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The Hydrolysis of Zr** and Hf**
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The hydrolysis of Zr** and Hf*+ has been investigated by means
of potentiometric and solvent extraction measurements. In the
potentiometric investigations, a fluoride membrane electrode has
been used for the determination of the stability constants, *X,,
for the complex equilibria

MF,_, + HF =« MF, + Ht

where M=2Zr*t or Hf**. From the variation of the conditional
constant, *K %I with the acidity of the solutions, the equilibrium
constant, *y,, has been calculated for the reaction

M + H,0= MOH + H*

In the solvent extraction measurements, the distribution of the
metal ions between xylene solutions of thenoyltrifluoroacetone and
aqueous solutions containing various concentrations of perchloric
acid has been studied.

All the measurements have been performed in a medium having
a constant concentration of 4 M of perchlorate ions. The composition
of the medium has been changed from 4 M HC10, to 0.5 M HC10,+ 3.5 M
NaClO,. Th*+, which is not hydrolysed in the hydrogen ion concentra-
tion range studied, has been used as a model ion for the determination
of the activity changes caused by this variation of the medium. In the
solvent extraction and in the potentiometric investigations, the
temperature was 20°C and 25°C, respectively.

The limits of error given for the values of the constants calculated
in the present paper correspond to 99 9% confidence limits if not
otherwise stated.

Four valent metal ions are known to be extensively hydrolysed in aqueous
solution. Even in the most acid solutions some of them exist exclusively as
yl-ions, e.g. TiO?*, VO**, No simple hydrated ions with a charge of +4 are
formed. For Zr(IV) and Hf(IV), it has long been discussed whether or not
these too form yl-ions in solid salts and in aqueous solutions. Recently per-
formed measurements of the infra-red spectra of hydrated and deuterated
nitrates and chlorides of zirconium(IV)?! show, however, no evidence of the
existence of the zirconyl group (Zr=0) in these compounds. In aqueous solu-
tions, zirconium(IV) and hafnium(IV) are both known to be involved in
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complicated hydrolysis equilibria. The large amount of experimental results
of the solution chemistry of these metal ions has been reviewed by Solovkin
and Tsvetkova,? Caletka,® Hala 4 and recently by Larsen.’ They concluded 2
that in aqueous solution there is no justification for the zirconyl theory.
However, without doubt, both metal ions form, besides mononuclear species,
also polynuclear hydrolysis products. Presumably, trimeric and tetrameric
species of the type My(OH)S " and M, (OH)»8" are formed.$-? Even in rather
acid solutions (2 M) the polynuclear species exist at low total metal ion con-
centrations (104 M).

For the mononuclear hydrolysis of Zr*", disparate values of the stability
constants for the formation of the various hydroxo complexes have been
reported in the literature.!®12 Only one set of values of the corresponding
stability constants for Hf*" has been given.?® Solvent extraction utilizing
different organic acids as competing ligands is the only experimental method
that has been used in Refs. 10 —13. The values of the constants obtained in
Ref. 10 for the hydrolysis of Zrt* were calculated from the measurements
of Connick and McVey.!* With the exception of Ref. 14, the highest hydrogen
ion concentration used was about 1 M. At this acidity only low concentrations
of M4* exist (17 9, Zrtt, 29 9, Hf*"). Hence, the calculated value of the first
hydrolysis constant might be fairly uncertain. It therefore seems desirable
to extend the study of the hydrolysis of Zr** and Hf*" to more acid solutions
and to try another method of investigation than the mentioned solvent ex-
traction.

Since polynuclear hydrolysis products are formed, the experimental method
chosen must give accurate results even at low total metal ion concentrations.
Preferably a potentiometric method should be used, as such measurements
are known to give results of high precision. However, due to the low metal
ion concentrations (usually 10-¢ M), direct measurements of the hydrogen ions
set free in the hydrolysis reactions are not possible in strongly acid solutions.
Obviously, the investigation has to be performed by means of some indirect
method. Recently, a fluoride membrane (FME-)electrode was used by the
present author to study the fluoride complexes of Th*™ and U**; ¢f. Ref.
15. This electrode was proved to be of great value for investigations of fluoride
complex systems. From accurate determinations of the conditional equilibrium
constant of

M4t + HF = MF3t + H*

at different hydrogen ion concentrations, it is possible to obtain the hydrolysis
constants of the metal ion in question, vide infra p. 1372. Hence, the fluoride
complexes of Zr** and Hf*" were investigated, using a fluoride membrane
electrode, in 4.000 M HCIO,, 1.000 M HCIO,+ 3.000 M NaClO,, and 0.500 M
HCIO, +3.500 M NaClO,. The composition of these ionic media varies con-
siderably. Thus, it is likely that the values of the stability constants cannot
be directly compared and that a correction for the change of the medium has
to be applied. Th**, which is not hydrolysed %17 in the solutions investigated,
was used as a model ion for a quantitative determination of this medium effect.

Some years ago, solvent extraction measurements were performed by the
present author to elucidate the hydrolysis of Zr¢* and Hf**. The metal ions
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were distributed between an acid aqueous phase and a xylene phase containing
thenoyltrifluoroacetone as a competing ligand. The study was part of an in-
vestigation of the complexes formed by four valent cations with ligands of
various donating properties. Values of the stability constants were collected
at a temperature of 20°C. Thus, the solvent extraction experiments referred
to were carried out at this temperature. The results, not yet published, are
included in this paper for a comparison with the results of the potentiometric
measurements performed at 25°C.

EXPERIMENTAL

Stock solutions were prepared and analysed in the same way as described in Refs.
15 and 18— 20. These references should be consulted for experimental details of the
procedure of the solvent extraction and potentiometric measurements.

To avoid errors in the emf measurements due to diffusion potentials between the
reference half-cell and the FME half-cell, the composition of their solutions as well as
that of the salt bridge was always the same except for the fairly small contents of metal
ion and hydrofluoric acid in the FME half-cell.

