.490 1.693 20 1.693
3.383 7 3.383 1.689 16 1.689
3.355 23 3.354 1.684 28 1.684
3.160 7 3.159 1.680 20 1.680
3.089 2 3.087 1.677 17 1.677
3.000 4 3.000 1.656 3 1.656
2.864 6 2.863 1.628 7 1.628
2.835 35 2.835 1.593 15 1.593
2.828 31 2.828 1.583 16 1.582
2.775 23 2.775 1.580 15 1.580
2.707 24 2.706 1.557 17 1.557
2.699 13 2.698 1.529 9 1.530
2.633 3 2.633 1.517 5 1.518
2.546 20 2.545 1.502 4 1.502
2.493 13 2.493 1.455 6 1.456

4NbyOs; monoclinic; S.G.: P2; dyef = 20.38100 A (axp = 203819 A), byos = 3.82490 A (bxp =
3.82475 A), crep = 1936800 A (coxp = 19.3660 A), Brof = 115.694° (Bexp = 115.698%); radiation: Cu

Kap; L =1.540596 A; reference pattern: 00-037-1468; CAS number: 1313-96-8. See McMurdie, H., Mor-
ris, M., Evans, E., Paretzkin, B., Wong-Ng, W., Zhang, Y.: Standard X-ray diffraction powder patterns from
the JCPDS Research Associateship. Powder Diffr. 1, p. 342 (1986). In parentheses, our experimental, refined
lattice parameter values

bath that controlled the temperature of the syringes to better than £0.05 °C. Temperature
gradients within the bath were found to be less than +0.02 °C. The syringes were positioned
on the cylinder such that they rotated lengthwise at a rate of one revolution per minute. Under
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Fig.1 An SEM image of the
recrystallized B-Nb, O5
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Fig. 2 A TGA of recrystallized B-NbyO5(Nbl: dot-dashed curve); recovered solid after exposure to
1073 mol-kg*1 HCI for 35 days (Nb3; dot-dot-dashed curve); (b) recovered solid after exposure to
1073 mol~kg_1 NaOH for 35 days (Nb2; short-dashed curve)

these conditions, the solid charge was in constant motion without physical degradation of
the B-Nb,Os crystals. Each syringe contained approximately 1 g of B-Nb,O5 and 50 cm?
of starting solution.

Samples were taken after 5, 10, 15 and 30 days. At each sampling, a syringe containing
the suspension was removed, dried, and approximately 13 cm® of solution were transferred
to a second syringe via a Millipore Swinnex disc filter holder (13 mm diameter) fitted with
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a Millipore PTGC (10* Nominal Molecular Weight Limit) ultrafiltration disc membrane.
About 10 cm? of the sample were transferred to a 20 cm? beaker for niobium analysis. For
acidic (pH < 4) solutions, equilibrium (i.e., constant niobium concentration) was attained
after 15 days. In the pH range 4 to 9, a minimum of 30 days was necessary to reach equilib-
rium. The ionic strength, 7,,, in the range 0.1-6.0 mol-kg ™! seemed to have no effect on the
kinetics of dissolution of niobium oxide.

The pH of solutions containing either HC1O4 or NaOH was estimated from the stoichio-
metric molalities, making use in the latter case of the acid-dissociation quotient of water
with allowance for the contributions of Nb(V) species to the ionic strength based on the cited
SIT parameters in a NaClO4 medium, giving pK,, = 14.001 at 25 °C [20]. The pHs of the
equilibrated samples containing pH buffers were measured using a Ross combination glass
electrode, coupled to an Orion 520 pH-meter. Approximately 3 cm?® aliquots of the filtered
sample were transferred to a 5 cm® beaker containing a micro magnet that was then sealed
on the electrode with a rubber stopper. The assembly was then placed in a thermostatted
bath (Heto Laboratory Equipment) at 10.0, 25.0, 50.0 and 70.0 (£0.1) °C and stirred mag-
netically. The pH meter was calibrated at temperature against standard solutions consisting
of the original NaClOy4 stock solutions used to equilibrate with the B-Nb,Os solid, where
the pH is defined on the hydrogen ion molality scale throughout the present study and is
therefore represented here as pH,,[8]. The final pH,, value of the sample was obtained after
correction for the liquid-junction potential between the aqueous sample and the standard
solution, which were at the same ionic strength, using the Henderson equation [6] with the
limiting equivalent conductivity values of the ions H", Nat and ClO] taken from Robinson
and Stokes [21]. The calculated liquid-junction potentials varied in the range 0.1-1.3 mV,
with the maximum value of 1.3 mV, corresponding to 0.02 pH,, units with an estimated
uncertainty of £10%. The overall experimental uncertainty in the pH,, measurements was
estimated to be +(0.1 to 0.2). For the stoichiometric pH,, standard values, the estimated
uncertainty was < 0.02.

