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Solubility of U(VI) in Highly Basic Solutions
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Summary

The solubility of U(VI) was measured in highly basic solutions
(pOHc = —log[OH"] ranges from 3 down to 0) at the ionic
strength 7 = 0.5—2.0 M (M: mol dm™) over a wide range of
carbonate jon concentrations C = 1 107*—0.5 M by both over-
saturation and undersaturation methods. In oversaturation ex-
periments, the solubility of U(VI) decreased with increasing
equilibration time from 1 week to 1 year, suggesting an increase
in the crystallinity of the solid phase with aging. The solid phase
was identified as Na,U,0, - x H,O (x = 3-5) by X-ray diffrac-
tion. Undersaturation experiments conducted for 1 month with
this solid phase indicated a rapid attainment of equilibrium.
These data were well interpreted by considering the formation
of [UO,(OH),]~, [UO,(OH).,J*~ and [UO,(CO5).]*", and the ap-
parent equilibrium constants for [UO,(OH);]~ and [UO,(OH).}*~
were determined with fairly small deviations. Using the evalu-
ated solubility product of Na,U,O; - x H,O (x = 3—5), the stabil-
ity constants for the above species were evaluated. The upper
limit values of the stability constants of the carbonatohydroxo-
dioxouranium(VI) complexes were also evaluated.

1. Introduction

Reliable thermoynamic stability data on complex
formation of actinide ions are required to evaluate the
migration of actinide elements from a deep under-
ground repository. In a weakly acidic solution without
any complexing ligands, the solubility of U(VI) is con-
trolled by the equilibrium between its free hydrated
ion and the solid. When the solution becomes weakly
basic and is equilibrated with air, the solubility is
greatly increased by the formation of complexes with
hydroxide ion and carbonate ion. In spite that the con-
centration of carbonate specics decrease in much more
basic solutions of pH > 12, the highly hydrolyzed spe-
cies become dominant and thus the solubility of U(VI)
increases. For example, when cement containment is
applied to confine transuranium elements, it requires
the reliable thermodynamic constants of U(VI) hyrox-
ide species because the cement has high basicity. The
reliable stability data, however, are lacking for these
hydrolyzed species, because there have been almost no

* Present address: Oarai Branch, Institute for Materials Re-
search, Tohoku University, Oarai, Ibaraki, 311-1313 Japan.
email : tomoo @ob.imr.tohoku.ac.jp fax: (+81)-29-267-4947

experimental investigation in such highly basic solu-
tions.

The solubility equilibria between the complex spe-
cies and their solubility limiting solids are inevitably
affected by the crystalline form of the solids [1, 2],
stability data must be determined by experiments
where both the chemical components and the crystal-
linity of the solids are correctly identified. Aqueous
solutions of U(VI) with high pH conditions need rather
long time to attain its equilibrium, as is the case for
the Pu(IV) system [3], whereas the U(VI) system at
pH < 7 reaches the equilibrium within 30 minutes [4].
In order to check whether the system has reached equi-
librium or not, we examined an attainment of a “steady
state” of the solution concentration and compared
oversaturation experiments with undersaturation ex-
periments equilibrated with the well-characterized
solubility limiting solid.

The carbonate complex formation and hydrolysis
reactions occur simultaneously, because the car-
bonate ion concentration increases with increasing
pH. Ternary coordination compounds, presented as
[UO,(CO;),(OH),]¢ %2 [ollowed by IUPAC nomen-
clature [5], are expected in basic solution. For
U(VI), the existence of [(UO,),(CO,)(OH),]~ [6—8]
and [UO.(CO,)OH)]™ [9] have bheen suggested. In
the solubility study of Np(VI), on the other
hand, the formation of [NpO,(CO;)(OH),]>~ and
[NpO,(COs5),(OH),]*~ have been proposed to explain
the increase in the solubility with increasing carbonate
ion concentration and the decrease with increasing pH
of solutions from 12 to 13 [10—12]. These types of
complexes have not been proposcd in the analysis of
the solubility of U(VI) because no investigations were
reported for hydroxide-carbonate systems in such
highly basic solutions.

The objectives of this research are thus twofold:

1) precise and accurate determination of the stabil-
ity constants of hydrolyzed species of [UO,(OH),]~
and [UO,(OH),J*>", and

2) examination of existence of carbonatohydroxo-
uranium(VI) ions.

