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A protometric study on the speciation of zirconium(IV) was computed and refined, by the program PROTAF, for each
ionic strength. The solubility product Ks of Zr(OH)4 wasperformed in an aqueous solution at 25 °C in KNO3 and four

ionic strengths (0.2, 0.5, 1, and 2 mol·dm–3). This study calculated by taking these βmlh constants into account. The
thermodynamic values were determined by extrapolation atindicates the formation of the soluble species Zr(OH)3

+,
Zr2(OH)7

+, and Zr(OH)4 in the pH range 1.5–3.5. The use of zero ionic strength (Specific ion Interaction Theory method):
log β°10–3 = –0.52 (0.01); logβ°20–7 = 22.22(0.07); logβ°1024 =an appropriate titration technique allows the precipitation of

the zirconium hydroxide to be limited. The overall stability 24.52 (0.07); logKs° = 255.26(0.08).
constants βmlh of these three hydroxo complexes were

For about fifty years zirconium has been a strategic met- [Zr(OH)2
21 through to Zr(OH)5

2] are only rough estimates
[for instance log K # 21.8 for the equilibrium ZrOH31 1al. Its importance in the military and industrial nuclear fi-

elds is due to its mechanical and thermal properties and its H2O v Zr(OH)2
21 1 H1]. Increasing zirconium concen-

tration induces the formation of polynuclear speciesoutstanding resistance to corrosion, as well as to a low neu-
tron capture cross-section. It is an essential constituent of Zrm(OH)h

(4m2h)1. In accordance with studies from Zielen
and Connick[2], Johnson and Kraus[11], and Angstadt andthe core of the nuclear power station and for confining fis-

sile materials. Tyree[12], Baes and Mesmer conclude that the existence of
a trimer, Zr3(OH)4

81 or Zr3(OH)5
71, and of the tetramerThe running of nuclear installations relies on the pro-

Zr4(OH)8
81 is probable.cessing of nuclear fuels and fission by-products, but also on

the long-term storage, in protected sites, of confined materi- Aja et al. [13] also published a review concerning the aque-
als which have acquired an appreciable radioactivity. ous chemistry of zirconium(IV). They principally take into

In the long-term one may expect the possibility of cor- account the results obtained by Russian scientists [5] [6] [8] [14].
rosion and fissuring of the confining containers leading to They consider that the values of the formation constants of
a contamination of soils and waters. the mononuclear hydroxide complexes depend little on the

ionic strength and the nature of the supporting electrolyte.Modelling programs which take into account the whole
For these constants, they have retained average values whichlocal physical parameters as well as the physicochemical
are very different from those given by Baes and Mesmer.data allow the quantification of these contamination risks.

The values used for these simulations, especially those relat- More recently, Adair et al. [15] published an article entitled
ing to zirconium, have to be as reliable as possible in order “A review of the aqueous chemistry of the zirconium-water
to yield realistic estimations. system” in which they simply give the same values of con-

The chemistry of zirconium(IV) in aqueous media is stants that Baes and Mesmer indicated for the mono- and
dominated by the complexation of Zr41 with OH2. The polynuclear zirconium hydroxide complexes at 25°C.
data currently available on zirconium hydroxide complexes

In short, numerous studies deal with the formation ofcomes from studies carried out (essentially) before
zirconium-hydrolysed complexes in aqueous solution but1975[1] [2] [3] [4] [5] [6] [7] [8] [9]. The advanced species formulae
many discrepancies exist from one author to another con-and, above all, the values of the corresponding com-
cerning the major species formed and the values of the cor-plexation constants, seem questionable.
responding constants of formation. It must be pointed that

Baes and Mesmer[10] have reviewed bibliographical re- in these studies the stoichiometry of the soluble species have
sults concerning zirconium hydrolysis in aqueous solution. not been experimentally determined.
When the zirconium concentration is low (< 1024

The purposes of the present work are:mol·dm23), they conclude that there is formation of
mononuclear complexes Zr(OH)h

(42h)1 where h 5 125. 2 The study of the complexation reactions between zir-
conium(IV) and hydroxy ions in aqueous solution. The stoi-According to these two authors, only the stability of the

ZrOH31 species has been determined with a reasonable chiometry of soluble species are determined from the posi-
tion of the equivalent points on the titration curves andaccuracy: log β1021 5 0.3 ± 0.05 at zero ionic strength[9].

