DETERMINATION OF THE COMPOSITION AND INSTABILITY
CONSTANTS OF OXALATE COMPLEXES OF NIOBIUM AND
TANTALUM BY THE SOLUBILITY METHOD

E. M. Zhurenkov and D. N. Pobezhimovskaya UDC 546.882 +546.883 +547.461.2

In the previously published investigation [1], using the method of solubility, we established the maxi-
mum number of oxalate groups bonded to the Nb(Ta) atom. The application of this method, using more ac-
curate Instruments, made it possible to determine the composition of the inner sphere of the oxalate com-
plexes of Nb and Ta, their instability constants, and to establish the presence of polynuclear complex com-
pounds. In a determination of the composition of the oxalate complexes, we compared two equilibrium sys-
tems: 1) a saturated solution of oxalic acid +HC1O, +H,C,0,-2H,0; 2) a saturated solution of oxalic acid +HCl
-Q4 +oxalotantalic or oxaloniobic acids +H,C,04-2H,0.

The normality with respect to perchloric acid for both systems (NHClO4( 1) and Ngcio ‘(2)) is known
from the data on the compilation of the systems.

The dependence of the pH of system (1) on NgC10, Was determined experimentally. When the pH of
systems (1) and (2) are equal, the following equation is correct:
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TABLE 2. Verification of the Proposed Composition of Mononuclear
Complexes of Niobium and Tantalum According to the Balance of Hy-

drogen Ions
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where n Is the average number of oxalate groups, bonded to the Nb(Ta) atom; (T~ 2) is the fraction of com-
plex ions with three oxalate groups; [1— (- 2)] s the fraction of complex ions with two oxalate groups; Cie
1s the concentration of Nb or Ta (mole/ dm®); X is the number of hydrogen lons in the outer sphere of the
complex with three oxalate groups; Y Is the number of hydrogen ions in the outer sphere of the complex
with two oxalate groups. The value of Ti was determined in the same way as before [1].

Let us note NHClO4(1) =Nruclo 4(2) = AN, and let us rewrite Eq. (1) in the following form:

XeCppe(i—=2)4 Y« Cpge + |1 — (2 —2)] = AN. (2)

After compiling and simultaneously solving two equations of the type of (2) (at two close values of the pH),
we find the number of hydrogen ions in the outer sphere of complexes with two and three oxalate groups.
However, It is more convenient, after setting the values of X and ¥ (0, 1, 2, 3), to verify the identity of the
left- and right-hand portions of Eq. (2). We find the composition of the inner sphere of the complexes ac-
cording to the knownvaluesof X, Y, andT.

EXPERIMENTAL METHOD AND DISCUSSION OF RESULTS

Reagents and Instruments. The initial highly concentrated solutions of oxaloniobic and oxalotantalic
acids were produced by dissolving well-washed niobium and tantalum hydroxides in the calculated
amounts of chemically pure oxalic acid., The perchloric acid used was cp grade, The pH values of
the solution were measured with a glass electrode with an LPU-0.1 tube potentiometer, The dependence
of the pH of system 1 on the normality with respect to perchloric acid is presented in Fig. 1. Here, and in
the subsequent experiments, the time of mixing of the solution and bottom phase was no legs than 2 h.




TABLE 3. Data of a Calculation of the Instability Constants of Mono-
nuclear Complexes of Niobium and Tantalum
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The distribution of metals between the solid and liquid phases was monitored using the radioactive isotopes
(®Nb, 182Ta). Only traces of the metal were detected in all the experiments In the solid phase. It was shown
earlier that with the systems selected, two-hour mixing is sufficient to reach equilibrium solubility [1].

A graph of the dependence of the equilibrium concentration of oxalic acid on the pH of the solution is de-
picted in Fig. 2. Figures 3 and 4 present graphs of the dependence of n (the Bjerrum function) on the sum-
mary equilibrium concentration of oxalate ions (for Nb at various molar concentrations of the metal). The
graphs were constructed according to the results of a measurement of the solubility of oxalic acid In sys-
tem 2 and according to the data of Fig. 2. The maximum number of czo‘ groups added by niobium and
tantalum atoms under these conditions is equal to three. We were unable to establish the presence of oxalate
complexes of Nb and Ta withT< 1 (at Cyp > 0.02 and CTa > 0.01 mole/dm®), since with the Increase in the
perchloric acid concentration necessary for this (>2 mole /dm®), the porous diaphragm of the electrolytic
bridge of the electrode system is tightly packed with the relatively insoluble salt KClO,, and the rate of the
flow of potassium chloride changes. As a result of this, the error in the measurement of the pH value in-
creases.