2. Experimental

A stock solution of uranyl perchlorate was prepared
from the uranyl nitrate hexahydrate purchased from
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Merck Co. Ltd. by a method previously described [13].
Sodium diuranate hydrate Na,U,0, - x H,;O was pre-
pared by the following method: The uranyl nitrate
hexahydrate was placed in a sealed polypropylene cen-
trifuge tube and was dissolved in deionized water. A
large excess of 10 M NaOH solution was added to the
uranyl nitrate solution in a glove box filled with an
inert Ar gas. The centrifuge tube was sealed and
shaken at ambient temperature for 10 days. After re-
moving the supernatant solution by decantation, the
solid phase was washed with a 0.01 M NaOH solufion
three times also under an Ar atmosphere. The solid
phase was isolated by filtering the solution through a
membrane filter and dried in a vacuum desiccator for
a week.

Sample solutions were prepared in sealed polypro-
pylene tubes. The stock solution of uranyl perchlorate
(for the oversaturation experiments) or the sodium
diuranate (for the undersaturation experiments) was
added so as to adjust the U(VI) concentration to be
10-2 M, ie. larger than the U(VI) solubility in the re-
gion of interests. To adjust hydroxide ion concen-
tration, total carbonate ion concentration and ionic
strength, NaOH, NaHCO; and NaClO, (Wako Pure
Chemical Industries, Ltd.) ot analytical grade, respec-
tively, were used without further purification. The
sample solutions were shaken at 25+1°C for a certain
period to attain equilibrium. The concentration of
dissolved U(VI) was defined as the concentration of
U(VI) contained in the solution filtrated through the
membrane filter (Millipore Co. Ltd., NMWL 10°) be-
cause the concentration of U(VI) in the filtrated solu-
tions were independent of the pore sizes of the
filters. The concentrations of U(VI), [U], and total
carbonate ions, C, were measured using an Inductively
Coupled Plasma Mass Spectrometer (ICP-MS)
HP4500 (Hewlett Packard Co. Ltd.) and Total Organic
Carbon Analyzer TOC-5000A (Shimadzu Corp.), re-
spectively. All treatments were conducted under an Ar
gas atmosphere to exclude contamination by CO, con-
tained in air.

The hydroxide ion concentrations, [OH™] =
107°%_ of the test solutions with three different ionic
strengths (I = 0.5, 1.0, 2.0 M) were determined using

a cell with a glass clectrode and a reference electrode:
test solution (ionic strength = I)
| IM NaClO., 3.3 M NaCl | AgCl, Ag . )

The electrode with /M NaClO, electrolyte was cali-
brated against a solution with / M NaClO,, and was
used in the test solution with the same electrolyte con-
centration. The emf of the cell has linear relationship
with the logarithm of the hydrogen ion concentration
as:

RT
E=E°+—;—1naOH— ‘|"Ej
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Fig. 1. Comparison of U(VI) concentrations obtained in our
study at I = 1.0 M (a) U(V]) concentration of the oversaturation
samples aged for 1 week (O), 6 months ((J) and 1 year (). (b)
U(VI) concentration of the oversaturation samples aged for 1
year () and the undersaturation samples aged for 1 month (V).

where E° and E°* are constants, dog- 18 the activity of
the hydroxyl ion, and E, is the liquid junction potential.
The electrode with I M NaClO, was calibrated by de-
termining the E®* + E; by the Gran plot [14] in the
same concentration of electrolyte.

The identification of solid phases was performed
by X-ray Powder Diffraction (XPD) method.

3. Results and discussion
3.1 Aging and solid phase

Aqueous U(VI) concentrations in I = 0.5, 1.0 and
2.0 M solutions of the oversaturation experiments de-
creased with increasing standing time from 1 week to
1 year as indicated in Fig. 1(a) for / = 1.0 M. After
1 yearfor/ =1.0M and after 6 month for I = 0.5 M,
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Fig. 2. X-ray powder diffraction diagram obtained with Cu Ka

for the solid compound precipitated in the oversaturation sample
aged for a week at pOHc 1—2, compared with the data of so-
dium diuranate hydrate from ASTM No. 18-1436.

they were found to be unchanged. This suggests that
equilibrium is attained within a period from 6 months
to 1 year.

