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The available equilibrium constant data for reactions of niobium in aqueous solution have been critically
evaluated and entered into a thermodynamic database. The relevant literature is sparse and, where comparable,
often inconsistent. Problems include poor characterisation of solid phases and limitations with older analytical
techniques. Nevertheless, the JESS suite of computer programs has been applied where possible to achieve
thermodynamic consistency and provide a critically-selected set of equilibrium constants that could be useful for
modelling purposes. However, the utility of the resulting set is evidently limited by a lack of adequate data. This

is unfortunate given the significance of niobium in radioactive waste management and certain catalytic

applications.

1. Introduction

Niobium is a naturally occurring chemical element which belongs to
Group 5 of the Periodic Table. It has oxidation states ranging from -I to
+ VII but under all redox conditions found in biological and environ-
mental systems only Nb(V) exists. Since Nb(V) has a high charge and a
relatively small ionic radius, niobium behaves as a strong Pearson’s hard
metal, favouring binding by hard donors such as oxygen-containing li-
gands and fluoride.

The solution chemistry of niobium has received some attention from
the radioactive waste community because of isotopes such as: °'Nb
(half-life: 68 y), ®*™Nb (half-life of 16.3 y), a fission product, and **Nb
(half-life of 20 x 10° y), a neutron activation isotope formed in nuclear
power plants. Although the element does not pose particular environ-
mental problems except those directly related to its production (Schulz
et al., 2017; Paquet et al., 2019), it is now receiving increased attention
because of its status as a ‘technology-critical element’ (Gunn, 2014).

We seek here to establish a working thermodynamic description of
niobium in aqueous, multicomponent media involving its most impor-
tant interactions with relevant low-molecular-mass (l.m.m.) ligands.
Our aim is to develop a predictive tool that will help future in-
vestigations of the environmental chemistry and (eco)toxicology of this
element requiring a coherent thermodynamic database.

* Corresponding author.

2. Methodology

The first step in this review of niobium thermodynamics has been to
collect as much equilibrium constant data from the chemical literature
as possible. The IUPAC Stability Constants Database (http://www.acads
oft.co.uk/scdbase/scdbase.htm) has been used as the starting point of a
systematic ‘up-tree’ citation search strategy. This has been supple-
mented with other sources as necessary. Niobium has been the object of
several critical compilations mostly due to its relevance to radioactive
waste management (Lothenbach et al., 1999; Wood, 2004; Kitamura
et al., 2010).

Computer-assisted harmonisation of thermodynamic parameters of
chemical reactions to achieve overall consistency is now well estab-
lished (May and Rowland, 2018). Sets of reliable standard Gibbs en-
ergies of reaction and their corresponding equilibrium constants are
readily determined from all reaction data accumulated beforehand from
the literature. The procedure involves an ordered Gaussian elimination
to determine the so-called ‘basis species’ together with the linear com-
binations of reactions that are used to describe the whole chemical
system. The ordering of the reactions depends on ‘weights’ assigned
during compilation to each datum for the conditional equilibrium con-
stants, logioK , and reaction enthalpies, AH , at given temperature and
ionic strength. Estimates of the relevant standard thermodynamic
quantities (i.e., at 1 bar and infinite dilution), at 25 °C, are determined
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by least squares regression using a well-established function (May,
2000) based on the IUPAC-recommended SIT equation to express, where
possible, the effects of activity coefficient change. The way this works in
practice is illustrated by example in the Supplementary Information.
Results are not accompanied by any objective function because values
are, in general, normalised so have they no absolute value other than in
the minimisation process.

3. Results

All relevant species for which equilibrium constants have been found
have been included in the database; the published associated equilib-
rium constant values are given in Tables 1-3 in the form expressed by
their authors. Results are shown in Tables 5 and 6 for infinite dilution (0
mol/L ionic strength). Constant values are not accompanied by confi-
dence intervals, which can only be based on the propagation of random
errors, in circumstances where systematic errors are overwhelmingly
dominant. Users of the data need to assess for themselves the impact of
these systematic errors on their model calculation. Auxiliary data
needed for a number of reactions have been taken from JESS database
(http://jess.murdoch.edu.au).

3.1. Niobium acid-base chemistry and oxide solubility

Published solubility values are shown in Fig. 1, experimental con-
ditions in solubility experiments appear in Table 4, and published
equilibrium constants are summarised in Table 1. At first sight, the
solubility data appear even more scattered than usual, despite allowing
for variations due to different conditions (i.e., temperature and ionic
strength).

The oldest study is by Babko et al. (1963). They found an extended
isoelectric range (from pH 0 to 7) and measured elemental niobium’s
solubility in this range to be 1.4 x 107> mol L™, This solubility value
was later assigned by Baes and Mesmer (1976) to estimate the log of the
solubility product of NbyOs(s) (—5.2 for 1/2 NbyOs(s) + 5/2 HoO = Nb
(OH)s) and also used by Etxebarria et al. (1994) (—10.71 for Nb,Os(s) +
5 H20 = 2 Nb(OH)s). The precipitate was prepared in situ and its
composition and structure were not determined.