SYMBOLS
*¥m = 1(]_[I'IJ"]"‘/[M]-
ﬂﬂn = Ml‘n][H ]"/[M][HF]"-
nEH =

Bapdle = ﬁnH/l + Z }’m[H+]_

‘K, = M, J[H ]/MF, J[HF); *K,=*,
PR cale = fcale [HF ] B, peale; ¥R eale = f cale [,

HA thenoyltrifluoroacetone.

[1] = equilibrium concentration in the aqueous phase.

[ lorg = equilibrium concentration in the xylene phase.
Ha ' = initial total concentration of HA in the xylene phase.
a = [H*]J[A™]/[HA}.

Kaga = [HAly,/[HA].

KdMAa = [MAt]org/[MAc]

Bn = [MA,]/[M][A7]"

CALCULATIONS AND RESULTS OF THE EMF MEASUREMENTS

According to Farrer and Rossotti,? F~, HF and HF, exist in hydro-
fluoric acid solutions. However, from the results reported one obtains for the
hydrogen ion concentrations used in the present investigation that [F~] <103
[HF] and [HF, ]<5x 10-% [HF]. Thus, the concentrations of ¥~ and HF,"
are negligible and can be excluded in the following derivations. If only
mononuclear fluoride and hydroxo complexes are taken into consideration
and mixed complexes containing these ligands are neglected, the total con-
centrations of hydrofluoric acid and metal ion can be written:

Cyr = [HF] + [M]’é,lnﬁm[HF T (1)
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M N

Oy =01+ 3 7, [T +

n=

]ﬂm[HF]"> ()

Since the hydrogen ion concentration is kept constant in each titration series,
7= (Cyp — [HF])/Cy; is & function of [HF] only given by:

N
2.0 P [HE]"
n=1

’ﬁ:

N (3)
14 ”zlﬂnﬂcalc[HF]"

The free ligand concentration, [HF], is obtained from the measured emf’s,
L, using:

By = B, — RTF-'1n [HF] (4)

A numerical method for calculation of stability constants described by
Sandell in Ref. 22, p. 2611, is easily verified to be applicable here and is used
for the calculations of f.uec. From corresponding values of f,uc and
[H*], the constants *K, =l are obtained. Of these constants, all except
*K .l are independent of the hydrogen ion concentration whether the
investigated metal ions are hydrolysed or not. For *K,wlc the following
expression is valid:

_1._ — L 1+ l\é *}, [H"‘]‘"’ (5)
*chalc *Kl o1 "

Evidently it is only for such metal ions which are not hydrolysed that *K ,cal
is a true constant. In the present investigation the stability constants have
been determined in solutions with three different hydrogen ion concentra-
tions. From the variation of *K,® with [H*], after a correction for medium
changes has been introduced for the calculations in *K,®¢, the hydrolysis
constants, *y,, were obtained graphically according to eqn. (5).

The thorium system. The experimentally obtained results are given
in Table 1. Different total concentrations of Th*" within the range
0.18 mM=<C,, <448 mM were used. No variation of 7 with C, could be
observed, confirming that only mononuclear complexes are formed. The
maximum value of Cy, was about 10 mM, which is negligible compared to
the total ionic strength of 4 M. The variation of the composition of the medium
may therefore be neglected within the titration series having the same constant
value of Cy. Using the numerical method of Sandell,? the following values
for the constants were calculated:

(H* )M Buustex 1074M™ fpeslex 107M™F fygesle x 1074/M3
4.000 1.043 +£0.005 1.67+0.06 0.4+0.1
1.000 3.54 +0.02 17.6 +0.7 6 +5
0.500 6.563 +0.02 62 +1 32 +9

where the given errors are standard deviations. The constants determined
for C; =4.000 M agree quite well with those earlier reported in Ref. 15, valid
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Table 1. Corresponding values of Cyp mM and Ex mV obtained in the various titra-
tion series for thorium.

4.000 M HCIO,

C1y=0.4482 mM, E.= —24.6 mV: 0.1430, 241.6; 0.2759, 219.8; 0.2759, 219.1; 0.5189,
193.6; 0.7316, 179.0; 0.9840, 167.0.

Cr,=1.810 mM, E.=—23.7 mV: 0.3557, 252.3; 0.4548, 244.4; 0.5429, 238.5; 0.6810,
230.9; 0.6948, 229.7; 0.8187, 223.4; 0.9560, 216.9; 1.022, 214.7; 2.011, 176.1; 3.276, 147.2;
4.483, 132.4; 5.634, 123.3; 7.817, 111.4.

Crp=1.810 mM, E.= —24.1 mV: 1.391, 197.6; 1.999, 175.6; 2.591, 159.5; 3.554, 143.1;
3.739, 140.3; 4.837, 129.2; 5.889, 121.4; 8.603, 108.5.

Cr,=4.482 mM, E-.=—24.5 mV: 0.4786, 268.9; 0.6932, 257.9; 1.056, 244.7; 1.345,
236.5; 1.582, 230.6; 1.844, 224.6; 3.885, 184.1; 2.573, 209.4; 3.872, 184.4; 5.109, 162.4;
6.287, 146.8; 7.410, 135.9; 9.538, 122.2.

1.000 M HCIO, and 3.000 M NaClO,

Cpp=0.8980 mM, E.= —68.4 mV: 0.1378, 245.4; 0.2687, 224.1; 0.3931, 209.8; 0.5116,
197.9; 0.6244, 187.1; 0.7321, 177.3; 0.8349, 168.3; 0.9333, 160.2; 1.027, 153.0; 1.117,
146.9; 1.204, 141.7.

Cry =0.8980 mM, E.= —70.4 mV: 0.0992, 255.7; 0.1378, 245.1; 0.1947, 235.8; 0.2868,
2292.2,

Cpp, =0.8980 mM, E.= —69.1 mV: 0.0992, 255.1; 0.1378, 244.8; 0.1947, 235.0; 0.2868,
292.1; 0.3757, 212.0; 0.4615, 203.3; 0.5443, 195.3; 0.6243, 187.9; 0.7000, 180.9; 0.7748,
174,1; 0.8471, 167.9.