In order to determine if the sample had certainly
reached to its equilibrium or not, undersaturation ex-
periments were also necessary. Some researchers avoid
the precipitation of sodium uranate by using tetraalkyl-
ammonium hydroxide and tetraalkylammonium salts
to adjust alkalinity and ionic strength, respectively
[15]. We took an another approach and carried out the
oversaturation experiment as follows. After the solu-
tions of which pOHc ranged from 0.5 to 2 were aged
for 1 week, the solid phase was collected from the
sample solutions and dried in air. Based on the result
of XPD (Fig. 2), the solid phase precipitated in the
oversaturation experiments was identified as sodium
diuranate hydrate Na,U,0; - x H,O (x = 3—5) based
on the reference data ASTM No. 18-1436. Thus, we
included this well-identified compound as a solubility
limiting solid phase in the undersaturation cxpcri-
ments.

The results of the oversaturation experiments aged
for 1 year and the undersaturation experiments aged
for 1 month (C = 0.1 M for all) are shown in Fig. 1(b).
According to the figure, the aqueous U(VI) concen-
trations equilibrated with the Na,U,O, - x HO solid
phase are almost the same as the U(VI) concentration
in the oversaturation sample aged for 1 year.

Based on these results, the following conclusion is
drawn: (a) The solubility limiting solid phase for the
undersaturation experiments was correctly selected.
(b) In spite of the fact that the attainment of equilibri-
um is fairly slow in strong basic solutions, aging for
6 months to 1 year is enough for the oversaturation ex-
periments, and the aging of 1 month is enough for the
undersaturation experiments.

3.2 Calculation of the equilibrium
constants

Table 1 is the list of the values of [U], C and pOHc of
all the samples in undersaturation experiments. There
are (hree series of experiments: the dependency on

pOHc at C in the 107 M order (run: AO5U, A10U,

A20U) and at C in the 107'M order (run: BO5U,
B10U, B20U), and the dependency on C (run: CO5U,
C10U, C200).

The formation of [UO,(CO;),(OH),]? > was
characterized by an apparent equilibrium constant K~
for the reaction (3) assuming the solubility limiting
solid phase to be Na,U,0; - x H,O.

0.5 Na,U,0; - x H,0 + (¢—3) OH™ + p CO5~
= [UO,(CO,),(OH),]*"*® + Na*
+(05x—1.5)H0 (x=3-5).
3)

The apparent equilibrium constant K is thus defined
as

K= [[UO,(CO,),(OH),]°~**][Na"] . @
[OH™ ]« 2[CO5 )

In the basic solutions examined in the present
work, anionic hydrolyzed species and carbonate com-
plexces arc cxpected to be major species. It is known
that the average number of coordinated hydroxo ligand
per uranyl hydrolyzed molecule, 7, increases with in-
creasing [OH™] to reach 7 = 3—4 at pH 13 [16]. No
hydrolyzed species with 77 > 4 has been reported so
far. A polymeric hydrolyzed species [(UO,);(OH),]”
(7 = 2.33) has been widely investigated as one of the
major species in the region around pH 8§—9 but almost
no contribution is expected at pOHc <3 from the
stability constant [17]. No other polymeric hydrolyzed
species with 7 > 2.33 has been reported [1, 2, 9, 18].
Based on the present knowledge, it can be expected
that the species of which contributions are important
at pOHc 0—3 are [UO,(OH),]*” and [UO,(OH),]".
Thus the U(VI) concentrations obtained in the range
of pOHc 2.5—0.0 were analyzed by assuming pre-
dominant contribution of the species [UO,(OH)J*",
[UO,(OH);]~ and [UO,(CO;);]*, described as

[U] = [[Uoz(CO3)3]4_] + [[UOZ(OHL]“]
+ [[UO(OH), 7] . (%)

The undersaturation data listed in Table 1 were used
to compute the apparent equilibrium constants K. The
numerical computations of K’ were performed by the
non-linear least-squares fitting to minimize the sum of
the squared deviations Y, (102[Ulese. — 108[ULcuca)?
dealing with both dependency on pOHc (run: AQ5U,
BO5U, A10U, B10U, A20U, B20U) and C (run:
C05U, C10U, C20U) simultaneously for a given ionic
strength. The determined values of log K are listed in
Table 2. The errors immanent in the measured param-
eters are evaluated as (Ojoguy)” = 9.2X 1074, (Groge)” =
1.6 X107 and (0,5.)* = 4.4 X 107 in the region of the
measurements.