Yajima et al. (1992) and Yajima (1994) studied the same system
some 30 years later. Their publications are not now available but have
been captured in detail in the compilations by Lothenbach et al. (1999)
and Kitamura et al. (2010). Yajima and co-workers measured solubilities
both from over- and undersaturation from 7 to 28 days. Lothenbach
et al. (1999) and Kitamura et al. (2010) calculated solubility products
from the original data.

Pfeiffer et al. (2010) performed an extensive and careful study at
different ionic strengths and temperatures based on undersaturation
experiments with B-NbyOs(s). Later, Timofeev et al. (2015) measured
solubility for niobium from commercial NbyOs(s) at 150 and 250 °C in
mildly acidic conditions (log solubility product of —11.23 for NbyOs(s)
+ 2 H' 4 3 Hy0 = 2 Nb(OH)$ at 150 °C). They observed a tendency of
Nb,Os(s) solubility to increase slightly over the temperature range from
150 to 250 °C.

The large difference in measured solubility values can be ascribed to
different solid phases having been formed but it also unveils a doubtful
dependence of solubility values on the detection limit of the technique
used to measure ‘dissolved’ niobium (Table 4). Babko et al. (1963), re-
ported on a “freshly precipitated niobium hydroxide” but “(probably)
amorphous compounds” were also studied by Yajima and co-workers
who found considerably different solubilities, associated with differ-
ences in detection limits. Sensible comparisons are largely precluded
since Babko’s precipitate was not otherwise characterised and Loth-
enbach et al. (1999) give no additional detail. Interestingly, Kitamura
et al. (2009) suggested that Yajima’s XRD detection limits might have
been a key limiting factor so these results should thus be regarded as “at
least” values.
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Peiffert et al. (2010) studied monoclinic B-Nb,0s(s) and Timofeev
et al. (2017) a non-characterised commercially-available NbyOs(s).
Niobium pentoxide exists in many polymorphic forms (Fig. 2). Accord-
ing to Schafer et al. (1966), the polymorphs are classified based on the
temperature at which they are obtained starting from amorphous
niobium oxide, passing through the following crystalline phases: T
(orthorhombic) and TT (pseudohexagonal or monoclinic) which crys-
tallize at lower-temperatures (~700-900 K), B (monoclinic) and M
(tetragonal) at medium-temperature (~900-1200 K), and H (mono-
clinic) at high-temperature (1223 K). First-principle calculations of the
properties of the T and B phases showed that B-Nb,Os has lower con-
centration of acid sites compared to T-NbyOs (Pinto et al., 2017). Since
most studies in the area are motivated by the use of niobium oxide in
technological applications such as catalysis, the modification due to
ageing of the amorphous phase, which is the most relevant in the context
of environmental and biochemical media, remains largely unexplored.

Babko et al. (1963) also calculated pK values for Nb(OH)s in solu-
tion. These pK values have been cited by Baes and Mesmer (1976) and
other compilations (e.g., Byrne, 2002). Values on the acidic zone were
obtained by measuring NbyOs(s) solubility in concentrated nitric acid
(1-6 M) giving a value of —0.6 for the equilibrium Nb(OH)4 + H,0 = Nb
(OH)s(aq) + H'. Guillaumont et al. (1960) calculated a value of —3.22
for this equilibrium from solvent extraction experiments. The pK linking
Nb(OH)s and Nb(OH)e from Baes and Mesmer (7.4) differs considerably
from the more reliable value that can be calculated from the Peiffert
et al. (2010) data (5.0). The value 6.6 calculated by Lothenbach et al.
(1999) from Yajima et al. (1992) and Yajima (1994) data was discarded
by Kitamura et al. (2010) when reinterpreting the same data because
they considered it was an artefact of the technique’s insufficient detec-
tion limit.

A complete set of successive hydrolysis constants down to Nb®>" was
obtained by Babko et al. (1963) who applied what these authors call the
“quintuply-charged central ion-singly-charged ligand method”. Even
though these hydrolysis constant values are extremely dubious (and are
probably devoid of any physical meaning), they have been employed
subsequently (Babko et al., 1965; Volkova and Sochevanov, 1969),
undermining confidence in these later results.

The interpretation of solubility data at pH > 6 differs, depending on
the authors. While some of them treat it as reflecting the formation of Nb
(OH)g (Babko et al., 1963; Lothenbach et al., 1999; Kitamura et al.,
2010; Pfeiffer et al., 2010), others consider more likely the formation of
the hexaniobiate anion [HyNbgO19] G (Newmann, 1964; Spinner,
1969; Goiffon et al., 1973; Etxebarria et al., 1994; Rozantsev et al., 2000;
Deblonde et al., 2015b). These latter authors provide pK values for the
hexaniobiate anion [HXNbGOlg](s’x)’ and, in some cases, other poly-
meric species. The Group 5 solid polyoxometalates are an active
research area in inorganic chemistry but such studies are mostly of a
structural nature and hence outside our present scope. In the case of
niobium, the chemistry is dominated by the [NbgO10]® ‘Lindqvist ion’
observed both in solution and solid-state along with some coordination
complexes thereof (i.e. Mn[Nbﬁolg]éz’), but there are also structural
reports of the related decaniobate [Nb1g02g]%~ (Antonio et al., 2009;
Abramov et al., 2015). Existing spectroscopic data, collected using a
variety of experimental techniques, give good support for the predom-
inance of the hexaniobiate anion.