Oy, =0.8980 mM, E.= —81.5 mV: 0.9416, 147.0; 1.370, 120.9; 1.385, 120.3; 1.519,
114.5; 1.820, 104.7; 2.082, 98.3; 2.286, 94.0; 2.631, 88.0; 2.742, 86.3; 2.770, 85.8; 2.955,
83.2; 3.041, 82.2; 3.167, 80.5; 3.336, 78.6.

Cry=1.796 mM, E.= —68.2 mV: 0.2353, 249.1; 0.4372, 229.8; 0.4660, 228.3; 0.6176,
217.7; 0.7797, 208.3; 1.058, 193.8; 1.290, 182.1; 1.486, 172.0; 1.654, 163.4.

Cry=1.796 mM, E.=—69.1 mV: 0.7901, 208.6; 0.9305, 201.3; 1.091, 192.1; 1.324,
181.3; 1.705, 161.8; 2.073, 144.5; 2.428, 131.4.

Crp=1.796 mM, E.=—67.5 mV: 0.3347, 239.9; 0.6156, 219.2; 0.8546, 206.0; 1.060,
195.3;1.489, 173.6; 1.903, 152.6; 2.301, 136.2.

0.500 M HCIO, and 3.500 M NaClO,

Crp=0.1796 mM, E.=-—84.7 mV: 0.00923, 276.0; 0.01800, 258.7; 0.02632, 248.1,
0.03423, 240.4; 0.04177, 234.4; 0.05580, 225.1; 0.06861, 218.1; 0.09583, 205.1; 0.1219;
194.4; 0.1709, 177.1; 0.2161, 164.1; 0.2579, 154.8; 0.2968, 147.7; 0.3330, 142.3; 0.4103;
133.4; 0.5387, 122.8. '

Crp=0.3592 mM, E.= —84.8 mV: 0.03548, 258.0; 0.06914, 239.0; 0.1011, 226.8; 0.1315,
217.5; 0.1605, 209.8; 0.1881, 202.9; 0.2145, 196.7; 0.2637, 185.6; 0.3088, 176.0; 0.3503,
167.7; 0.3886, 160.5; 0.4240, 154.8; 0.4824, 146.3; 0.6115, 132.6; 0.8535, 116.4; 1.094,
106.2.

Crpy=0.5388 mM, E.= —84.7 mV: 0.05810, 255.3; 0.1114, 236.0; 0.1605, 223.8; 0.2058,
214.8; 0.2478, 207.0; 0.2868, 200.3; 0.3231, 194.3; 0.3571, 188.9; 0.3888, 183.9; 0.4465,
174.8; 0.4976, 167.0; 0.5433, 160.3; 0.6150, 150.8; 0.6750, 144.0; 1.338, 105.6; 1.667, 96.2.
Crp=0.8980 mM, E.= —84.1 mV: 0.06986, 264.9; 0.1989, 234.2; 0.2588, 225.2; 0.3158,
218.1; 0.3702, 211.9; 0.4221, 206.2; 0.4718, 201.1; 0.5192, 196.3; 0.5647, 191.7; 0.6498,
183.2; 0.7283, 175.2; 0.8008, 167.9; 0.9200, 155.9; 1.025, 146.9; 1.118, 139.4.
Cr,=0.8980 mM, E.= —84.4 mV: 0.1021, 254.2; 0.1667, 239.8; 0.2282, 229.7; 0.2867,
221.8; 0.3954, 209.1; 0.4946, 198.9; 0.5854, 189.6; 0.6689, 181.1; 0.8050, 167.1; 0.9236,
155.2; 1.028, 145.9; 1.120, 138.8; 1.580, 115.0; 2.036, 100.9.

Crp=0.8980 mM, E.= —98.7 mV: 0.7085, 163.4; 0.9241, 141.6; 1.118, 124.8; 1.293,
113.4; 1.452, 105.3; 1.555, 100.9; 1.597, 99.3; 1.730, 94.7; 1.852, 90.8; 1.964, 87.7; 2.069,
85.0; 2.165, 82.7; 2.223, 81.4; 2.255, 80.7; 2.339, 79.0; 2.477, 76.3.
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in the same medium but at a temperature of 20.00°C. From corresponding
values of f,u and [H*] one obtains:

[H+}/M *K jcale x 1074 * K jcale x 107
4.000 4.17+0.05 6.4+ 0.6
1.000 3.54+0.06 5.0+ 0.5
0.500 3.27+0.03 47102

where *K % is omitted because of the large errors in the determined values
of P This will not influence the conclusions drawn regarding the hy-
drolysis of Zr** and Hf**.

For the reason given on p. 1372, it is expected that *K ¢ and *Kcal
will have the same value for the three hydrogen ion concentrations used.
Obviously there is a significant difference between the results obtained in
the media used. The most probable explanation of this fact is that the values
of the activity coefficients of the species involved in the different equlibria
are not the same in the various media. Hence, the following correction factors
have to be applied to relate the results of the zirconium and hafnium measure-
ments to 4 M HCIO, as a reference medium.

Medium fi fa
1M HCIO,+3 M NaClO, 1.18 +0.02 1.3+£0.2
0.5 M HCIO, + 3.5 M NaClO, 1.28 +0.02 1.4+0.1

f1 and f, are calculated by dividing the value of *K c valid in 4 M HCIO,
with the value of the same constant obtained in the medium in question.
Recently, the stability constants for the fluoride complexes of U** have been
determined in 0.6 M HCIO, and 3.4 M NaClO, at a temperature of 25°C by
Grenthe and Varfeldt.?? Using the values for these constants obtained in
4 M HCIO, and 20°C !5 (no values at 25°C are available) f, and f, are calculated
to be 1.5 and 1.8, respectively. Considering that the complex formation
reactions probably are exothermic, the agreement with the results obtained
in the present paper for Th** in almost the same medium is fairly good,
thus supporting the method used for the medium corrections to Zrt* and Hf*.