2.4 Analytical Method

The niobium concentration in each aqueous sample was determined using the inductively
coupled plasma mass spectrometric (ICP-MS) technique. The detection limit of this tech-
nique was 1079 mol-kg~! with an experimental uncertainty of +10%.

3 Results and Discussion

Table 2 gives the logarithms of the total niobium molality, log;, mxp, at each value of pH,,
for the experiments conducted at 25.0 °C (0.1 MPa) for the five ionic strengths studied (7, =
0.1, 0.3, 0.5, 1.0 and 6.0 mol-kg*' NaClQy). The corresponding values measured in [, =
1.0 mol-kg~! (NaClOy,) solutions at 10, 50 and 70 °C are listed in Table 3.

The solubility, log,, mnp, profiles in the pH,, range ~ 1 to 9 are illustrated in Figs. 3a—e
and 4a—c, based on the results listed in Tables 2 and 3, respectively. The upper pH,, limit
was imposed by the observed change in the morphology of the solid phase beyond this pH,,
as will be discussed below. However, within the pH,, range of these plots, B-Nb,Os5 was
the only solid phase detected in the XRD powder patterns of the recovered solids (detection
limit of XRD spectra is estimated at £0.5%). The analysis of these solubility data sets was
carried out using the ORNL ORGLS nonlinear least-squares fit program [6]. The major
criterion for acceptance of a given fit was obtained from the goodness of fit factor, viz.:

@ Springer



204 J Solution Chem (2010) 39: 197-218

Table 2 Molal-based solubilities of B-Nb,O5 as functions of pH,; and ionic strength at 25.0 °C

Inm pHpm* —logjomNp" Inm pHm —logjomnp
0.1 2.02 8.99 0.5 1.25 8.76
0.1 2.51 9.16 0.5 1.50 8.92
0.1 3.04 9.22 0.5 2.00 9.09
0.1 4.07 9.12 0.5 2.54 9.42
0.1 5.10 8.63 0.5 3.10 9.46
0.1 5.97 8.08 0.5 4.03 9.46
0.1 7.01 7.25 0.5 5.07 9.28
0.1 7.97 6.11 0.5 5.87 9.18
0.1 8.99 5.01 0.5 7.03 7.62
0.1 9.98 4.71 0.5 8.01 6.64
0.1 11.08 452 0.5 9.07 5.47
0.1 11.46 4.49 0.5 10.11 4.65
0.1 11.96 3.89 0.5 11.03 4.63
0.3 1.60 8.95 0.5 11.52 4.47
0.3 1.74 9.00 0.5 12.12 4.44
0.3 2.01 9.03 0.5 12.45 3.86
0.3 2.43 9.09 1.00 1.02 8.47
0.3 3.11 9.20 1.00 1.25 8.74
0.3 3.89 9.24 1.00 1.53 9.05
0.3 491 9.04 1.00 1.73 9.14
0.3 6.04 8.26 1.00 2.02 9.18
0.3 6.94 7.64 1.00 2.50 9.37
0.3 8.09 6.02 1.00 3.06 9.49
0.3 9.04 5.02 1.00 3.45 9.50
0.3 10.00 4.57 1.00 4.11 9.81
0.3 10.98 4.46 1.00 5.20 9.47
0.3 11.52 4.49 1.00 5.87 9.36
0.3 12.05 3.97 1.00 6.89 8.61
0.3 12.49 3.88 1.00 8.03 6.98
1.00 9.08 6.08
1.00 10.15 5.08
1.00 11.07 4.62
1.00 11.46 4.50
1.00 12.00 4.41
1.00 12.48 3.87
1.00 13.00 3.60
6.00 0.50 8.56
6.00 1.00 8.96
6.00 1.50 9.10
6.00 2.00 9.26