The hydrolysis constants of the more hydrolysed complexes from the initial pH of the zirconium oxychloride solutions.
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2 The determination of the thermodynamical constants Precipitation occured after pH 5 3.5 when the complex

Zr2(OH)7
1 was still predominant. This means that the solidcorresponding to the formation of the complex species by

using the Specific ion Interaction Theory (SIT method). phase has a composition close to the composition of a ionic
salt in which Zr2(OH)7

1 is associated with a counter anion,
either nitrate or chloride.

To refine the composition of the solid phase severalResults
analyses were made. The precipitate was separated from the

Stoichiometry of Complexes Formed solution by centrifugation and filtration and washed with
KNO3. The solid was then dispersed in a KNO3 solution

At the beginning of the titrations (pH < 2), the initial which was titrated with KOH (0.1 mol dm23). The titration
concentration of protons in ZrOCl2 solutions corresponds curve obtained shows that hydrolysis still occcurs at pH >
to the liberation of one equivalent of proton per zirconium 3.5, because we obtain one equivalent point at pH 5 8.5
atom and to the formation of Zr(OH)3

1 according to: for 0.5 equiv. of OH2 added. This point corresponds to
the formation of the polymeric species [Zr(OH)4]n which

Zr(OH)2
21 1 2 H2O R Zr(OH)3

1 1 H3O1

confirms the previous formation of an insoluble salt at
pH 5 3.5. Chloride ions were titrated in the supernatant by

Figure 1 shows that the potentiometric titration curve of
potentiometry. The result indicates that all the chloride ions

the system ZrOCl2/HNO3 (curve b) is displaced to the right
are present in solution and, consequently, that the solid

relative to the curve of nitric acid alone (curve a). In order
phase does not contain any chloride. Infrared spectra of the

to facilitate the interpretation of the results, the pH value
solid phase were recorded and shows a band at 1380 nm

is given versus the number (m) of OH2 equivalents per zir-
which confirms the presence of nitrate anion.

conium mol, calculated after the neutralisation of nitric
A similar trend is observed in perchlorate medium; pre-

acid. The derivative curve c shows two equivalent points at
cipitation occurs at pH 5 3.5, the titration curves show two

pH 5 4 and pH 5 8 which correspond to 1.5 and 2 equiv.
inflexion points at pH 5 4.4 for 1.75 equiv. of OH2 and

of OH2 added, respectively. Both equivalent points corre-
pH 5 8.5 for 2 equiv. of OH2. These points correspond to

spond to the formation of species which contain 3.5 and 4
the formation of species having the stoichiometry

OH2 per zirconium atom according to:
Zr3(OH)11

1 and [Zr(OH)4]n, respectively.

Zr(OH)3
1 1 H3O1 1 1.5 OH2 R Zr(OH)3.5

0.51 1 2 H2O
and Zr(OH)3

1 1 H3O1 1 2 OH2 R Zr(OH)4 1 2 H2O
Determination of Stability Constants

For the species “Zr(OH)3.5
0.51”, computation led us to The overall stability constants are related to the general

envisage the formation of the dimer Zr2(OH)7
1. As for the equilibrium:

species “Zr(OH)4”, they are very likely to be polymeric
species in which the ratio [OH2]/[Zr] is equal to four. For m Zr41 1 2h H2O v Zrm(OH)h

(4m2h)1 1 h H3O1

simplicity, these polymeric species are denoted as
[Zr(OH)4]n. βc

m02h 5
[Zrm(OH)(4m2h)1

h ][H3O1]h

[Zr41]m

The neutralisation curves were computed taking into ac-Figure 1. Titration curves for (a) nitric acid (4·1022 mol·dm23), (b)
zirconium oxychloride (8·1023 mol·dm23) in the presence of nitric count the species Zr(OH)3

1, and Zr2(OH)7
1 and also the

acid (4·1022 mol·dm23), (c) derivative curve of (b); the pH is given soluble monomeric species Zr(OH)4. The concentrationversus the number (m) of OH2 equivalents per zirconium, calcu-
range of zirconium used in the calculation varies from 1023lated after neutralisation of nitric acid
to 8 3 1023 mol·dm23. The validity of the hypothesis was
checked for lower concentrations up to 8 3 1025 mol·dm23

of ZrIV. For the calculation of stability constants, data ob-
tained in the heterogeneous phase was removed. However,
further simulations were made over the whole pH range to
confirm the stoichiometry of the insoluble species. Calcu-
lated curves were in good agreement with experiment over
the whole pH range studied. We have included in our hy-
pothesis the formation of polynuclear species cited in the
literature[1] [2] [7] [11] [12]. After calculation, polynuclear species
were not selected, and improved least square refinements
were found considering only the three species previously
proposed.