Figure 3 shows that the composition of oxalate comple)ges depends not only on the equilibrium concen-
§=2

tration of the metal in solution. Thus, at the same value Z‘.Hiczoﬁ— 2 ]:0.9 mol_e/dms, the function of for-

mation as a function of the niobium concentration has the following values: 2.4 (Cyp=0.08 mole/dm?®) and
2.9 (Cnp =0- 01 mole/dm3) The dependence of the function of formation () on the metal concentration is
evldence of the existence of polynuclear complexes in solutlon. The composition of the polynuclear com-
plexes and their contents can be determined according to the data of Fig. 3, if we assume that at a given
metal concentration the relative content of the polynuclear form and the composntion of the polynuclear com-

plex remaln almost unchanged within the entire interval of variation of 2 H;C,04™ “|. At point A (Fig. 3),

the average number of C,0f" groups per niobium atom is the same and equal to two for both concentrations
of the metal. The following expression is correct for this case: '

2—X. Y4 (1—X).2, : 3
where X is the fraction of niobium bound in the polynuclear complex; (1~ X) is the fraction of niobium bound
in a mononuclear complex; the factor 2 next to (1 - X) is the value of the function of formation at the point
A for mononuclear complexes; Y is the number of oxalate groups per niobium atom in the polynuclear com-
plex. ’ :
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Flg. 1. Curve of pH versus Ny, for system (1).

Fig. 2. Dependence of the equilibrium concentration of oxalic acid ina gaturated solution of it on the pH
at t=20 +0.1°C. ‘

From formula (3) it is evident that in the polynuclear complex, each metal atom corresponds to twa
oxalate groups (Y =2). At a given niobium concentration (0.075 mole/dms), 50% of the metal exists in the
polynuclear form (X =0.5).

The composition of the polynuclear oxalate complex corresponding to the formula Hy[NbyOs(C204)4}
seems more probable to us. This hypothesis on the composition is confirmed by the data of Table 1. Table
1 compares the actual acidification of system 2 by the extrasphere hydrogen ions of the oxalate complexes
with the calculated acidification. In the calculation we proceeded on the basis of the presumed composition
of the binuclear complex, as well as the premise that the complex acids are strong. Ngcio, graphic in Table
1 represents the number of g-eq of HC1O, that would be required to create an acidity in system 1 equal to the
actual acidity of system 2. The coefficients 1 and 3 (Table 1) represent the number of hydrogen ions in
the outer sphere of the complexes. The summary concentration of the extragsphere hydrogen ions was de-
termined on the assumption that mononuclear complexes of niobium have the following composition: Hz[NbO
‘(Czo‘)ﬂ, H[NbO(Czo‘)z], and H[NbOZCZO‘].

The data of Table 2 confirm the hypothesis on the composition of mononuclear complexes. The values
of T and the pH in Tables 1 and 2 present the arithmetic mean of the data of three parallel experiments. In
Table 2 it Is shown that when the pH value is varied in the system (2) there is not only a dissociation of the
complexes of nioblum and tantalum, but also a change in the composition of the inner sphere {an increase in
the number of oxygen atoms).

Using the data of Table 2 and the data of a measurement of the acidity of the solutions, we can cal-
culate the values of the equilibrium constant of the dissociation of the oxalate complex:

[Me0(C00)l>~ == [MeO(C0gal™+Co0uI%"
i [MeO(C,04)3] « [C,0F) £/ - 1" @
3= " [MeO(C,04)57] el

where kj is the particular instability constant of the oxalate complex with three oxalate groups; f', f", and
f™ are the activity coefficients of singly, doubly, and triply charged ions; Me represents niobium or tan-
talum. '
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Fig. 3. Dependence of the composition of the oxalate complexes of niobium on the equilibrium concen-
tration of oxalle acid. 1) Niobium concentration 0.02 mole/dm?; 2) niobium concentration 0.075 mole
/dm®.