Arana et al. (2015) combined their protonation results with solubi-
lity values from Babko et al. (1963) and calculated formation constants
for the hexaniobates from Nb(OH)s(aq). However, these values depend
on the solubility values of Babko and co-workers and require extrapo-
lations outside the measurable concentration range.

Our current best estimates for Nb oxide solubility and pK values are
given in Table 5 and recommended A¢G in Table 6.

3.2. Niobates

According to Deblonde et al. (2015b), proton equilibria for
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Table 1
Published values of equilibrium constants for hydroxo complexes of niobium and solubility of niobium oxides.
Reaction logk T/°C I electrolyte pH range Technique Reference Comments
NbgO$s + H' = HNbgOS5 13.4+0.1 25 3M KCl 12-14.5 UV-vis Deblonde et al. (2015b)
HNa;NbgO10.5H,0(s) =7 Na* + HNbgO]5 + 5 H,0  —11.64 25 0.09-0.18 M NaCl 12 Solubility Deblonde et al. (2015a)
NbyOs(s) + 7 H20 = 2 Nb(OH)g + 2 H —28.486 25 0.1 M NaCl 2-12 Solubility Kitamura et al. (2010) Data from Yajima et al. (1992)
—28.913 oM and Yajima (1994)
Nb(OH)s(aq) + H,0 = Nb(OH)s + H' > —6.322 0.1 M NaCl Values at I 0 calculated using
> —6.758 oM the SIT model
See comments in Table 4
0.5 Nb,Os(cr) + 1.5 H,O = Nb(OH)4 — H™ —7.4+0.2 25 Infinite dilution 0-9 Filtration, ICP-MS Peiffert et al. (2010) B-Nb,Os recrystallized from
0.5 Nb,Os(cr) + 2.5 H,O = Nb(OH)s -9.1+0.1 Values at 10, Values at 25°C (DL: 107 10M) commercially available oxide
0.5 Nb,Os(cr) + 3.5 HyO = Nb(OH)g + H —-14.1+0.3 50,70 I 1M) and 0.1, 0.3, 0.5, 1 g oxide per 50 mL solution (Aldrich)
0.5 Nb,Os(cr) + 4.5 H,O = Nb(OH)7 ™ + 2 H —23.9+0.6 1.0 M NaClO4 Equilibrium: 15 days (pH < 4), 30
days (pH 4-9)
SIT parameters calculated
1/2 HoNb; 5039~ + 3 OH™ = NbgO%5 + 2 H,0 17.92 25 1M KCl 0-9 Pot/spec Rozantsev et al. (2000)
1/3 HoNb; 5030+ 26/3 OH™ = Nb,012 "+ 14/3 H,0 5.08
1/12 HoNb5038 7+ 37/6 OH™ = NbOZ + 19/6 H,O0  35.80
2 H3NbeO35 = HoNb1,030™ + 2 H,0 23.46
2 H3NbgO35 + 5 HY = H,Nb;,035 + 2 H,0 61.03
2 HaNbgO3o + 7 H' = HoNb;12036 + 2 H,0 66.84
2 H3NbgO3s + 8 HY = HyoNb;20% + 2 Hy,0 78.03
2 Nb(OH)s = NbyOs(pr) + 5 H,O 16 25 0.1 M NaCl 2-12 Solubility Lothenbach et al. (1999) Data from Yajima et al. (1992)
Nb(OH)s(aq) + H,0 = Nb(OH)g + H' —6.6 and Yajima (1994)
NbeO$s + H' = HNbgO75 14.29 25 oM Extrapolation from values at Lothenbach et al. (1999)
HNbgO75 + H™ = HyNbgO%s 13.23 different I of Neumann (1964),
H,NbgOS$s + HY = H3NbgO3s 11.63 Spinner (1968), Etxebarria et al.
(1994)
NbeO%s + H' = HNbO35 16.11+0.14 25 oM 9.7-13.1 Glass electrode, LETAGROP Etxebarria et al. (1994) Values for formation from 6Nb
13.63 +0.04 3M KCl On average the whole titration (OH)s calculated from
NbgO$s + 2 H' = HyNbgO1s 27.97 +£0.13 oM took around 7 days measured constants combined
23.55+0.04 3M KClL with Babko et al. (1963)
NbeO$5 + 3 H" = H3NbgO3s 39.91+0.18 oM solubility
32.90 +0.07 3M KCl Calculation of log solubility
Nb,Os(s) + 5 H,0 =2 Nb(OH)s -9.71 1M KNO;3 product from Babko et al.
6 Nb(OH)s-5H" = H3Nb60?§ + 11 H,O —14.46 (1963)
6 Nb(OH)s-6 H" = HyNbgO%s + 11 H,0 —24.06 Extrapolation to I 0 with an
6 Nb(OH)s-7 H" = HNbgO75 + 11 H,0 —33.49 extended Davies equation
6 Nb(OH)s-8 H" = Nbs0%5 + 11 H,0 —47.04
1/2 Nb,Os(act) + 5/2 H,O = Nb(OH)s ~4.8 19 1M KNO;3 Using previously Baes and Mesmer (1976)  Calculation of Nb,Os(act) Ksp
Nb(OH)s + H" = Nb(OH)4 + H,0 ~-0.6 published data from Babko et al. (1953)
Nb(OH)s + H,0 = Nb(OH)g + H* ~-7.4 solubility data. Values
provided qualified as “only
very approximate”
2 NbgO%5 + 8 OH™ + 2 Hy0 = 3 Nb4O1,(OH)§" —0.60 25 1M KCl 1-10 M NaOH Spectrophotometry Goiffon et al. (1973)
Nb4012(0H)§7 + 4 OH + 4 H20 = 4 NbO,(OH);~ —11.96
4 NbO,(OH)}~ =Nb,0}2~ + 8 H,0 8.8
NbO3 + H,0 = NbO,OH + H' -3.2 25 0.1 M LiClO4 3-10 °NH' Solvent extraction Guillaumont et al. (1970)
NbeO$5 + H,0 = HNbO75 + OH™ 11.9 25 Infinite dilution 8-12 Glass electrode Spinner (1968)
HNbgO75 + Hy0 = HoNbgO$s + OH™ 11.0 Values at 0.1, 0.5, 1, 2, 3M KCl
H,NbgO%5 + Hp0 = H3NbgO35 + OH™ 10.0