The precision on some log β1024 values is weak because
in the homogeneous phase Zr(OH)4 can be considered as a
very minor species. The species distribution curve shows
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Table 1. Overall stability constants of Zr(OH)3

1, Zr(OH)4, and used for the comparison of data at different ionic strengths
Zr2(OH)7

1[a] (KNO3 medium, 25 ± 0.1°C) and also for the calculation of the thermodynamic forma-
tion constants corresponding to the standard state.

I [mol·dm23] log βc
1023 logβc

2027 logβc
1024 The activity coefficient of a cation i of charge z is calcu-

lated from the following expression:0.2 22.02 (0.01) 25.26 (0.04) 26.09 (0.03)
0.5 22.18 (0.01) 25.39 (0.04) 26.7 (0.2)

log γi 5 2zi
2 D 1 Σj ε(i, j) 3 mj1 22.27 (0.01) 25.48 (0.04) 26.71 (0.04)

1b 22.29 (0.05) 25.56 (0.11) 26.51 (0.08)
2 21.77 (0.03) 24.35 (0.05) 26.9 (0.3)

where D 5
0.5091!Im

111.5!Im

is the Debye-Hückel term (for
[a] Values in parentheses represent 1 σ standard deviation. 2 [b]

NaClO4 medium, 25 ± 0.1°C. long-range electrostatic interactions); ε(i, j) is the specific
interaction coefficient between the cation i of charge z and

that its proportion in solution is lower than 10% at pH 5 the others ions j of opposite charge in the solution and mj
4.0. It is also interesting to note that for I 5 1 mol·dm23, is the molality of the ions j.
the values of the stability constants were similar in nitrate In our study, the concentration of the nitrate ions of the
and perchlorate media, which seems to indicate that there supporting electrolyte KNO3 is much larger than these of
is no complexation between zirconium and nitrate ions. the other ionic species. Consequently, it is the main con-

tributor to the value of log γi:

Determination of Solubility Products log γi 5 2zi
2 D 1 ε(i, NO3

2) 3 Im

The values of the solubility product of zirconium hydrox- with Im ionic strength equal to the molal concentration
ide Zr(OH)4 proposed in the literature[3] [4] vary between of the supporting electrolyte.
10252 and 10254, but it is worth pointing out that most of For the general formation reaction,
the authors do not take into account the stability constants
of soluble species in their calculations. m Zr41 1 2 h H2O v Zrm(OH)h

(4m2h)1 1 h H3O1

In our experiments, the solubility product is determined
from the pH value and the free concentration of Zr41 calcu-
lated for each solution from the stability constants of the

βc
m02h 5

[Zrm(OH)(4m2h)1
h ][H3O1]h

[Zr41]msoluble species Zr(OH)3
1 and Zr2(OH)7

1, using the follow-
ing expression where [Zr(t)] is the total concentration of zir-

The apparent stability constant βc
m02h is calculated fromconium:

the molar concentrations of the reacting species. This value
is then converted to molality units (βm

m02h value) according
to the conversion factors determined by Baes and
Mesmer[10]. Finally, the thermodynamical stability constant
β°m02h is determined from the experimental constantsThe solubility product is then calculated using the usual
βm

m02h, by using a weighted linear extrapolation to zeroexpression Ks 5 [Zr41][OH2]4.
ionic strength.The mean values of the logarithms of the solubility prod-

ucts are reported in Table 2 for the four different ionic
strengths. βo

m02h 5
aZrm(OH)(4m2h)1

h
ah

H3O1

am
Zr41 a2h

H2O

Table 2. Solubility products of Zr(OH)4; (KNO3 medium, 25 ±
The expression of the logarithm of the thermodynamical0.1°C)

stability constant may be written as:
I [mol·dm2]3 log Ks [a]

logβo
m02h 5 logβm

m02h 1 logγZrm(OH)(4m2h)1
h

1 h · logγH3O1

0.2 252.71 (0.05)
2 m · logγZr41 2 2h · log aH2O0.5 252.49 (0.06)

1 252.72 (0.06)
2 253.49 (0.03) with the logarithms activity coefficients:

[a] Values in parentheses represent 1 σ standard deviation. logγZrm(OH)(4m2h)1
h

5 2(4m2h)2 · D1ε(Zrm(OH)4m2h)1
h , NO2

3 ) · Im

logγH3O1 5 2D1ε(H3O1, NO2
3 ) · Im

logγZr41 5 216 D 1 ε(Zr41, NO2
3 ) · Im

Determination of the Thermodynamical Formation Constants
Consequently:

The constants of formation have been determined in
solution containing KNO3 as supporting electrolyte (0.222 log βm

m02h 1 D [16m 2 h 2 (4m 2 h)2] 2 2h log aH2O 5

log βo
m02h 2 ∆ε · Immol·dm23). The specific interaction theory[20] [21] [22] [23] is
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Figure 3. Variation of the logarithm of the experimental formationwhere ∆ε is the summation of the specific interaction
constant of complex Zr(OH)3

1 as a function of ionic strength (mo-terms:
lality)

∆ε 5 ε[Zrm(OH)h
(4m2h)1, NO3

2] 1 hε[H3O1, NO3
2] 2 mε[Zr41,

NO3
2]

Since the solvent is a chemically reacting species, its ac-
tivity must be calculated and incorporated into the ex-
pression for the thermodynamic constant.

logaH2O ø
22 ·Φ · Im

55.51 · ln(10)
(Im 5 mK1 5 mNO3

2)

Φ is the osmotic coefficient which can be calculated from
Stockes[24] equation.

Figure 2. Extrapolation of the logarithm of the thermodynamical
formation constant of Zr(OH)3

1 by weighted linear regression

Table 3. Thermodynamic values of the logarithms of the formation
constants of soluble complexes and of the solubility product of
Zr(OH)4; values in parentheses represent 1 σ standard deviation

Zr(OH)3
1 log β°1023 20.52 (0.01)

Zr2(OH)7
1 log β°2027 22.22 (0.07)

Zr(OH)4 log β°1024 24.52 (0.07)
Zr(OH)4 log Ks° 255.26 (0.08)

In order to verify that pH measurements realised with
KOH of 0.1 mol·dm23 were not influenced by kinetic
phenomena, we have also used KOH of 2.5·1022 mol·dm23.
With the same rate of KOH addition (0.5 µl per 5 s) a pro-The value of log β°m02h is obtained using a weighted lin-
tometric titration lasted for about one week. The pH meas-ear regression of the quantity Y as a function of the ionic
urements lead to stability constants values identical withstrength[25].
those obtained with KOH of 0.1 mol·dm23.

Y 5 log βm
m02h 1 D[16m 2 h 2 (4m 2 h)2] 2 2h log aH2O 5 The stability constants values of Zr hydrolysed com-

log β°m02h 2 ∆ε · Im plexes, reported by Baes and Mesmer[10] and Aja et al. [13],
have been estimated from results contained in several publi-

This procedure has been applied for the determination of cations. Different methods have been used in these works
log β°1023, log β°2027, log β°1024, and log K°s solubility for studying Zr hydrolysis (e.g.: solvent extraction, spec-
product of Zr(OH)4. For the determination of log β°1023 troscopy, complexometry, solubility measurements). It must
see, for example, Figures 2 and 3. All the results are re- be noted that the values of Aja et al. take no account of the
ported in Table 3. ionic strength variation. For calculating the thermodynamic

constants values, Baes and Mesmer admit that the ionic
strength dependence of βmlh is similar to that found in theDiscussion
case of other cations, e.g. U41.

In this work, the protometric titrations of zirconiumThe hydrolysis reactions of zirconium(IV) have been
monitored by protometry, using a specific titration pro- oxychloride solutions by KOH allow verification of the con-

sistency between our obtained values and those reported bycedure which consist of adding the titrant very slowly (0.5
µl per 5 s) with vigorous stirring. This procedure avoids the Baes and Mesmer and Aja et al. In the pH range where the

solutions are homogeneous (pH # 3.5), the experimentalprecipitation of insoluble hydroxide at the tip of the burette
and errors on the measurement of pH values. pH values were compared to those calculated from the sta-
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bility constants. For example, in the Figure 4 the exper- defined: Zr2(OH)7

1 in nitrate medium and Zr3(OH)11
1 in

perchlorate medium.imental titration curve of zirconium oxychloride solution
(4·1023 mol·dm23) in the presence of nitric acid (2·1022 2 The existence of Zr2(OH)7

1 is confirmed by the pre-
cipitation of the ionic salt [Zr2(OH)7]NO3 at pH ø 3.5.mol·dm23) is represented. The calculated curves obtained

by using Baes and Mesmer or Aja et al. constants are re- In short, at the beginning of the titrations, one may ex-
pect the formation of the Zr(OH)3