Fig. 3 shows the experimental U(VI) concen-
trations and the solubility curves calculated based on
the log K’ values listed in Tablc 2. The thrce specics
included in the calculation show the pOHc dependen-
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Table 1. Experimental data for the system U(VI)/CO3"/OH™ at 25°C

condition: 7=0.5M

run: A05U BOsU COSU

period: 3 month 4 month 4 month
pOHc C (1811 pOHc C [U] pOHc o [uj
2.75 2.67E-03 3.43E-07 1.85 1.43E-01 8.27E-04 0.78 1.20E-01  6.21E-06
2.56 2.54E-03 5.50E-07 1.72 1.27E-01 3.48E-04 0.78 1.92E-01  5.76E-06
2.37 2.90E-03 4.57E 07 1.61 1.46E-01 1.88E-04 078 1.14R-01 4.66E-06
243 2.72E-03 2.62E-07 1.47 1.21E-01 4.01E-05 0.78 8.53E-02  4.77E-06
2.13 2.79E-03 2.72E-07 1.36 1.30E-01 1.75E-05 0.78 8.06E-02  3.20E-06
1.93 2.58E-03 3.49E-07 1.20 1.41E-01 7.29E-06 0.78 547E-02  3.13E-06
1.80 2.99E-03 4.61E-07 1.11 1.44E-01 5.72E-06 0.78 548E-02  3.47E-06
1.68 2.71E-03 4.82E-07 0.99 1.23E-01 4.46E-06 0.79 3.10E-02  2.54E-06
1.50 2.61E-03 6.66E-07 0.87 1.24E-01 3.79E-06 0.79 1.68E-02  2.61E-06
1.44 2.97E-03 7.90E-07 0.75 1.15E-01 4.29E-06 0.79 1.77E-02  2.42E-06
1.30 2.75E-03 8.78E-07 0.63 1.14E-01 6.35E-06 0.79 7.00E-03  3.47E-06
1.17 3.17E-03 1.18E-06 0.52 1.27E-01 7.71E-06 0.78 6.70E-03  2.59E-06
0.98 2.59E-03 2.45E-06 0.42 1.36B-01 9.46E-06 0.78 4.60E-03  2.26E-06
0.84 3.07E-03 2.43E-06 0.30 1.02E-01 1.27E-05 0.78 3.60E-03  2.29E-06

0.77 2.82E-03 3.08E-06
0.61 2.78E-03 4.54E-06
0.46 3.20E-03 6.93E-06
0.30 3.00E-03 9.19E-06
0.25 2.88E-03 1.28E-05

average 2.83E-03 1.28L-01 0.78

condition: [=1.0M

run: A10U B10U C10U

period: 3 month 6 manth 6 month

pOHc C [U] pOHc C [u] pOHc C [U]

2.50 2.19E-03 1.41E-07 2.02 1.21E-01 1.09E-03 0.97 1.62E-01  5.33E-06
2.73 1.77E-03 2.19E-07 1.93 1.43E-01 6.63E-04 0.94 1.41E-01  2.99E-06
2.40 2.20E-03 1.60E-07 1.83 1.37E-01 3.65E-04 0.95 740E-02  1.95E-06
2.37 1.87E-03 1.18E-07 1.68 1.16E-01 1.15E-04 0.96 6.62E-02  1.78E-06
2.23 2.00E-03 1.50E-07 1.55 1.28E-01 5.03E-05 0.97 420E-02  1.58E-06
2.14 1.99E-03 2.52E-07 1.40 1.12E-01 1.77E-05 0.95 2.96E-02  2.06E-06
1.90 2.18E-03 2.04E-07 1.28 1.23E-01 8.521-06 0.95 2.10E-02 1.15E 06
1.77 2.52E-03 3.19E-07 1.14 1.35E-01 5.42E-06 0.95 1.66E-02  1.29E-06
1.59 2.55E-03 3.23E-07 1.02 1.31E-01 3.20E-06 0.95 1.24E-02  1.28E-06
1.52 2.44E-03 4.21E-07 0.88 1.45E-01 3.34E-06 0.95 9.63E-03 1.22E-06
1.41 2.69E-03 5.20E-07 0.78 1.24B-01 3.54E-06 0.95 7.92E-03 1.83E-06
1.29 2.22E-03 6.04E-07 0.62 1.28E-01 4.49E-06 0.94 7.39E-03 1.33E-06
1.15 2.21E-03 9.09E-07 0.49 1.28E-01 5.79E-06 0.94 6.17E-03 1.26E-06
1.02 3.18E-03 1.13E-06 0.39 1.32E-01 7.18E-06
0.95 2.52E-03 1.32E-06 0.29 1.57E-01 9.97E-06