(continued on next page)
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hexaniobate should be seen as an exchange between alkali ions and
protons rather than a simple proton release because of extensive ion
pairing between alkali ions and hexaniobate. lon-pairing shows marked
differences depending on the cation, with Cs > Rb > K > Na > Li
(Antonio et al., 2009; Nyman et al., 2006). The effect on protonation was
confirmed by these authors who found (as is usually expected) that
protonation in NaCl/NaOH media gave lower protonation constants
than in KClI/KOH media. Further work by Deblonde and co-workers
(Deblonde et al., 2015a) led to the determination of the solubility
product for Na;HNbgO19.15H50(s) which, according to these authors, is
the solubility limiting phase in sodium-containing alkaline media
(rather than the simple oxide).

Hydrated and anhydrous sodium (Beford, 1905), potassium (Mari-
gnac, 1866) and lithium (Balke and Smith, 1908) niobates have been
known for a long time but sound values for their solubility are lacking.
Standard Gibbs free energy of formation, A¢G°, for NaNbOs3(c), NagN-
bO4(c), KNbOs(c), K3NbOy4(c) and Ca(NbOs3)s(c), extracted from
third-party compilations, were reported by Lothenbach et al. (1990) but
they did not attempt to calculate a solubility product from these values
and no thermodynamic values for the formation of these solids were
recommended.

They measured the solubility
calculate hydrolysis constants
from Nb>* to Nb(OH)§

Initial product: K;HNbgO19
Isoelectric range: pH 0-7

of “freshly precipitated
niobium hydroxide™ (Nb
(OH)5(s)): 1.4 x 10 °M
They applied the “quintuply-
charged centrail ion-singly
charged ligand” method to

Comments

Neumann (1964)
Babko et al. (1963)

Reference

3.3. Fluoride

Although the refining technology of niobium involves niobium
fluoride (Agulyansky, 2004), equilibrium constants for this system have
been measured in only a very limited number of studies (Babko et al.,
1967; Erskine et al., 1969; Neumann, 1970; Land and Osborne, 1972;
Hammer, 1979; Timofeev et al., 2015). Most of them have been per-
formed with high fluoride concentrations and under very acidic condi-
tions (Table 3). They cannot be used to predict niobium complexation by
fluoride in hydrothermal fluids (Wood, 2004), and even less so under
environmental or biological conditions. Knowing the true identity of the
complexes formed is another frequent limitation. Ternary (or ‘mixed
ligand’) complexes of the type Nb(OH)p_mFa™ are highly likely but it is
more than difficult to measure the effect of OH™ groups leaving the
niobium ion using a fluoride electrode under highly acid conditions.
Hammer et al. (1979), for instance, were unable to determine the
composition of the complexes formed and their proposed constants
cannot sensibly be used for thermodynamic calculations. Formation of
complexes NbOFZ~ and NbFg have been detected by infrared and or
Raman spectroscopy (Keller, 1963; Griffith and Wickins, 1967; Tsikaeva
et al., 1989) in very concentrated HF solutions (e.g., NbOFg™ in 5 M HF
in Griffith and Wickins, 1967) but these data are of little value when
trying to understand the complexation of fluoride under much milder pH
and fluoride concentration conditions.