The zircontum system. To investigate whether polynuclear species were
formed or not, titration series having different values of C,, were performed.
For all the hydrogen ion concentrations used, 7 was found to be a function
of both [HF] and C,,, showing polynuclear species to exist in the solutions.
However, when [HF] or [H*] increased, # became more and more independent
of C,,. For low enough values of C,,, # could be obtained as a function of the
free ligand concentration only. Therefore, efforts were made to keep C,,
within a concentration range where 7 was unaffected by the metal ion con-
centrations used. This was not the case at the lowest values of [HF] where 7
varied with C,. In such solutions, 7 was obtained by extrapolations to
C,.=0. Since the computer program cannot use data series having Cy =0,
corresponding values of K and Oy, valid for the extrapolated data were
calculated from arbitrarily chosen values of €, (within the metal concentra-
tion range used) and E.. In the calculations of the stability constants, few
extrapolated values were used. The values of the stability constants obtained
were only slightly influenced by these.
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Table 2. Corresponding values of Cyp x 10° M and En mV obtained in the various titra-
tion series for zirconium.

4.000 M HCIO,

Cz:=0.5000 mM, E.= -25.0 mV (extrapolated): 4.900, 347.8; 9.200, 330.3; 12.98,
319.5; 16.10, 312.2; 18.75, 306.4; 21.00, 301.7; 22.75, 297.8.

C;,=0.2420 mM, K= —23.8 mV: 15.39, 283.1; 21.22, 262.8; 22.92, 257.0; 24.60, 251.3;
27.91, 241.2; 33.24, 227.8; 38.37, 217.7; 43.30, 209.8; 48.05, 203.4.

C;.=0.2420 mM, E = —24.6 n1V 11. 90 295.1; 14. 52 285.7; 16.97, 277.1; 22.08, 259.3;
27.00, 243.5; 31.75, 23() 7; 36.34, 220.9; 40.78, 413 1; 45.06, 206 9; 49 21, 201
Cz2,=0.5035 mM, E,= ——24.9 mV: 27.09, 290.5; 32.46, 281.0; 37.61, 271.9; 42.57, 262.9;
47.34, 254.3; 51.94, 246.1; 56.38, 238.6.

Cyz,=1.009 mM, E.= —24.5 mV: 51.55, 292.3; 72.86, 273.3; 91.67, 255.8; 177.3; 193.1;
243.3, 167.7.

C7:=2.523 mM, E.=-25.7 mV: 152.3, 281.8; 192.9, 267.0; 230.1, 252.6; 264.3, 239.1;
290 8, 227.2; 324 8, 217 4; 351.8, 209.0.

07,:—0 045 mM, L. = —2o 1 mV: 297.5, 283.0; 344.3, 274.9; 408.3, 263.0; 461.6, 256.6;
575.1, 230.3; 684.9, 211.3.

1.000 M HCIO, and 3.000 M NaClO,

Cpz:=0.1000 mM, F.=-—66.0 mV (extrapolated): 2.850, 302.1; 3.206, 298.1; 3.520,
204.7; 3.834, 291.7; 4.120, 289.0; 4.345, 286.5; 4.620, 284.3.

C,=0.1009 mM, .= -67.5 mV: 5.187, 276.9; 6.088, 269.5; 6.747, 263.9; 7.179, 260.6;
8.233, 251.8; 8.233, 252.1; 9.252, 243.9; 10.24, 236.2; 11.19, 229.1; 12.11, 222.9; 13.01,
2117.5.

C;,=0.1017 mM, E.= —-66.2 mV: 5.562, 276.8; 6.049, 273.0; 7.108, 264.5; 8.119, 256.4;
9.084, 248.6; 10.01, 241.4; 10.89, 234.6; 11.74, 228.6; 12.55, 223.2; 14.77, 210.6; 16.90,
200.9; 18.95, 193.2.

Cp,=0.1017 mM, Ec= —66.0 mV: 5.020, 280.3; 6.130, 271.0; 7.180, 262.5; 8.190, 254.3;
10.07, 239.4; 11.79, 226.8; 13.38, 216.7; 14.84, 208.8.

Oy, =0.2518 mM, Ec= —66.0 mV: 13.22, 276.2; 15.81, 267.7; 18.28, 259.4; 20.64, 251.3;
24.59, 237.7; 26.68, 230.3; 31.01, 216.6; 35.16, 204.9.

Cy=0.2518 mM, E.= -—-65.9 InV 12.07, 280.3; 17.66, 261.7; 22.97, 243. 4; 25.35, 235.1;
27.63, 227.2; 29. 80 2203 34.37, 207.3; 38 74, 196.7; 42.93, 187.8.

Oy -0 5035 mM Eq.=—66.9 mV 37.45, 255.1; 41.85, 247.8; 46.06, 240.8; 53.93, 226.9;
61.18, 214.9; 67.87, 204.8; 74.06, 196.2. )
C,r=1.009 mM E.=—-67.56 mV: 92.81, 237.3.

CU—" 523 mM, E.= —66.6 mV: 256.8, 226.2.

0.500 M HCIO, and 3.500 M NaClO,

Cy,=0.02500 mM, E.= —85.0 mV (extrapolated): 1.1565, 279.1; 1.296, 274.1.

0y, =0.02523 mM, E.=—84.4 mV: 1.482, 268.7; 1.980, 253.9; 2.434, 241.5; 2.851,
231.3; 3.234, 223.4; 3.588, 217.2; 4.168, 208.7; 5.514, 193.7; 6.769, 184.0.