0.83 2.80E-03 1.77E-06
0.68 4.04E-03 2.65E-06
0.55 2.719E-03 3.69E-06
0.44 2./13E-03 4.67E-06

average 2.46E-03 1.30E-01 0.95

condition: [=2.0M

run: A20U B20U C20U

period: 1 month 1 month 1 month
pOHc C [U] pOHc C U] pOHc C ul
2.49 3.56E-03 5.89E-07 2.07 1.12E-01 4.01E-04 0.98 1.76E-01  3.77E-06
2.48 3.53E-03 3.16E-07 1.63 1.13E 01 2.13E-05 0.98 1.64E-01 3.14E-06
2.19 3.73E-03 5.84E-07 1.53 1.09E-01 8.28E-06 1.00 1.40E-01  3.54E-06
1.94 4.08E-03 1.06E-06 1.38 1.09E-01 5.79E-06 0.98 9.03E-02  2.45E-06
1.76 3.88E-03 8.75E-07 1.28 1.08E-01 3.88E-06 1.00 7.10E-02  2.02E-06
1.55 3.94E-03 1.22E-06 1.16 1.33E-01 2.75E-06 0.98 226E-02  1.68E-06
1.32 4.02E-03 1.77E-06 1.04 1.31E-01 2.46E-06 0.97 241E-02  1.90E-06
1.13 4.02E-03 1.56E-06 0.91 1.07E-01 2.91E-06 1.00 2.01E-02  1.96E-06
0.89 3.96E-03 1.97E-06 0.80 9.80E-02 5.29E-06 0.98 1.59E-02  2.19E-06
0.66 3.99E-03 3.57E-06 0.69 1.10E-01 3.71E-06 0.99 1.37E-02  1.74E-06
0.49 3.88E-03 4.93E-06 0.55 1.26E-01 4.42E-06 0.99 1.15E-02  2.32E-06
0.35 4.01E-03 7.55E-06 0.45 1.27E-01 6.13E-06 0.99 7.00E-03  1.99E-06
0.14 4.05E-03 1.23E-05 0.35 1.23E-01 8.14E-06 0.99 7.10E-03  1.57E-06

0.96 6.30E-03  1.39E-06
average 3.89E-03 1.16E-01 0.99
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Table 2. Summary for the logarithm of apparent equilibrium constants (log K*) and the equilibrium constants extrapolated to I,=
0 m (log k™) and ion interaction coefficients with sodium ion (e(species, Na™)) for the U(VI) carbonate, hydroxyl complexes at
25=1°C based on the Equilibrium (3). The errors indicate the 95% confidence level®

Species log K’ log K™ 4e* &(species,Na™)®
I=05M I=10M I=20M

[UO,(OH)]~ —7.28x0.37 —7.45%0.38 —6.04+0.11 —8.31£0.41 —0.82+0.20 —0.83+£0.20

[UO,(OH),J® —5.05x0.06 —4.87x0.04 —4.50%£0.14 —5.8510.08 —0.1610.08 —0.13:.0.08

[UO(COs)s1* —6.66+0.10 —6.37+0.07 —6.48%+0.06 —7.85+0.10 0.21+0.06 —0.07+0.11

* Aeg is defined as in Eq. (9).

* The values are calculated by using ¢(OII7,Na*) = 0.042=0.01, 6(CO3~,Na*) =

2L N _

log[U]

pOHe

Fig. 3. Experimental and calculated solubilities of U(VI) as a

function of pOHc at I = 0.5, 1.0, 2.0 M. Circles are experimental

values and lines are calculated values with the present model
parameters.

9 log[U]

d pOHc
0 for [UO,(OH);]™ and —1 for [UO,(OH).J*". Thus
the requirements of the solubility experiment for the
precise determination of the thermodynamic data for
[UO,(OH),J*~ and [UO,(OH),]™ are withdrawn as (i)
the measurements under the condition of very low
concentration of carbonate ion and (ii) the measure-

cies in Fig. 3 as = + 3 for [UO,(CO,)]*",

0.05%0.03, e(Na*,C105) = 0.01=0.01 [17].

ments at high concentration of hydroxide ion less than
pOHc < 2. Our present experiments fulfill both re-
quirements.