Timofeev et al. (2017) measured the solubility of NbyOs(cr) in HF-
containing solutions at pH < 3.1, high temperatures (100-250 °C) and
saturated vapour pressure. Interestingly, they found formation of Nb
(OH)7 and no complexation by fluoride at low HF concentrations
(<0.001 m HF) and formation of NbFo(OH)s at higher HF values. These
results strongly suggest that at low fluoride concentrations, niobium is
not complexed by fluoride and that, at higher concentrations, only
ternary complexes are formed.

Centrifugation and photometric
Nb determination (xylenol

2-3 weeks equilibration
orange)

Hydrogen electrode

Technique
Solubility

pH range
10.7-12.25
0-10

I electrolyte

3M KClL
1M KNOj3

T/°C
18:20

—10.88+0.05 25
—13.8+0.2
—14.6

logk
-7.4
33.2
29.8
25.2
19.9

3.4. Other inorganic equilibria

Complex formation between niobium and carbonate at high tem-
perature and pressure conditions has not received any attention (Alek-
sandrov, 1967) and to our knowledge no equilibrium constants have
been reported.

A theoretical study predicted that the formation of the complexes Nb
(OH),Cly, NbOCl; and NbClg when chloride concentrations increase in
aqueous solution (Pershina, 1998). Niobium equilibria with chloride
have been studied by several authors (Huffman et al., 1951; Kanzel-
meyer et al., 1956; Griffith and Wickins, 1967; Davies and Long, 1968)

NbO3 + H' + 2 H,0

05 =HNbgO5 + H"
HNbgO75 = NbsO$5 + HY
Nb®* + OH™ = Nb(OH)**

Nb(OH)s = Nb(OH); + OH™

Nb(OH)*" + OH™ = Nb(OH)3*
Nb(OH)3* + OH™ = Nb(OH)3*
Nb(OH)3" + OH™ = Nb(OH)}

Reaction
HoNbeO
Nb(OH)s

Table 1 (continued)



Table 2
Published values of equilibrium constants for fluoride complexes of niobium.
Reaction® logk® T/°C I electrolyte pH range Technique Reference Comments
Nb,Os(s) + 2 H' + 3 H,0 = 2 Nb(OH); -11.23+0.26 150 3M NaClO4 1.6-3.1 Solubility Timofeev et al. (2015) Synthetic Nb,Os(s) (Alfa Aesar)
—10.83+£0.37 200 Nb measurement: ICP-MS (DL: not given)
—11.86 +0.24 250 Equilibration: 6 days
Nb,Os(s) + 4 HF + H0 = 2 NbF5(OH)3 —3.84+0.20 150
—4.04 +£0.22 200
—5.08 +0.42 250
Nb(OH)3 ™ + HF = Nb(OH), 1F°™ + H,0 2.13 25 0.96 M HNO3 0.96, 2.88 MH " potentiometry Hammer (1979) As cited by Wood (2004); this
2.01 25 2.88 M HNO;3 author mentioned that it is
2.06 35 0.96 M HNO3 unclear whether the hydroxyde
1.96 35 2.88 M HNO3 specied involved where mono- or
1.79 45 0.96 M HNO3 polynuclear
Nb(OH)3 ™ + 2 HF = Nb(OH), oF3™ + 2 H,0 4.00 25 0.96 M HNO3
4.23 25 2.88 M HNO3
3.30 35 0.96 M HNO;3
3.04 35 2.88 M HNO3
3.40 45 0.96 M HNO3
Nb(OH);™ + 3 HF = Nb(OH),,_sF3™ + 3 H,0 5.86 25 0.96 M HNO;3
5.81 25 2.88 M HNO3
5.30 35 0.96 M HNO3
5.3 35 2.88 M HNOj3
5.40 45 0.96 M HNO3
Nb(OH)3™ + 4 HF = Nb(OH),,_4F3™ + 4 H,0 8.66 25 0.96 M HNO3
8.66 25 2.88 M HNO;3
8.57 35 0.96 M HNO;3
8.47 35 2.88 M HNO3
8.41 45 0.96 M HNO3
NbOF3 + F~ = NbOF3 3.78 25 0.5M NaClOy4 0.08-0.18MH" Fluoride selective electrode Land and Osborne (1972) Initial product: KaNbOFs.H20
NbOF3 + F~ = NbOFy4 4.30 (Alfa Inorganics)
NbOF; + F~ = NbOFZ 4.50 For Ty/Ty ratios higher than
NbOF2~ + F~ = NbOFZ" 4.67 175, only NbF,(>™ species
NbOFZ™ + 2H" + F~ = NbFZ~ + H,0 11.4 formed
NbF2~ 4+ F~ = NbF§~ 3.1
NbF3~ + F~ = NbF¢~ 4.0
NbFs + 2 F~ = NbFZ~ 10.66 25 5.0 M (Na,H)ClO, 2-5MH" Solvent extraction Erskine et al. (1969) Initial product: 102 M carrier
free®>Nb
“The initial assumption was made
that only non-hydrolysed,
mononuclear species were
present”
Nb(OH),F4 + F~ = Nb(OH),F5~ 2.51+0.03 25 3 M KCl 1-4 Quinhydrone and fluoride electrodes Neumann (1970) Initial product: K;NbgO14.(H20)
n,n=13,14
Nb(OH)3F, + HF = Nb(OH),F3 + H,0 4.2 3M HNO; 3N HNO;3 Solubility; Nb measured by Babko et al. (1967) Initial product: freshly
Nb(OH)4F + HF = Nb(OH)4F3 + H' 3.6 0.5M HNO3 pH: 0-2 colorimetry (xylenol orange) precipitated Nb(OH)s(s)
Nb(OH)4F + F~ = Nb(OH)4F2 6.8 Nb(OH)sF; solubility:

1.5x 10 °M (3N HNOs)
Nb(OH)4F solubility:
0.6 x 10~°M (pH 1)
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Table 3
Published values of equilibrium constants for low molecular weight organic complexes of niobium.
Ligand Reaction” logk® T/°C I electrolyte pH range Technique Reference Comments
Citrate (L%7) Nb(OH); + H,L = Nb(OH),HL + H* 2.92 20 4.5M (H, Na)Cl 0.3-1.8 Solvent extraction Konecny (1967)
2.95 4.5M (H, Na)NO3 Samples shaken 24 h
EDTA (L") Nb(OH)s + L* = Nb(OH),L™ + 3 OH " 40.78 20 1.08 M K5SO4 2-5 Polarography Volkova and Follows Babko et al. (1963)
or Initial reaction mixture Sochevanov (1967) using “quintuply-charged
Nb(OH)3* + L* = Nb(OH),L" obtained by boiling centrail ion-singly charged
Or ligand” estimated
Nb(OH)s + HyL = Nb(OH),L™ + 3 H,O + H" hydrolysis constants
Second reaction: as
understood by Sillén and
Martell (1971)
Third reaction follows the
way the authors wrote the
same reaction for Ta
(Volkova and Sochevanov
(1969)
EDTA (L*)) No reaction written 40 ? 0.4 M KCl 3.5 Polarography Sochevanov and
Volkova (1969)
Malate (L>7) Nb(OH); + H,L = Nb(OH)4HL + H" 2.02 20 4.5M (H, Na)Cl 0.3-1.8 Solvent extraction Konecny (1967)
2.00 4.5M (H, Na)NO3 Samples shaken 24 h
Malonate (L") Nb(OH); + H,L = Nb(OH)4HL + H' 1.74 20 4.5M (H, Na)Cl 0.3-1.8 Solvent extraction Koneény (1967)
1.71 4.5M (H, Na)NO3 Samples shaken 24 h
Oxalate (L2) NbOLg’ =NbOL; + L* 6.17 +0.4 20 Self medium 0.3-1.8 Solubility Zhurenkov and
Radioactive Pobezhimovskaya
isotopes (°°Nb) (1970)
2 h equilibration
Oxalate (L>)* Nb(OH)4 + H,L = Nb(OH)4HL + H* 3.48 20 4.5M (H, Na)Cl 0.3-1.8 Solvent extraction Kone¢ny (1967)
3.61 4.5M (H, Na)NO3 Samples shaken 24 h
Nb(OH)j + 2 HoL = Nb(OH),L; + 2 H* 5.18 4.5M (H, Na)Cl
5.09 4.5M (H, Na)NO3
Oxalate (1%7) Nb(OH)s(s) + 3 H" +2 L2~ = Nb(OH),L3 + 3 H,0 12.1 25 0.5M KNOj3 or NaClO4 0.45-5.04 Potentiometry Nevzorov and Precipitation of Nb
Nb(OH)s(s) + 3 H* +3 L2~ = Nb(OH),L§~ + 3 H,0 17.15 Songina (1967) (OH)s(s) starts at pH 3.5,
complete at pH 7
Calculation in presence of
precipitate
Salicylate (L") NbO** + 2 12~ = NbOL; 22.6 25 0.04M 3.9 Spectrophotometry Babko and “These data are only
Volkova (1962) approximate, since the
state in solution of
uncombined niobium is
unknown”
Succinate (L27) Nb(OH)4 + H,L = Nb(OH)4HL + H* 1.48 20 4.5M (H, Na)Cl 0.3-1.8 Solvent extraction Konecny (1967)
1.58 4.5M (H, Na)NO3 Samples shaken 24 h
Tartrate (L’) Nb(OH); + HoL = Nb(OH)4HL + H" 2.34 20 4.5M (H, Na)Cl 0.3-1.8 Solvent extraction Konecny (1967)
2.33 4.5M (H, Na)NO3 Samples shaken 24 h

# In this case, the interpretation of the reactions by Sillén and Martell (1971) has been followed.

AP “W'd puD Do

62.k01 (0202) 2T Aasnuay02n panddy



M. Filella and P.M. May

Table 4
Experimental conditions in solubility studies of niobium oxides.