4Experimental uncertainties for pHy, in the range 4 < pH,, > 10 are 0.02 with those in the intermediate
range being 0.15

bExperimental uncertainties in log; mny, are generally £0.05
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Table 3 Molal-based solubilities of B-NbpOs5 and pH,, values obtained at ionic strengths I, =
1.0 m01~kg_l as a function of temperature

t/°C pH}, —logjomRy, t/°C PHm —logjg mNp
10.0 0.99 8.35 50.0 3.02 9.37
10.0 1.32 8.57 50.0 3.51 9.37
10.0 1.59 9.01 50.0 4.02 9.49
10.0 1.67 9.12 50.0 4.98 9.19
10.0 1.97 9.27 50.0 5.97 8.97
10.0 2.11 9.27 50.0 7.03 8.39
10.0 2.53 9.49 50.0 8.02 6.37
10.0 3.01 9.67 50.0 9.05 4.93
10.0 3.51 9.65 50.0 10.00 4.06
10.0 3.99 9.67 50.0 11.03 3.78
10.0 5.02 9.59 50.0 11.11 3.09
10.0 6.01 9.48 50.0 11.52 291
10.0 6.98 9.18 50.0 11.56 3.65
10.0 7.99 7.75 50.0 12.06 3.43
10.0 9.03 6.60 50.0 12.48 2.89
10.0 10.01 5.90 50.0 13.04 2.79
10.0 11.06 5.24 70.0 1.00 7.50
10.0 11.46 5.26 70.0 1.24 8.10
10.0 12.03 5.13 70.0 1.51 8.40
10.0 12.48 4.67 70.0 1.75 8.70
10.0 12.89 4.34 70.0 2.02 9.06
50.0 1.10 8.35 70.0 2.52 9.30
50.0 1.30 8.59 70.0 3.00 9.31
50.0 1.50 8.89 70.0 3.51 9.30
50.0 1.78 9.07 70.0 3.98 9.30
50.0 2.01 9.12 70.0 4.99 8.99
50.0 2.49 9.27 70.0 6.05 8.80
70.0 7.06 7.91
70.0 8.05 6.40
70.0 9.05 4.99
70.0 10.03 3.40
70.0 12.06 2.80
70.0 12.49 2.40
70.0 13.02 2.36

abThe same as in Table 2

3" w{mny (0bs) — nyy(calc)}?

(no —ny)

(©)

Fit factor =

where myyp(obs) and myp(calc) are the measured and calculated niobium molalities, respec-
tively, w is the weighting factor, n¢ is the number of observations and ny is the number of
variables or solubility constants. The weighting factor was assessed from the estimated ex-
perimental uncertainties in myp(obs) and pH,,. These weighted fits indicated the possible
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Fig. 3 Logarithm of the niobium(V) molality, log;ymNp, as a function of pH, at 25 °C for various ionic
strengths: 0.1 (a), 0.3 (b), 0.5 (¢), 1.0 (d), and 6.0 (e) mol»kg_1
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Fig. 3 (Continued)

existence of five mononuclear Nb(V) species' in solution, viz., Nb(OH);", Nb(OH),
Nb(OH)f), Nb(OH)4 and Nb(OH);™ in equilibrium with B-Nb,Os, according to the gen-
eralized reaction:

0.5Nb,0s(cr) +0.5(2n — 5)H,0(1) ”Nb(OH)> ™" + (n — 5)H" @)

However, the trihydroxo species Nb(OH)gJr could only be detected in the analysis of the
70°C (I,, = 1.0 mol-kg~") data. The sudden appearance of this species at the highest tem-
perature studied is counterintuitive, because hydrolysis of metal ions is known to increase

IThe highest Nb(V) concentrations of ca. 1073 mol-kgf1 were achieved at pH;; &~ 9, where the Etxe-
barria et al. [7] potentiometric investigation at Ip; =3 mol-L~! (KCl) and 25 °C would suggest that the
species NbgO16(OH)3™ might be dominant, at least when myyp, > 1073 mol-kgfl. Fits that included this
species, instead of the Nb(OH);™ anion, gave sharply upturned solubility curves above pH,, = 8.5 that
at 50°C (I, = 1.0 mol~kg*1) yielded a logjg*Qs of ca. —(51.0 £ 0.3) for the reaction: 3NbyOs(cr) +