3.3 Comparison of the results
with the literature data

The ionic strength corrections were made before the
comparison of the present results with the literature
data. The apparent equilibrium constants extrapolated
to the condition where the ion strength is zero (K7°)
are determined by using the specific ion interaction
they (S.LT.) [17, 19—22]. It has an equation rep-
resenting ionic strength dependence valid for up to
I = 3.5 M [23]. For the apparent equilibrium constant
(4), the S.I.T. presentation is described as;

log K’ — A2D = log K® — A=l , (6)
0.5091 I1%°
1415705

42=Q2-2p—q@+1+QCB—¢g —4p, ()

Ag = 8([IJO7_(C()3)P(OI—I)q](2"211—!1)7 Na™*)
+ (3—¢)e(OH"Na*) + ¢(Na*,CIO;)
— p&(CO3™ Na*), )

where 7,, m (m: mol kg™") is the molality of the so-
dium perchlorate dissolved in the medium. The calcu-
lated equilibrium constants of U(VI) carbonate and hy-
droxide complexes at [, =0m (ie., I = OM) and
25%1°C are estimated in Fig. 4, and summarized in
Table 2. The values of the ion interaction coefficients
for negatively charged species &(species, Na™) are also
obtained and tabulated in Table 2.

It is convenient to compare our results with the
literature data in terms of the stability constants f° at
the ionic strength of zero which is given by:

Uos* + pCOj~ + g OH™
= [UO5(CO,),(OH) J*7*, (10)

AUOKEO),(OH), )220

ﬁ()_

= . 11)
(avor+) (cor-Y(aon-)? (
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Fig. 4. Calculations of the equilibrium constants extrapolated to
I, = Om according to S.L'T. The open circles are the experi-
mental data, the lincs arc the results of the lcast-squared fitting
procedure based on Eq. (6) and the dotted lines are extrapola-
tions. D is the Debye-Hiickel term as expressed as in Eq. (7).

Thus the stability constants ° can be evaluated by
combining the solubility product of the solid com-
pound Na,U,0, - x H,0 with the apparent equilibrium
constant X ® for reaction (3),

log B° = log K™ — log K% .nys 12)

where K3y 18 the solubility product of the solubility
limiting solid phase, Na,U,O; - x H,O. However, the
solubility product of reaction (13), K%a.,. 18 not avail-
able at present.

0.5 Na,U,0, - x H,0 = UO3" + Na* + 3 OH"
+ (0.5 x—1.5) H,0 (x =3-5). (13)

In the present study, the solubility product K¢,uyq is
then evaluated by taking the literature value of log f°
for [UOL(CO,);]*". Among the literature values for
[UOLCO,);]*", the value of Grenthe ef al. has been
determined carefully and given to be 21.600.05 with
a fair accuracy. By using this value, the value of

log K2,mya 1S obtained to be —29.45=1.04.
p(hy

The obtained value for Na,U,O; - x H,O may be
compared with that of the solubility product for the
solid phase of Na,U,O,(cr) as in reaction (14).

0.5 Na,U,0;(cr) + 1.5 H,0 =
UOs* + Nat +30H. (14)

Using the thermodynamic data cited in Ref. [17]. the
molar Gibbs free energy of formation AG} of
Na,U,O,(cr) is calculated to be —175.273*2.672
kJ mol~* and the solubility product is calculated to be
log K&y = —28.09 = 0.47. A definite difference be-
tween both values may be found and attributed to
different solid phases.

The values of log ° for the other species of
[UO,(OH),]*~ and [UO,(OH),]~ are determined based
on the presently obtained value of log Ko,mya (Ta-
ble 3). The value for [UO,(OH),]*~ was first deter-
mined experimentally in the present study. The species
[UO,(OH),]*~ appears only in highly basic solutions
and it is necessary to check attainment of the equilibri-
um. A value of log K e = —3.85:20.08 was deter-
mined after the aging for more than 6 months. The
mean value is higher than the value evaluated in Ref.
[17] and the standard deviation hecomes very small.
This species has been considered once in potentiomet-
ric study [16], but is is not clearly stated whether the
equilibrium was attained with certainty. In the present
study, the good linearity of the specific ion interaction
correlation as can be seen in Fig. 4 yields fairly small
standard deviations for the two values of log K a0
and ¢. Thus the equilibrium constant determined in the
present work seems much more reliable than the equi-
librium constants reported in their work. The value of
&([TUO.(OH).J>".Na*) is determined as —0.16%0.06 in
this work for the first time.