C,,=0.05045 mM, L.=—84.5 mV: 2.891, 267.8; 3.764, 254.3; 4.599, 241.4; 5.400,
229.7; 6.167, 219.8; 6.905, 211.3; 7.613, 204.7; 8.294, 199.0; 9.577, 189.7.

Cze =0 00040 mM, 1‘(_——83.0 mV: 3.077, 265.0; 3.956, 251.6; 4.797, 238.7; 5.603,
227.0; 6.375, 217.2; 7.117, 209.2; 8.510, 196.9.

Cyr= 0.1017 mM, E’cz —84.7 mV: 5.607, 266.0; 7.195, 254.3; 8.655, 243.7; 11.03, 225.4;
12.20, 217.1; 14.12, 204.7; 18.75, 182.4,

Cye=0.1017 mM, E.= —84.3 mV: 4.576, 274.1; 6.282, 261.1; 7.842, 250.0; 9.276, 239.3;
10.46, 230.3; 11.56, 222.1; 12.13, 218.1; 13.56, 208.7; 17.18, 189.5.

Cz:=0.2518 mM, Eq= —84 3 InV 25.10, 228.0; 26. 72 223.1; 28.27, 218.5.

C’7r—0 2518 mM, K.= —84.1 mV: 22.31, 237.1; 31.20, 210.2; 39.74, 187.1.
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The results obtained in the various titration series are collected in Table 2.
For all the given values (except those pointed out as extrapolated), having
the same [HF], the variation of @ with (', was within a random experimental
error of +2 %, The following values were obtained for the constants f,<a:

(H+]/M Bigcele x 1075/M~* B2l x 107° /M Bagtale x 1071 /M2
4.000 2.20+0.02 1.15+0.02 2.6+0.6
1.000 6.24 4+ 0.06 11.8 +0.2 140 +50
0.500 9.46+0.16 33 +1 600 + 260

The errors quoted are standard deviations. The values valid in 4 M HCIO,
are in accordance with those given in Refs. 19, 20, and 24. The values of
*K,* (1 <n<2) calculated using the medium correction factors obtained
in the thorium measurements are as follows:

[H+]/M *K jcale x ]0~5 * K jcale x 1074
4.000 8.840.2 2.1+0.1
1.000 7.4%+0.2 2.5+ 0.4
0.500 6.1+0.3 2.5+ 0.3

Evidently there is still a significant decrease (the limits of error correspond
to a confidence limit of 99 9) of *K o as the hydrogen ion concentration
decreases. It may therefore be concluded that Zr*" is hydrolysed even in
these fairly acid solutions.

Fig. 1 shows (*K,)1 as a function of [H*]-1. A straight line can be
drawn through the points indicating that predominantly the first hydroxo
complex is formed. Using eqn. (5), the value of the stability constant, *y,,
is calculated to be 0.28, with graphically estimated maximum limits of error
of +0.05, As predicted, *K,* is independent of the hydrogen ion con-
centration. Furthermore, almost the same value is found as previously deter-
mined from results obtained using other methods of investigation.9,20 As
an average value of *K, for the equilibrium Zrt* + HF2ZrF3* + H* one
obtains 9.4 x 105 (valid in a reference medium of 4 M HClO,) using *y, =0.28.
The three different media give values within a fairly small interval (+ 0.05 x
10%).

The hafnium system. For hafnium as well, # was found to depend both
on [HF] and Cus. However, the variation of 7 values corresponding to the
same free ligand concentration with Oy was smaller than the C}, variation
in the zirconium system. As for zirconium, titration series having quite low
metal ion concentrations were performed in order to prevent formation of
polynuclear complexes. The results given in Table 3 are from measurements
made in solutions which meet this condition. Only a few values had to be
obtained from extrapolations to Cy=0. From the numerical calculation
method the following stability constants were determined:

[H+]/M B x 1078/ M1  Byuealex 1078/ M=2 B, cale x 1071/M-3
4.000 0.778 + 0.003 2.06 + 0.04 0.4+0.2
1.000 2.43 +0.06 19.0 +0.9 19 +6
0.500 4.30 £0.05 61 +2 170 +30
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Table 3. Corresponding values of Cyp x 10* M and En mV obtained in the various titra-
tion series for hafnium.

4.000 M HICIO,

Cui=0.6152 mM, E.=-—24.4 mV: 0.6489, 320.0; 0.9386, 310.2; 1.208, 302.4; 1.696,
292.5; 1.696, 291.6; 2.577, 276.5; 3.405, 264.5; 5.108, 242.3; 6.756, 222.6; 7.415, 215.7,
8.955, 202.1; 10.45, 191.8.

Cpe=1.538 mM, E.= —25.1 mV: 1.649, 319.0; 2.228, 310.5; 2.407, 308.5; 2.783, 303.9;
3.732, 294,7; 4.455, 289.6; 4.616, 287.6; 5.443, 281.7; 7.242, 270.2; 8.978, 260.3; 10.65,
251.0; 12.27, 242.1; 13.84, 233.5; 15.35, 225.3; 16.82, 217.7; 18.24, 210.8.

Cyi=1.538 mM, E.= —23.8 mV: 1.223, 327.7; 2.146, 312.0; 2.922, 304.2; 5.977, 278.4;
8.837, 261.2; 9.564, 257.2; 11.11, 248,6; 12.93, 238.7; 13.28, 236.8; 15.37, 225.4.
Cy=38.076 mM, E.= —24.8 mV: 3.668, 316.0; 4.643, 309.0; 6.232, 300.2; 8.766, 289.8;
10.03, 284.2; 13.58, 272.5; 16.90, 262.7; 20.02, 253.8; 22.95, 245.5; 25.72, 237.7; 28.33,
230.3; 30.79, 223.3; 33.13, 216.9; 35.34, 211.0; 37.45, 205.8; 40.99, 197.5.

1.000 M HCIO, and 3.000 M NaClO,

Cys=0.5000 mM, E.= —66.0 mV (extrapolated): 0.5750, 306.8; 1.065, 289.0; 1.493}
278.5; 1.850, 271.2; 2.113, 265.4; 2.355, 263.7; 2.572, 256.8; 2.760, 253.3; 2.970, 250.3;
3.100, 247.6.