4H20(l)2Nb6016(OH)3_ + 5H*. Such multinuclear species were not considered further in the work.
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Fig. 4 Logarithm of the niobium(V) molality, log;omNp, as a function of pH,, for an ionic strength of
1.0 mol-kg*1 at: 10.0 (a), 50.0 (b), and 70.0 °C (¢)
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Table 4 Solubility constants for B-NbyOs as functions of ionic strength and temperature (the results of
alternative fits from excluding Q7 are shown in italics)

t/°C  Lp* —logipr Qg3 —logigr Osa —logjox Qs —logipr Qg6 —logjox Q57  Fit factor
250 0.1 7.46 +0.35 9.20 £ 0.08 14.08 £0.05 2.081
250 03 7.63+0.20 9.21+0.07 14.36 +0.07 2.353
7.64 £0.21 9.21£0.07 14.39+0.08 23.3+£0.2 2.407
250 05 7.53+0.15 9.51+0.11 14.73 £0.09 3.484
7.53+0.14 9.50+0.10 14.82+0.11 239404 3.245
250 1.0 7.52+0.09 9.62+0.08 15.26 +£0.09 3.104
7.53 £0.09 9.61 £0.08 1533+0.11 246+04 3.094
250 6.0 8.16 £0.05 9.30+0.04 - 0.839
100 1.0 7.43+0.08 9.70 +0.07 15.85+0.09 2.885
7.44 £ 0.06 9.68 + 0.06 16.03+£0.11 24.84+0.2 2.375
500 1.0 7.39+0.21 9.45+0.19 14.68+0.18 6.837
7.42+0.11 9.38 £0.08 1540+£0.21 22.840.1 3.294
700 1.0 56=+0.1 7.78+0.68 9.28+0.07 14.93+0.11 23.0+0.1 2.498
7.24£0.18 9.31£0.08 14.92+0.12 23.0+0.1 2.9640
7.20+0.32 9.35+0.16 14.57 £0.14 5.615°

AUnits, m01~kg_1

PFit obtained by ignoring the three lowest pH values (see text)

with increasing temperature such that Nb(OH)gJr should be destabilized with respect to
Nb(OH)I and Nb(OH)g with increasing temperature. Therefore, the data taken at 70 °C at
low pH,, were considered to be suspect and the three lowest pH,, values were excluded
from the final fit, potentially leaving only four Nb(V) species to be considered. On the other
hand, at the lowest ionic strength of 0.1 mol-kg™! where hydrolysis is weakest, the fit of
these solubility results did not converge with the inclusion of Nb(OH)7™ so that only one
entry is shown in Table 4 at this condition. For the remainder of the data, the existence of
the three species, Nb(OH)I, Nb(OH)(S) and Nb(OH),, is considered as being completely
unambiguous. The question of the verifiable existence of the Nb(OH);™ species became
a focus of the data reduction strategy. There are innumerable references to complexation
studies of Nb(V) involving organic ligands where seven-fold coordination via a pentagonal
bipyramidal structure have been assigned, e.g., [22-24]. Table 4 lists the log,, O, values
at each temperature and ionic strength providing (where possible) the results from weighted
fits that either included or excluded (shown in italics) the Nb(OH)%f species, and the fit
factor defined in Eq. 6.

The respective molal solubility quotients for the solubility reactions for the formation of
Nb(OH)}, Nb(OH)?, Nb(OH), and Nb(OH)3~ according to the generalized equilibrium 7
are:

log,y Qs4 = log,o (m{Nb(OH); }/m{H"})
=log,y K4 —logyo (¥ {Nb(OH) }/y {H"}) + 1.5log((a,) 8)
log,y Oss = logy (m{Nb(OH)(s)})

=log,, K5 — log, (y{Nb(OH)g}) +2.51ogo(ay) ©)
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Fig. 5 Logarithm of the solubility quotients, log|y Qs , as a function of reciprocal temperature in kelvin at
an ionic strength of 1.0 mol~kg71 for:n=4(@),n=5(M),n=6(c),andn =7 (d)

logy Q6 = log,o (m{Nb(OH) }m{H"})

= log,y K6 —log, (y{Nb(OH) }y {H"}) 4 3.51l0g,((aw)

log,y Os7 = log,, (m{Nb(OH); ™ }m{H*}?)

=log, Ky7 — log,o (y INb(OH)2 ™}y {H*}?) + 4.510g (a,)

(10)

an

Two approaches were taken to obtain a fit of the log;, Qj, values at each ionic strength,
i.e., to estimate the activity coefficient ratios. The first approach involved an empirical fit of
these constants as combined functions of /,, and T including the appropriate Debye-Hiickel
terms, whereas the second approach was to apply the SIT equation for each data set at 25 °C

only.
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Fig. 5 (Continued)

The empirical approach involved the minimum number of adjustable parameters
log,y Qsn — AZ*D —0.52n — 5)log,g(ay) =a+b/T +cl,, +dI? (12)

where D = A(T)+/1,,/(1 + 1.54/1,) which corresponds to the Debye-Htickel term em-
ployed by the NEA [25], except that A(T') is defined here as [26]:

A(T) = —=2.97627 + 4.80688 x 1072T — 2.6980 x 107#T% +7.49524 x 107773

—1.02352 x 107°1* (13)

The differences between our choice and the NEA choice of A(T) is < 0.4%. Note that the
fourth variable, d, was only employed for fitting of the log,, Q4 data to I, = 6.0 mol-kg~!,
but its inclusion did not have a significant effect on the calculated log;, K4 values at
infinite dilution. This approach has the advantage of fitting all of the available experi-
mental results for each constant. Figures 5a—d and 6a-9a illustrate the effectiveness of
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Fig. 6 Results of the application B o e e e e o L s e L S
of the empirical fit of log|y Q54 F v three species
data as a function of the A four species
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the SIT equation to the logy Q4
data
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Eq. 12 in representing all of the experimental data. The parameters in Eq. 13 and the
infinite dilution log,, K, values are given in Table 5 according to the three-species’
and four-species’ fits. The corresponding thermodynamic quantities are discussed be-
low.

Application of the SIT equation according to Eq. 14 was limited to the log;, Q4 data at
I,, < 1.0 mol-kg™! and these plots are shown in Figs. 6b-9b, with the resulting log;, K,
and Ae¢ values given in Table 6:

log,o Osn — AZ’D — 0.52n — 5)log;ya,, =log,y Ksn — Acl, (14)

The log,, K, values from the restricted SIT data set are consistent with those obtained from
the global fits within the combined 2o estimated uncertainties. However, the estimated SIT
interaction parameters have virtually no significance because of their large uncertainties,
and values for n = 5-7 are obtained that are well outside the limits of accepted values
for these charge types [25]. These values are only presented here to demonstrate that this
approach was indeed tested and the linear regressions produced consistent log;, K, values.
The AG® (298.15 K) values calculated from the respective global-fit log,, K, values for
n =4-7 in Table 5 are: (42.2 £ 0.5), (51.9 £ 0.2), (80.5 = 0.7) and (136 & 1) kJ-mol~".
The corresponding A H° values obtained from the linear plots in Figs. 5a—d (b in Table 5),
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Fig. 7 (a) Results of the BT 77T
application of the empirical fit of
log|o QOys as a function of the
reciprocal temperature and ionic
strength (shown as /T, for
visual clarity); (b) application of
the SIT equation to the log|y Qs
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which preclude a finite AC}, are: (3 £4), (12 £2), (29 £ 8) and (66 + 21) kJ-mol~!,
The resulting stepwise hydrolysis log,, K, values at 25 °C are: log;, K45 = —(1.7+0.2),
log,o K56 = —(5.0 £0.3) and log,, K¢.7 = —(9.8 £ 0.7), with the accompanying enthalpy
changes being: AH] s =(9+4), AHJ = (17+8) and AHg; = (37 £22) kJ-mol~'.

Wagman et al. [19] offered the following thermodynamic quantities for Nb,Os(cr), high
temperature form, A;G°(298.15 K, 0.1 MPa) = —1766.0 kJ-mol~', AyH®(298.15 K,
0.1 MPa) = —1899.5 kJ-mol~', $°(298.15 K,0.1 MPa) = 137.24 J.K~'-mol~! and
C9(298.15 K, 0.1 MPa) = 132.09 J -K~"-mol~!, which together with their selected values
for H;O(){A ;G°(298.15 K, 0.1 MPa) = —237.129 kJ-mol™!, Ay H°(298.15 K, 0.1 MPa)
= —285.830 kJ-mol~!, $°(298.15 K, 0.1 MPa) = 69.91 J-K~!-mol~! and C,(298.15 K,
0.1 MPa) = 75.291 J.K~'-mol~!} yield the thermodynamic quantities for the aqueous
Nb(V) species listed in Table 7.

All of the solubility data at pH,, > 9 show a discontinuity, probably favoring the trans-
formation of Nb,Os to a more insoluble solid phase, especially when one considers that the
solution speciation must follow continuously from that at pH < 9 such that the Nb(OH);~
would immediately predominate because of its dependence on méH,. The hexameric Nb(V)
hydroxides described in Eqs. 3—5 should then appear as the niobate concentration further
increases. The magnitude of the solubility discontinuity is illustrated in Fig. 10, where the
curves result from the four-species model assuming that B-Nb,Os is the solubility con-
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trolling solid phase. Not only is the trend in log,, mn, much flatter but the dependence on
ionic strength is lost within the scatter of the data. The suppressed solubility at pH,, > 9
rules out the formation of colloidal material, but may indicate the formation of a mixed
sodium niobate. In fact, XRD analyses of solids recovered after equilibration with acidic
(1072 mol-kg~!, HNO3) and basic (1072 mol-kg~!, NaOH) solutions at room temperature
showed sharp peaks consistent only with crystalline B-Nb,Os (see Table 1), thus indicat-
ing that any mixed oxide/hydroxide solid phase(s), which may have formed in the latter
medium, is/are either present as a thin crystalline film on the B-Nb,Os particles or as an
thin amorphous layer.