Applied Geochemistry 122 (2020) 104729

Reference Analytical Detection limit Solubility measured in the Solid preparation Solid characterisation
method zone pH < 6/mol L!
Deblonde et al. ICP-OES 0.5 mg L™ <5.4 x 107° 56-d aged (25 °C) Nb,Os.nH,0 prepared ~ XRD
(2015a) by hydrolysing NbCls(s) in water at pH 4
(adjusted with NaOH)
Timofeev et al. ICP-MS Not given ~10"7® at 150 °C, pH ~2 Synthetic Nb,Os(s) (Alfa Aesar) No
(2015)
Pfeiffer et al. ICP-MS 1x10 " molL! ~107° Aldrich Nb,Os(s) heated up XRD: confirmed
(2010) to 1000 °C at 0.1 Mpa for 10 h B-Nb,Os (monoclinic),
SEM: size range 5-10 pm
Yajima (1994) ® ICP-MS Not given but better than in 1x10°% Under- and oversaturation after XRD but results not
Yajima et al. (1992) © 7 and 28 d available (see text)
Yajima et al. ICP-OES Not given b Under and oversaturation after XRD but results not
(1992) # 7 and 28 d available (see text)
Babko et al. Centrifugation Not given 1.4 x 107° In situ precipitation: addition of No
(1963) Photometric: HNO3 to an alkaline solution of KNbO3

xylenol orange

@ Information from Lothenbach et al. (1999) and Kitamura et al. (2010).

b Used by Lothenbach et al. (1999) but only values at pH > 7 used by Kitamura et al. (2010) because analytical detection limit judged insufficient.
¢ Solubility values around the detection limit need to be treated as “a maximum value”, according to Kitamura et al. (2010).

Table 5

Best stability constant values for niobium species, 25 °C and infinite dilution.”
Reaction logk®
Nb(OH)s(am.,s) = Nb(OH)2 -7.510
Nb,0s(s) + 5 H,0 = 2 Nb(OH)2 —-18.31
Nb(OH)? + H* = Nb(OH)} + H,0 1.603
Nb(OH)? + H,0 = Nb(OH)g + H* —4.951
NbeO$5 + H* = HNbsO75 14.95
HNbgO75 + H* = HyNbgOSs 13.23
HoNbgOSs + H = H3NbgO3s 11.73
HNa;Nbg0,6.5H,0(s) = 7 Na™ + HNbgO75 + 5 H0 —~17.79
Nb(OH)? + 2 F~ + 2 H" = NbF,(OH)$ 11.85

? Five significant figures are retained to minimise propagation of round-off
errors, typically caused by subtractions between two such large numbers; the
number of significant figures should not be taken to indicate the relative un-
certainty of the values, which is always at least an order of magnitude less than
indicated (see text).

Table 6
Recommended A¢G® for niobium species.”

Species AfGO (kJ mol™)
Nb(OH)s(am.,s) ~1467.7
Nb,0s(s) —~1768.3
Nb(OH)? ~1424.9
Nb(OH)g -1633.8
Nb(OH)§ ~1196.8
NbeO$s ~5609.3
HNbO75 —~5694.6
H,NbgO$s —5770.1
HsNbgO3s —5837.1
HNa;Nbg0,6.5H0(s) -8815.3
NbF5(OH)$ ~1580.6

@ Five significant figures are retained to minimise propagation
of round-off errors, typically caused by subtractions between two
such large numbers; the number of significant figures should not
be taken to indicate the relative uncertainty of the values, which
is always at least an order of magnitude less than indicated (see
text).

but none of them reported equilibrium constant values. All these studies
were performed with very high HCI concentrations.

Equilibrium constants for polynuclear complexes formed in 1-8 M
HS04(aq) solutions at 70 °C were reported by [vanenko et al. (1996) but
it is unclear how the stoichiometries proposed were determined. An
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Fig. 1. Solubility of niobium oxide. “Freshly precipitated niobium hydroxide”,
18-20 °C (Babko et al., 1963) in blue; 56-day aged niobium hydroxide, 25 °C
(Deblonde et al., 2015a) in red; commercial Nb,Os(s) at 150 and 200 °C
(Timofeev et al., 2017) in yellow and green, respectively. Empty symbols
correspond to values from Peiffert et al. (2010) for monoclinic B-Nb,Os and
filled black ones to data from Yajima et al. (1992) and Yajima (1994). Different
symbols correspond to different experimental conditions. Solid green line
calculated with values in Table 5 for NbyOs(s). (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version
of this article.)

equilibrium constant value has been reported for the complexation of
niobium with sulfate but for a species of undefined stoichiometry, Nb
(OH),SO3™ (Pevsner and Sheka, 1968).

Accordingly, no equilibrium constant values for any inorganic ligand
other than fluoride can be considered available for any practical
purpose.