Cus=0.4614 mM, E.= —67.6 mV: 2.787, 240.9; 3.193, 233.7; 3.882, 221.3; 4.519, 209.9.
Cur=0.4614 mM, E.= —67.3 mV: 2.866, 239.6; 3.269, 233.0; 3.654, 226.2; 4.023, 219.4;
4.650, 208.2; 5.231, 198.4; 5.773, 190.1; 6.278, 183.0; 6.750, 177.1; 7.192, 172.0; 7.607;
167.6.

Cus=0.4614 mM, E.= —66.4 mV: 2.802, 246.1; 3.284, 237.3; 3.744, 229.0; 4.184, 221.1;
4.604, 213.6; 5.007, 206.8; 5.762, 195.0; 6.457, 185.6; 7.101, 177.8.

Cys=0.4614 mM, E.= —66.6 mV: 3.036, 241.8; 3.507, 233.3; 3.957, 225.1; 4.388, 217.5;
4.800, 210.4; 5.571, 198.2; 6.281, 188.3; 6.938, 180.2; 7.5406, 173.4.

Cyu=0.9228 mM, E.=—67.3 mV: 5.782, 242.2; 6.287, 237.9; 6.758, 233.7; 8.216, 220.4;
9.586, 208.1; 10.87, 197.1; 12.09, 187.8; 13.23, 179.7.

Cyu=0.9228 mM, E.=—66.9 mV: 5.566, 243.9; 7.240, 229.1; 8.834, 209.5; 10.35, 200.8;
11.80, 188.8; 13.19, 178.8; 14.51, 170.2; 15.78, 162.8.

Cyi=2.307 mM, E.=—67.5 mV: 20.35, 218.9; 22.38, 212.0; 24.26, 205.4; 26.01, 199.3;
27.64, 193.7; 31.56, 181.0; 35.36, 170.0.

Cus=4.614 mM, E.=—-66.9 mV: 46.72, 205.9; 51.41, 198.5; 55.91, 191.2; 60.22, 184.2;
64.35, 177.8; 72.12, 166.2.

0.500 M HClO, and 3.500 M NaClO,

Cus=0.03000 mM, E.= -850 mV (extrapolated): 0.05960, 287.8; 0.08243, 277.3;
0.1033, 270.0; 0.1224, 264.2; 0.1392, 259.5; 0.1535, 255.6; 0.1652, 252.2.

Cyi=0.03076 mM, E.= —84.7 mV: 0.1978, 247.2; 0.2433, 237.3; 0.3167, 223.6; 0.3802,
213.8; 0.4355, 206.6.

Cus=0.03076 mM, E.= —84.8 mV: 0.2032, 244.0; 0.2224, 239.8; 0.2697, 230.1; 0.3490,
216.3; 0.4253, 205.9; 0.5563, 192.6; 0.7294, 180.5; 1.027, 166.8.

Cy=0.06200 mM, E.= —82.8 mV: 0.3439, 250.7; 0.3989, 243.7; 0.4476, 237.8; 0.4910,
232.6; 0.5591, 224.9; 0.6159, 218.9; 0.6640, 214.1; 0.8105, 201.3; 0.9456, 191.8.
Cys=0.06200 mM, E.= —83.8 mV: 0.3589, 247.6; 0.4515, 236.2; 0.5265, 227.4; 0.5886,
220.7; 0.7566, 204.8; 0.9101, 193.4; 1.051, 185.1; 1.279, 174.5.

Cyi=0.1538 mM, E.=—824 mV: 0.8407, 249.2; 1.011, 240.4; 1.162, 232.8; 1.394,
221.2; 1.584, 212.0; 1.743, 204.8; 1.877, 199.1; 1.993, 194.5; 2.050, 192.4.

Cyxi=0.4614 mM, E.= —84.0 mV: 3.887, 220.8; 4.464, 211.7; 4.975, 203.2; 5.772, 190.3;
6.788, 176.2; 7.709, 165.0.

Cyi=1.538 mM, E.= —84.6 mV: 16.19, 199.7; 23.42, 169.0.
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Fig. 1. The variation of 1/*K,%l° with Fig. 2. The variation of 1/*Kcalc with

1/[H*] for zirconium(IV). The straight 1/[H*] for hafnium(IV). The straight

line has been calculated from the values line has been calculated from the values
*K,=9.43x 10° and *y,=0.28 M. *K,=3.156x 10% and *y,=0.08 M.

The errors given for the constants are standard deviations. In Refs. 18 and
25, the fluoride complexes of hafnium were investigated by means of quite
different methods. The measurements were performed (particularly in the
solvent extraction experiments) with very low hafnium ion concentrations
(10-¢ M). The values of the stability constants agree very well with those
obtained in the present investigation. Hence it may be concluded that no
systematic errors emerge from formation of polynuclear species in the present
measurements.

By application of the correction factors f; and f, on the values of the
stability constants obtained, the following values of *K,® and *K,® are
calculated:

[H+]/M * [ cale x 10~ * [, cale 5 1074
4.000 3.11+0.03 1.06 + 0.06
1.000 2.9 +0.2 1.0 +0.2
0.500 2.8 +0.1 1.0 +0.1

The values of *K,c indicate that Hf*" is only slightly hydrolysed in the
solutions investigated. As for Zr**, the results indicate that only the first
hydroxo complex is formed, ¢f. Fig. 2. *y, =0.08 + 0.03 is graphically obtained
from Fig. 2 giving a value of the stability constant, *K,, equal to 3.2 x 10°,
The concordant values of *K 2 justify the applied medium corrections.