1 species. The hydrolysispresented by dashed lines. The stability constants given at
zero ionic strength by Baes and Mesmer were calculated for of this species leads to the formation of soluble Zr(OH)4

which is always a very minor species in solution because,I 5 1 by using the relation between βmlh and I they indicate
in their paper[10] (log β1021 5 20.6 ; log β1022 5 22.3 ; log when its concentration increases, Zr(OH)4 bonds to

Zr(OH)3
1 by hydroxo bridges leading to Zr2(OH)7

1. Then,β1023 5 26.3 ; log β1024 5 211.0 ; log β1025 5 217.1 ; log
β3024 5 4.5 or log β3025 5 5.2 ; log β4028 5 8.0). in KNO3 medium, at pH > 3.5, there is a precipitation and

the probable formation of polymeric species such as
Zr3(OH)11

1 [Zr2(OH)7
1 1 Zr(OH)4] or Zr4(OH)15

1

Figure 4. Titration curves of zirconium oxychloride solution [Zr3(OH)11
1 1 Zr(OH)4]. When the acidity of the solution(4·1023 mol·dm23) in the presence of nitric acid (2·1022 mol·dm23);

decreases the existence of the Zr4(OH)15
1 species has alsoionic strength 5 1; KOH 5 1 mol·dm23; m experimental curve,

(}) calculated curve with our results, (-----) calculated curves with been suggested by Gimblett and Massey[26]. Then, accord-
results of Baes and Mesmer[10] or Aja et al. [13]

ing to these authors, the complex ion Zr4(OH)15
1 hydro-

lyses to a neutral tetrameric hydroxide which polymerises
slowly to form colloidal particles and ultimately a solid hy-
droxide precipitate. Finally, at the second equivalence point
of the titration curves (pH ø 6), the precipitated species is
very likely to be a polymer of the formula [Zr(OH)4]n be-
cause this precipitate does not dissolve in solution, even in
very acidic medium.

Conclusion

The aqueous chemistry of zirconium(IV) can be ex-
plained by the formation of the soluble species Zr(OH)3

1,
Zr2(OH)7

1, and Zr(OH)4 in KNO3 media, in the pH rangeThere is a large discrepancy between the experimental
of 1.523.5 and for zirconium concentrations varying fromcurve and the two calculated curves. By using the results of
8·1025 to 8·1023 mol·dm23.Baes and Mesmer, the plot of the distribution curves of the

The formation constants of the species Zr(OH)3
1,different mono- and polynuclear hydroxo complexes shows

Zr2(OH)7
1, and Zr(OH)4 as well as the solubility productthat Zr4(OH)8

81 is practically the only species formed. This
of zirconium hydroxide have been determined in KNO3 me-tetrameric ion is that encountered in the solid zirconium
dia at four ionic strengths. The values of these βmlh con-oxychloride, so the dissolution of this solid compound
stants were extrapolated to the standard state in order toshould not modify the pH solution, which disagrees with
determine the thermodynamic constants β°mlh. The β°mlhour observations and with those of Larsen and Gammill [1].
constants were determined at zero ionic strength by puttingOn the other hand, the constants values reported by Aja et
the Specific ion Interaction Theory (SIT method) into prac-al. lead to the predominance of Zr(OH)4 at pH 5 1.523.5.
tice.Under these conditions, the studied solutions would not be

We have also obtained some results in heterogeneous me-homogeneous because of the precipitation of [Zr(OH)4]n.
dium, at pH > 10, which lead us to consider the formationFor all these reasons, we have envisaged the existence of
of the Zr(OH)5

2 species. Unfortunately, these results can-other soluble species under our experimental conditions
not be used in this case to determine the formation constant(1.5 # pH # 3.5, and 8·1025 mol·dm23 # [Zr] # 8·1023

of Zr(OH)5
2. A useful evaluation of the solubility of zir-mol·dm23). Our hypotheses are based on the following ex-

conium(IV) in aqueous medium is obtained by plotting theperimental results:
total zirconium concentration (on a logarithmic scale) as a2 The pH value at the beginning of the titrations corres-
function of pH (Figure 5).ponds to the liberation of one equivalent of proton per zir-

Such a plot shows that the insoluble species Zr(OH)4 isconium and therefore to the formation of the Zr(OH)3
1

predominant between pH 5 5 and pH 5 12. This speciesspecies.
distribution diagram was established at pH > 8 by using2 The positions of the equivalent points of the titration
the result of Sheka et al. [3] for the formation constant ofcurves at 1.5 (in nitrate medium), 1.75 (in perchlorate me-
Zr(OH)5