3.5. Organic ligands

Tartaric, oxalic and citric acid have been used in ‘traditional’
analytical chemistry to prepare stable solutions of niobium (Moshier,
1964) although this requires the treatment of ‘freshly precipitated niobic
acid’, which must be prepared by the addition of ammonia in solution,
together with hot solutions of the ligands. This type of procedure is also
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Fig. 2. Niobium oxides and their phase transitions. Crystalline phases: T
(orthorhombic), TT (pseudohexagonal or monoclinic), B (monoclinic), M
(tetragonal) and H (monoclinic). Adapted from Pinto et al. (2017).

followed for the synthesis of niobates in a technological setting
(Camargo et al., 2002; Ali and Gates, 2018). The relative complexation
capability of organic ligands for niobium has accordingly been studied
for a long time. As early as 1950, Haissinsky and Yang (1950) reported
that the resistance to hydrolysis of the complexes decreased in the order:
oxalate > citrate > tartrate. The reactivity of niobic acid with the
a-hydroxy-acids glycollic, lactic, malic, and citric was studied in detail
by Fairbrother and Taylor (1956) and the solid 1:1 complexes isolated.
Their preparation required chemically harsh methods (such as refluxing
for 24 h) and the complexes were reported to be stable in aqueous so-
lution only in the presence of ligand excess. No reaction was observed
with malonic, succinic, adipic, or phthalic acids. More recently, Rad-
chenko et al. (2014) analysed different chelators in terms of the distri-
bution of radioactivity of >Nb between a cation exchange resin (Chelex)
and the complexes. They reported TTHA, DTPA and EDTA having “good
complexation properties” at pH 4.7 over a period of 24 h. Others (CDTA,
DOTA, TETA and PAR) were less efficient complexants and the cyclic
chelators (DOTA and TETA) required heating for 3 h at 60 °C due to the
slow reaction kinetics.

Equilibrium constants for the complexation of niobium by certain 1.
m.m. organic ligands were measured in the 1960’s. They span a limited
number of ligands: citrate (Konecky, 1967), EDTA (Konecny, 1967;
Zhurenkov and Pobezhimovskaya, 1970), malate (Konecny, 1967),
malonate (Konecny, 1967), oxalate (Babko and Volkova, 1962;
Konecny, 1967; Nevzorov and Songina, 1967), salicylate (Konecny,
1967) and succinate (Konecny, 1967). It is difficult to evaluate the
validity and usefulness of these results. Interpretation of the results is
hampered by confused reporting, studies being confined only to acidic
conditions, possible presence of unsuspected solid phases, and an
ambiguous number of hydroxyl groups present in the reacting species.
The reported reactions and values, as stated by these authors, can be
found in Table 4. However, evident in the entry of Volkova and
Sochevanov (1967) for EDTA, different interpretations are often
possible. It is not feasible at present to give a set of constants that are
suitable for modelling calculations.

4. Conclusions

As is the case for tantalum (Filella and May 2019), niobium
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equilibria in aqueous solution have not been adequately studied. In
particular, the solubility of niobium oxide is generally uncertain because
of the many possible polymorphs that can be formed. Moreover, those
few values which have been published seem to be strongly dependent on
the detection limit of the analytical technique used. The use of current
analytical ICP-MS capabilities, with detection limits around 1 x 10~'?
mol L™t (Filella et al., 2014), has the potential to liberate the determi-
nation of niobium’s solubility from analytical constraints and focus on
the adequate characterisation of the solid phases and on the critical issue
of kinetics. The situation with niobium solubility studies provides a good
example of the difficulties arising with solubility studies but also of the
need to control and document the solid phases studied. This requirement
is particularly important when dealing with rapidly-changing amor-
phous phases.

Published solubility values do not indicate any solubility control of
niobium concentrations in natural waters where concentrations occur
around 4 x 10! mol L' in fresh water (European freshwaters,
FOREGS project, Salminen et al. (2005)) and ~2 x 102 mol 7! in
ocean water (Firdaus et al., 2011; Poehle and Koschinsky, 2017).
Interestingly, the niobium concentration measured in a bottled water
from a volcanic area (Eiffel, Germany), 4.5 x 10 °mol L' (Filella et al.,
2014), suggests that the concentration of niobium in this exceptional
case might be solubility controlled. High niobium concentrations have
been found routinely in zones influenced by volcanism (Salminen et al.,
2005).

The explanation of niobium behaviour in some waters being deter-
mined by complexation to fulvic and humic acids (Salminen et al., 2005)
remains doubtful in our opinion considering the specific conditions
required for niobium complexation by ligands such as oxalic or citric
acids. Similar arguments apply to tantalum. Even though desferriox-
amine (DFO) has been found to be a good chelator of %Nb in a
radiopharmaceutical-related study (Radchenko et al., 2014), the
assignment of niobium behaviour in the deep Pacific ocean to side-
rophore complexation (Poehle and Koschinsky, 2017) remains ques-
tionable. In any case, there are no equilibrium constants available to
enable quantitative prediction of these processes.
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