CALCULATIONS AND RESULTS OF THE SOLVENT EXTRACTION
MEASUREMENTS
The calculation of the hydrolysis constants is based upon the assumption
that MA, is the only metal containing species in the xylene phase. If, moreover,
the formation of mixed complexes in the aqueous phase between M, A, and
OH is neglected, the following expressions are valid for the total concentra-
tions of the metal ion in the two different phases:

Cuto = MAL ©
M N
O =11+ 3 3 H* T+ 5 AIAT) )
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In Ref. 18 it is shown that under the present conditions,
[HAJorg = k Cura’ (8)

where k is a constant (=1). Thus it follows that the distribution ratio, ¢,
can be expressed as:

= Kama, By (k K,/ Kana)* (Cua’)t
- M N
(P L4 3 BT+ 3 (6 K, O [ K

Previously it was found for Zr(IV)?2° and Hf(IV)!® that at a constant hy-
drogen ion concentration of 4.00 M:

q = const. (Cua’)* (10)

The same result is also found for Th(IV) in the present investigation; cf.
Fig. 3. (In these calculations, fua, the activity factor of HA in the xylene
phase, is used to correct for the activity variation of HA and MA, in the
xylene phase; ¢f. Ref. 18.) It may therefore be concluded that the last term
in the denominator of eqn. (9) is negligible, ¢.e. within the experimental errors
no formation of complexes between M and A in the aqueous phase could be
detected at a hydrogen ion concentration of 4.00 M. If this is true in the entire
hydrogen ion concentration range investigated (1.50 M<[H"]<4.00 M),
eqn. (9) could be transformed to

9)

<+ 1 1 = *ym +1-m
Q(H™]) =/ P "F +mz=1—K_ [H"] (11)

where K is constant as long as Cy,’ is the same in all the measurements.
From corresponding values of ¢ and [H* ] the hydrolysis constants are obtained
by plotting Q((H*]) as a function of [H" ]!, using graphical extrapolation
methods.

Table 4. Corresponding values of [H*] and ¢ obtained in the distribution measurements
made for thorium. Q[(H*]) corrected to a 4 M HCIO, reference medium using eqn. (12)
on p. 1380, is given in the fourth column.

[HH) q Q([HT]) x 10 Q([HT]) F([H*])x 10
M M- M-
1.540 4.962 3.583 2.69
1.794 2.779 3.474 2.69
2.107 1.522 3.334 2.68
2.310 1.066 3.295 2.72
2.490 0.8117 3.205 2.70
2.724 0.5870 3.094 2.67
2.958 0.4175 3.129 2.78
3.264 0.2996 2.941 2.70
3.570 0.2162 2.848 2.70
4.000 0.1439 2.698 2.67
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The thorium system. Table 4 shows the results obtained for the thorium
system. The measurements were performed at a constant concentration of
Cua’=1.485 M. The hydrogen ion concentration varied from 1.540 M to
4.000 M. Within this acidity range the hydrolysis of Th** could be completely
neglected.’,'” Thus, one should expect Q([H*]) to be independent of [H™].
As Table 4 shows, this is not true. Probably, the activity coefficients of the

| logq-3logfy, 14 | QUH*N x 102 M7t .

04 |-
0.2 |- .
L MM
L | 1 | L
0 02 0.1 0.2 0.3 0.4 0.5

Fig. 3.1og g—3log fya as a function of log  Fig. 4. Q([H']) as a function of [H*}?

Cxa” for  thorium. Cpp=4x10" M. for zirconium. Cg,'=18.2 mM; Cg=

Aqueous phase 4.00 M HCIO,. The straight 5 x 107 M. The line was calculated using

line drawn has a slope of 3.95. the constants K-'=5.24x 10" M~* and
*p K 1=1.27x10"2 M2,

species involved in the different equilibria are influenced by the medium
change taking place in going from pure 4 M HCIO, to a solution of 1.5 M
HClO4 and 2.5 M NaClO,. If all the activity coefficients in question are collected
in a common function, F([H*]), an exact thermodynamic derivation gives
Q([H*]) F([H")) to be a constant. Thus, by chosing 4 M HCIO, as reference
medium, F([H"]) can be calculated from Q(4)/Q([H']). From the results
given in Table 4, F([H"]) was found to increase linearly with [H*] according
to the following relationship:

F([H']) = 0.60 + 0.097 [H*] (12)

The zirconium and hafnium systems. The chemical properties of Zrt*
and Hf*" are in many respects similar to Th*". Therefore, it seems reason-
able to assume that the distribution of Zrtt and Hf*' is influenced by
the medium changes to the same extent as Th*'. Accordingly, the distri-
bution ratios obtained for Zr*" and Hf%" are corrected to a 4 M HClO, refer-
ence medium by the use of F([H"]) calculated from eqn. (12). The values of
Q([H™]) so obtained are given in Figs. 4 and 5 for Zr*™ and Hf*", respectively.
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Fig. 5. Q([H*]) as a function of [H*]! 0.4
for hafnium. Cy,'=39.6 mM; Cys=
3x 107% M. The line was calculated using
the constants K1=7.25x10"% M~ and

¥y K1=4.97x 1073 M3, 02 04 0.6
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To avoid errors due to incomplete separation of the two phases, such values
of Cua’ were chosen as to give distribution ratios within the range 0.1 < ¢ < 10.
For hafnium as well as for thorium the ¢ values could be determined with
random errors of about 3 9%,. This is of a magnitude which is usually found in
distribution experiments. However, the distribution ratios for zirconium
were obtained with unexpectedly large random errors. Different preparations
of zirconium stock solutions and of sodium perchlorate were used to find
out the reason for this. Unfortunately, the cause of this poor reproducibility
could not be traced. It may be due to some unknown impurity present in the
chemicals used or introduced during the measurements. Another possibility
is the formation of polynuclear hydroxo compounds in the preparation
of the zirconium stock solutions. Polynuclear species of this type are noto-
rious for their slow reactions. Hence, no definite conclusions may be drawn
from the results obtained in the zirconium measurements.