2 (log β°1025 ø 219.3).dium) and 2 equiv. of OH2 per zirconium. These positions
are independent of the zirconium concentration which indi- We thank the Agence Nationale pour la gestion des Déchets

Radioactifs (ANDRA) for financial support.cates that the stoichiometry of the formed species is well
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mol·dm23) up to pH 5 12. Further titrations with a less concen-Figure 5. Speciation of hydroxy zirconium complexes in equili-

brium with solid Zr(OH)4 (25°C, I 5 0); the thick line represents trated reagent (KOH of 0.04 mol·dm23) were performed to ensure
the total zirconium concentration in solution; Zr41 (]--]); Zr(OH)4 that the equilibrium is effectively reached throughout the experi-

(1 1); Zr2(OH)7
1 (222); Zr(OH)3

1 (a); Zr(OH)5
2 (b)

ments. The results were similar in both cases and so validate the
titration procedure.

Solubility Measurements: The solubility of zirconium hydroxide
Zr(OH)4 was measured as a function of pH at four ionic strengths
in order to evaluate its solubility product. Zirconium hydroxide was
prepared by the precipitation of zirconyl chloride with ammonia.
An amount of solid was introduced in zirconyl chloride solutions
of variable concentration and ionic strength. After the equilibrium
was reached (up to 15 d), the solutions were centrifuged and filtered
using a Sartorius filter (pore size 0.45 µm). The pH value and the
total concentration of zirconium for the supernatant were deter-
mined. The pH ranged from 1 to 3.5 and the zirconium concen-
tration varied from 0.1 to 0.001 mol dm23. For each ionic strength
a series of ten solutions was prepared.

Computations: The protometric data were processed by the com-
puter program Protaf[19] in order to obtain the best-fit chemical
model and refined stability constants βmlh (βmlh refers to the species
MmLlHh; a negative h value refers to the hydroxy ion). The program
Protaf, which is based on the weighted least squares of the residues
of the experimental variables (volume of titrant, pH), allows a sim-
ultaneous processing of ten titrations, each including 150 pairs of
data (volume, pH).

Experimental Section
Reagents: All chemicals used were of analytical grade. Zirconium [1] E. M. Larsen, A. M. Gammill, J. Am. Chem. Soc. 1950, 72,

3615.oxychloride and potassium nitrate were purchased from Fluka. Ni-
[2] A. J. Zielen, R. E. Connick, J. Am. Chem. Soc. 1956, 78, 5785.tric acid and potassium hydroxide were purchased from Merck.
[3] I. A. Sheka, T. V. Pevzner, Russ. J. Inorg. Chem. 1960, 5, 1119.Solutions of zirconium oxychloride were prepared with an excess [4] P. N. Kovalenko, K. N. Bagdasarov, Russ. J. Inorg. Chem. 1961,

of nitric acid ([H3O1]/[Zr] 5 5) to prevent the formation of less 6, 272.
[5] V. M. Peshkova, N. V. Mel9chakova, S. G. Zhemchuzhin, Russ.reactive polymers[16]. These solutions were standardised by edta

J. Inorg. Chem. 1961, 6, 630.titration using an excess of FeIII ions, and salicylic acid as an indi-
[6] A. S. Solovkin, A. I. Ivantsov, Russ. J. Inorg. Chem. 1966, 11,cator following the procedure described by Kragten et al. [16] and 1013.

Milner et al. [17]. Potassium nitrate stock solutions were filtered on [7] H. Bilinski, M. Branica, L. G. Sillen, Acta Chem. Scand. 1966,
20, 853.Millipore filters (pore size 1.2 µm) before use and storage.

[8] V. A. Nazarenko, O. V. Mandzhgaladze, Russ. J. Inorg. Chem.
Protometric Measurements: All measurements were performed at 1969, 14, 639.

[9] N. Noren, Acta Chem. Scand. 1973, 27, 1369.25 ± 0.1°C. Experiments were made at different ionic strengths
[10] C. F. J. Baes, R. E. Mesmer, in The Hydrolysis of Cations,(I 5 0.2, 0.5, 1, and 2 mol·dm23) and adjusted with potassium

Wiley & Sons, New York, 1976.nitrate. A few experiments were carried out in sodium perchlorate [11] J. S. Johnson, K. A. Kraus, J. Am. Chem. Soc. 1956, 78, 3937.
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