For [UO,(OH);]", log K,q is determined as
—8.31+0.41, which is substantially lower than the
value presumed by Sandino er al. [1]. They have
examined the species [UO,(OH),]~ in the region of pH
6—9 and a value of log K ), = —6.65%0.78 is evalu-
ated from their log f° value. Such large solubilities ex-
pected from the large log K 7,4 value were not ob-
served in this study. The difference between our value
and the data reviewed by Grenthe is as large as 1.66.
This species requires further investigations to settle
this large discrepancies. The ion interaction parameter
&([JUO,(OH),]™,Na*) is calculated as —0.82+0.20.

The stability constants log f° are also calculated
by using the Eq. (12) and the log K %,,4, value obtained
in this study as listed in Table 3.

There have been several reports on the carbon-
atohydroxo complexes for neptunium(VI) since the re-
port first appeared in 1971 [10] (Table 4). However,
there have been remained a question why such species
having moderately large stability constants have not
been observed for uranium(VI). The upper limit values
of the stability constants for [UO,(CO,)(OH).]*~ and
[UO,(CO,),(OI1),]*~ arc calculatcd by a rough maxi-
mum estimation which made the concentration of one
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Table 3. Comparison of the apparent equilibrium constants log K™ and the stability constants 5° extrapolated to 7,, = O m for the
U(VI) carbonate, hydroxyl, and carbonatohydroxo complexes at 25%1°C*

Species log K Qe log K., log f° Ref.
tUOQ(OH)J]* —8.31+0.41 21.14+0.79 this work
~6.65+0.78¢ —5.29+0.62¢ 22.8+04 [17]
UO(OH).)*~ -5.85+0.08 23.60+0.68° this work
(D00 —G+Dd —5+2¢ 23+2 [17]
[UOL(CO5);1* —7.85+0.10 21.60+0.68° this work
—7.85x0.67¢ —6.49+0.47° 21.60+0.05 [17]

a The errors indicated the 95% confidence level.
® Calculated from the K™ and K%, values.

¢ Calculated from the log f° and K3,.., values.

¢ Calculated from the log 8° and K%, values.

Table 4. Comparison of the estimated upper limit value for carbonatohydroxo complexes for U(VI) with the reported value for Np(VI)

Species log f* I(M) Method*® Ref.
[NpO,(CO5)(OH),]*~ 23.32 n.s.’ sol. [10]
20.21%£0.15 0.1 sol., spec. [11]
20.11+0.23 0.1 sol., spec. [12]
[NpO,(CO5),(OH),]*~ 26.28 0.1 sol. [24]
<21.61 0.1 sol., spec. [11]
[UO,(CO3)(OH),]*~ <22.6¢ 0.5 sol. this work
[UO,(CO5),(OH),1*~ <23.5¢ 0.5 sol. this work

* The value of log f at a certain ionic strength. The errors indicated the 95% confidence level.

® n.s.: not specified.
¢ sol.: solubility experiment, spec.: spectroscopic measurement.
4 Same as b) in Table 3.

of these specics alonc rcach to thc minimum of the
solubility curve. The estimated values for carbon-
atohydroxouranium(VI) species are included in Ta-
ble 4.

4. Conclusions

The apparent equilibrium constants of [UO,(OH),],
[UO,(OH),J*~ and [UO,(CO,);]*~ with solid phase
Na,U,0, at I = 0 M were determined from the solu-
bility data obtained -in undersaturation experiments.
The equilibrium constant for [UO,(OH),]>~ was first
determined experimentally in the present work. The
equilibrium constant for [UO,(OH),] was first deter-
mined in highly basic solutions, which revealed
[UO,(OH);]~ concentration 1—2 orders lower than ex-
pected from the literature data. The attainment of the
equilibrium was certified by both observing the end of
the decrease in the solubility with time and comparing
the solubilities in the oversaturation samples with the
solubilities in the undersaturation samples. The period
of the equilibrium attainment was very long more than
6 months for the oversaturation samples. The solu-
bility product of the solid phase Na,U,O; - x H,O was
evaluated. Using the value, the stability constants for
the above species were determined. The upper limit
values of the stability constants of the carbonatohy-
droxcodioxouranium(VI) complexes were also evalu-
ated.
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