4 Conclusions

Solubility measurements of well-characterized B-Nb,Os as a function of temperature (10—
70°C), ionic strength (0.1-0.6 mol-kg™'), and pH (1-9) have provided a unique thermo-
dynamic platform for determination of the speciation and corresponding solubility con-
stants. The fits of log,, mnp, versus pH,, incorporated mononuclear species from Nb(OH)I
to Nb(OH);™. However, because only limited data points were obtainable for the latter
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Table 5 Fitting parameters® for Eq. 12 and corresponding log;o Ksn (25.0 °C)P values with the alternative
three-parameter (see Table 3) fit values shown in parentheses

A2 Na b ¢ 102d —logjoKsn  R?
-2 4 —6.897+0.725 —133.94213.9 —0.103£0.020 0 74402 0.840
—7.2340.75 —36.6+221.2 —0.102+0.018 0 74+£02 0861
0 5 —6.977+0445 —639.54+1304 —0.510£0.086 —8.83+1.42  9.1+0.1  0.930
723740711 —559.0+211.9 —0.561+£0.092  —9.65+1.50 91402 0929
2 6 —89924+1.324 —1530.4£392. —1.837+0.142 0 141403 0977
—7.075+1.045 —2082.+310  —1.597+0.100 0 142403 0986
6 7 —12.31243.834 —3453.4£1090. —1.265+0.832 0 239406 0771

4The number of significant figures quoted is necessary to reproduce the calculated log;y Qs to better than
40.01; with such a limited number of experimental values there is considerable covariance between these
parameters, which are nevertheless considered to be the minimum number required

bUncertainties are quoted at the 20 level
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Table 6 SIT Fitting parameters at 25.0 °C, providing log;y K5, and their corresponding Ae values
(kg-mol_l)a, with the alternative three-parameter (see Table 3) values shown in parentheses, along with
the resulting individual e(Nb(OH)?f” ,ClO;) and S(Nb(OH)ffn, Na™) values (kg-mol~1)

A2 N loggKsn Ae ¢(Nb(OH); ", CIO;)®  &(Nb(OH); ", Nat)P
-2 4 —7.5740.14 0.14£0.2
—7.5840.13 0.1£0.2
0 5 —9.03+£0.15 —05+0.3 —0.5+0.3
—9.13£0.16 —05+03
2 6  —1416+£0.14 —1.6+03 ~1.6+0.3
—14174+012 -15403
6 7 —23.6+04 —234038 —2.74038

4Uncertainties are quoted at the 20 level

be(H, CIO;) = (0.14 £0.02) kg:mol ! [25]

Table 7 Thermodynamic quantities for the aqueous niobium(V) species based on the “four-species” model

Nb(OH) Nb(OH), Nb(OH);~

A§G°(298.15K, 0.1 MPa) —1196+38 —1632+38 —1814+38
kJ-mol~!

A pH®(298.15K, 0.1 MPa) —1376 £9 —1921 %11 —2170 +22
KkJ-mol~!

5°(298.15 K, 0.1 MPa) 40+ 12 142+ 14 147 £23
J K Lmol~!

C5(298.15 K, 0.1 MPa)? 179 405
JK~L.mol~!

4These values are approximate, based on the assumption that AC;’) =0 J-K L.mol~! for each solubility
reaction, given the experimental uncertainties and the narrow temperature range investigated

Fig. 10 Logarithm of the
niobium(V) molality, log o mNp.,
as a function of pHy,; (>9) at

25 °C for various ionic strengths:
0.1, 0.3, 0.5, and 1.0 mol-kg !
compared with the predicted
curves for the “four-species”
model where only B-N,Os(cr)
would control the observed
solubility
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species, alternative fits are offered which excluded this species. Thermodynamic quan-
tities are provided based on the measurements at four temperatures over a range of
60 °C. No reasonable interaction parameters could be extracted from applications of the
SIT.
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