According to eqn. (11), Q([H*]) as a function of [H* ]! will give a straight
line if a metal ion forms only the first hydroxo complex. Within the experi-
mental random errors, @([H"]) for both zirconium and hafnium can be de-
scribed having such a linear relationship to [H*]1. The best lines fitting
the data are drawn in Figs. 4 and 5. These lines were calculated using the
principle of least squares. From these results, the following stability constants
were obtained for the formation of the first hydroxo complexes:

Zrtt ky =2 +1 (M)
Hf1T #y,=0.7+0.2 (M)

DISCUSSION

The values of the stability constants, computed from the results of the
present investigation, for the formation of the first hydroxo complex of Zr4*

Table 5. Calculated values of *y,/M obtained from the two different methods used.

Method Temp. Zrtt Hf*
°C
Solvent extraction 20.00 2+1 0.7 +0.2
FME-electrode 25.00 0.284+0.05 0.08 +0.03
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and Hf*" are given in Table 5. At both temperatures zirconium(IV) is more
strongly hydrolysed than hafnium(IV). This fact is in accordance with the
theoretical prediction made from the values of the ionic radius of the two
ions and also with the experimental results earlier found. The results of the
two methods can be compared since the difference in the temperatures is
fairly small. There is such a large difference between the values of the hy-
drolysis constant for both metal ions that a systematic error must be present
in one of the investigations.

The calculations of the hydrolysis constant from the solvent extraction
measurements are based upon the assumption that complexes between the
metal ion and the anion of thenoyltrifluoroacetone are absent in the aqueous
phase (a fact proved by the fourth power dependence of the distribution
ratio on the concentration of thenoyltrifluoroacetone). These measurements
were performed at only one acidity (4 M HClIO,). In the aqueous phase the
concentration of the anion of thenoyltrifluoroacetone increases when the
hydrogen ion concentration decreases. Thus, an appreciable complex forma-
tion might occur at lower acidities. To make sure that this is not the case,
measurements of the dependence of the distribution ratio on the concentra-
tion of thenoyltrifluoroacetone have to be performed also at the lowest hy-
drogen ion concentrations used. It is evident from eqn. (9) that only maximum
values of the hydrolysis constants are obtained from the solvent extraction
measurements.

The calculations of the various equilibrium constants from the fluoride
membrane measurements require fewer assumptions than from the solvent
extraction measurements. Furthermore, the emf results are obtained with
a high degree of accuracy. Hence, the values of the first hydrolysis constant
for Zr*t and Hf*" obtained from the present potentiometric measurements
are considered as the most reliable, as can be seen in Table 6 where values of

Table 6. *K, x 10~% of the zirconium(IV) and hafnium(IV) fluoride systems computed
from the potentiometric results of this work and from values of the hydrolysis constants
previously published.

Temp Medium, I/M [HYI/M
°C and inert salt 4.000 1.000 0.500
Zrtt
This work 25 4(Na,H)CIO, 9.4 9.4 9.4
Refs. 10/14 25 2(Li,H)CIO, 10 13 17
Ref. 11 25 1(Na,H)ClO, 15 44 134
Hft
This work 25 4(Na,H)Cl0, 3.2 3.1 3.2
___Ref. 13 25 1(Na,H)CIO, 4 10 29

*K, are calculated using previously determined hydrolysis constants. The
comparison is complicated by the fact that the different investigations were
not performed in the same medium. However, when the values given in Refs.
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11 and 13 are used, the variation of *K; with the hydrogen ion concentration
is so pronounced that these values of the hydrolysis constants must be too
high. Recently, Nazarenko and Mandzhgaladze,?® using a spectrophotometric
method, obtained results of the hydrolysis of zirconium(IV) in conformity
with those of Ref, 11. However, the results of Ref. 26 are no independent
confirmation of the results of Ref. 11. Their calculations assume that
Zr(OH),(HL),>~ (H,L=3,4-dihydroxyazobenzene-4'-sulphonic  acid) or
Zr(OH),(H,;K), (H,K =9-0-hydroxyphenyl-2,3,7-trihydroxy-6-fluorone) are the
light absorbing species in the solutions investigated. To prove this, Nazarenko
and Mandzhgaladze ?? have to rely on the hydrolysis constants determined
in Ref. 11. Consequently, concordant results should be obtained provided
that the reproducibility of the spectrophotometric measurements is good
enough.

An objection to the results of the present potentiometric measurements
might be that mixed complexes are neglected in the calculations. Since the
acid dissociation constant is very much larger for hydrofluoric acid than for
water, it is much easier to split off a proton from HF than from H,0. Thus,
despite the larger concentration of H,0 than of HF, the concentrations of
mixed complexes are probably much smaller than those of the pure fluoride
complexes.

Finally, it may be concluded from the results of the present potentiometric
measurements that within the acidity range 0.5<[H*]<4 M both zir-
conium(IV) and hafnium(IV) form only one hydroxo complex, presumably
MOH3*. At these hydrogen ion concentrations the predominant species are
Zr** and Hf*", respectively. The hydrolysis of these ions is not at all so ex-
tensive as previously believed. If corrections are made for the hydrolysis, the
value of the stability constant, *K,, for the formation of the first fluoride
complex is calculated to be 9.4 x 105 for zirconium(IV) and 3.2 x 10° for
hafnium(IV). Hydroxide and fluoride ions are considered to be bonded to
zirconium(IV) and hafnium(IV) mainly by electrostatic forces. Thus one should
expect the ratio between *K,(Zr) and *K (Hf) to be the same as that be-
tween *y,(Zr) and *p,(Hf). Almost the same ratios (=3) are obtained using
the values of the present investigation, while *y,(Zr)/*y,(Hf) from Refs.
11 and 13 is found to be 1.6, which supports the conclusions drawn in the
present work. These are further supported by the fact that the predicted
independence of *K, (after the plausible correction for the medium changes)
with the hydrogen ion concentration is confirmed both for Zr(IV) and Hf(IV).
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