Flg. 4. Dependence of the composition of oxalate complexes of tantalum on the equilibrium concentra-
tion of oxalic acid at Cy =0.01 mole/dm?.

For such a calculation it is necessary to know the equilibrium concentration of oxalate ions and the
activity coefficients. From the equation of balance of oxalate fons, let us find the equilibrium concentra-

tion

[2 u,.czog-z]

=
Pl Pl 7
Ky Ky Ky f'

(6

{Cx0]=

‘=2 , v
where [2 H[CZOI— 2] is the summary equilibrium concentration of oxalate ions (determined graphically);

K, and K, are the thermodynamic dissociatlon constants of oxalic acld (taken from [2]); f' and f" are the
actlvity coefficients.

We find the actlvity coefficients and the fonlc strength of the solution by solvlng the following equa-
tion by the method of successive approximations:

im2
[2 H‘C,O, ] ' [op+] - I"
fml) H+}*
p=Cgo; + Cu++9 * Cimen(c,000-F 4 * Crmeo(c,00.7-+ e P [ane 7 . [ K F +‘ -"] . (6)
. LAy .
K. K, K7

Equation (6) represents the equation of the ionic strength as applied to the case under consideration.

In solving Eq. (6), let us set the value of the ionic strength (1) and calculate the activity coefficients
according to the Davies formula [3]. The values of the activity coefficients at which Eq. (6) Is converted to
an identity will be considered constant, and we shall use them in the calculation of the instability constants

according to formula (4).

Yatsimirskii has shown [4] that the Davies formula is correct up to a value of the ionic strength of
~1.3. The use of this formula in the calculation of the instability constants introduces an error no greater
than £0.1 pK. The numbers of lines in Table 3 correspond to the numbers of lines in Table 2.

As can be seen from Table 3, oxalate complexes of niobium are somewhat more stable than the ana-
logous complexes of tantalum (for Nb k3=6.17 + 0.4, for Ta ky=5.91 + 0.05).

These data confirm the purely qualitative considerations in the literature concerning the stability of
niobium and tantalum oxalates [5].

No calculation of the instability constants of complexes of niobium and tantalum containing two oxalate
groups were performed, sinceat < 2, the value of the ionic strengthin system 2is greaterthan 2, Moreover,
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the transition of the complex with two oxalate groups Into the complex with one oxalate group is associated
with a change in the number of oxygen atoms (possibly OH™ groups) in the inner sphere.

Therefore k,, calculated according to formula (4), will not be the particular instability constant of
complexes with two oxalate groups.

Data on the composition of the oxalate complexes of niobium agree with the analogous data of the work
of Nevzorov and Songina [6]. In the work it was noted that oxalate complexes of niobium with two and three
oxalate groups exist in the interval of pH=0.5-5.

As can be seen from Table 2, niobium complexes of the indicated composition can exist in solution up
to pH value equal to 0.1. At pH =5, the oxalate complexes of nioblum and tantalum are unstable.

In our work [7] it was established by an electromigration method that at pH 3.3 and a 20-fold excess
of oxalate ions with respect to niobium, after five days 25% of the niobium was in the hydrolyzed form. After
the pH was lowered to 1.8, the hydrolyzed form was not detected even after 11 days of exposure of the solu-

tion (Fig. 4, [7]).

CONCLUSIONS

1. As a result of the dissolution of niobium and tantalum hydroxides in a saturated solution of oxalic
acid, complex oxaloniobic and oxalotantalic acids of the following compositions are formed: H3[NbO(C;04)3);

H[NbO(C;0y)); HINDO,C,04l; H3[TaO(C;09s]; H[TaO(C;0y,); H[Ta0,C0,].

2. The predominance of one form of the complex acid or another in solution under these conditions
is determined by the pH of the solution.

3. The stepwlise instability constant of the oxalate complex of tantalum with three oxalate groups (pKz=
5.91 = 0.05) and the analogous constant of the oxalate complex of niobium (pK3=6.17 £ 0.04) were determined.

4. The existence in solution of a binuclear oxalate complex of niobium at Cnp =0.075 mole/dm3 of
the composition: Hy[Nb,0,(C,0,)4] was established.

5. Mononuclear oxaloniobic and oxalotantalic acids are stable within the range of pH from 0.3 to 1.8.
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