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Abstract

Systematic trends observed in the polymeric hydrolysis constants of U(VI), Np(VI) and Pu(VI) were analyzed by a simple hard sphere
model, in which not the formal but the effective charges of actinide ions were considered. The parameter values such as the effective charg
of AnO,?* were determined by fitting the reported hydrolysis constant data to the model. Using obtained parameter values, some prediction:
were made for unknown values of hydrolysis constants.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction atic trends of the hydrolysis constants have been discussed

by considering the additional interactions of 5f orbitals
The solution chemistry of actinide ions in aguatic systems [8].

relevant for radioactive waste disposal includes hydrolysis  The present study is an extension of our previous one

reactions together with complexation with various inorganic and deals with the polymeric hydrolysis constants of actinide

ligands. It is thus quite important to establish the thermody- ions. The systematic trends observed in the hydrolysis con-

namic database for such solution reactions. However, some ofstants of actinide ions are analyzed by the hard sphere model,

the thermodynamic data of actinide elements are still lack- in which not the formal but the effective charges of actinide

ing, and the chemical behavior of these elements is oftenions are considered. The obtained results will be important to

predicted by applying chemical analogy, that is by taking the establish the basis and conditions for applying the chemical

thermodynamic data of similar kinds of the elements. It is analogy.

needed to establish the basis and conditions for applying the

chemical analogy.

. The stat?ility of hydrolysis a}nd complex species has peerl 2. Analytical procedure

discussed in many literatures in terms of the charge and ionic

radius of the gentral metal igh—6]. In our approa<_:h, wehave 5 selected hydrolysis constants

proposed a simple hard sphere model to describe the system-

atic trends in the hydrolysis behavior of actinide i¢ns]. Our procedure is first to select the reference values for

Reasonable agreement for higher coordination number has,ygrolysis constants from the literatures, and then to apply
been obtained by taking into account the repulsive forces of ihe hard sphere model to the analysis of the selected values
hard spheres. Also, the effective charges of actinide ions have, order to discuss the systematic trends.

been introduced into the model by considering possible con-  gacause of the increasing needs for the reliable values,

tributions of non-electrostatic interactions of actinide ionsin 5 critical and comprehensive review of available literatures
addition to those of ordinary electrostatic ones, and system-y, 4o recently been performed for some of actinide elements

in the NEA Thermochemical Data Base proj§ztl0]. The
* Corresponding author. recommended values for polymeric hydrolysis constants of
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Table 1

Selected hydrolysis constants of An(VI) ions

Valence  Species logf, ,

Evaluated by Calculated by the
NEA-TDB [9,10] present model

Ui UO,0H* 8.75+ 0.24 919
UO,(OH),° 15.85+ 0.07 1656
UO2(OH)3~ 21.75+ 0.42 2062
UO,(OH)4%~ 23.60+ 0.68 2286
(UO,),OH3* 11.30+ 1.00 1070
(UO2)2(OH),2* 22.384+ 0.04 2251
(UOy)2(OH)3* 3138
(UO2)2(0OH)4° 39.09
(UOy)2(OH)s™ 44.10
(UO2)2(OH)s2~ 47.97
(UO2)3(OH)42*  44.10+ 0.30 4475
(UO)3(OH)s* 54.45+ 0.12 5354
(UO,)3(0OH)e? 6152
(UO2)3(OH)7~ 65.80+ 0.80 6688
(UO,)3(0OH)g~ 7144
(UO2)4(OH)2* 66.96
(UOy)4(OH)7* 76.10+ 1.00 7572
(UO2)4(OH)g°? 83.86
(UO2)4(OH)g™ 89.41
(UO2)4(OH)10%~ 94.34
(UO2)5(0OH)g2* 89.17
(UO,)s(0OH)e™* 97.91
(UO2)5(0OH)10° 10615
(UO2)5(OH)11~ 11182
(UO2)5(0OH)12%~ 11698

Np(VI)  NpO,OH* 8.90+ 0.40 Q09
(NpOL)2(OH),2*  21.73+ 0.21 2213
(NpO,)3(OH);~ 52.88+ 0.22 5268

Pu(VvI) PuQOH* 8.50+ 0.50 863
PuQ(OH),° 14.80+ 1.50 1543
(PuQy)2(OH),%* 20.50+ 1.00 2015
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of the values are still under discussion. In his extensive study
on U(VI) solution chemistry11], for example, G. Meinrath
has reported rather lower values of |6g, =21.845+ 0.088

and logB; 5 =52.84+ 0.18 compared with the selected val-
ues of logB; , =22.38+ 0.04 and log; 5 = 54.45+ 0.12 for
(UO2)2(OH)2* and (UQ)3(OH)s*, respectively. There are
obvious systematic deviations between the values of Mein-
rath and those selected by the review. Although further con-
firmation may be needed, it has already been pointed out
that the observed discrepancy could be attributed to either a
systematic error in the determination of {g§H*] or a real
chemical effect caused by the difference in ionic strength and
electrolyte concentration.

2.2. Hard sphere model

Similarly to the previous study4], the improved hard
sphere model is used in which the effective charges of cen-
tral actinide ions are introduced. An octahedral structure is
assumed for all the hydrolysis species, and the central actinide
ion and its ligands of water molecules and hydroxide ions are
alltreated as single hard spheres including the oxo-complexes
of AnO»2*. Thus, four corners of the octahedral structure in
the equatorial plane are occupied by water molecules, which
are replaced by hydroxide ions to form the hydrolysis species
of AnO»2*. For the formation of polymeric hydrolysis species
of AnO,2*, a polymerization process is assumed by consider-
ing the formation of the polymers bridged by hydroxide ions
as shown irFig. 1L Thomas was one of the first to interpret
the polymerization phenomena in such a way as a result of
his work on the hydrolysis reactions of metallic iofi2].
According to him, some irreversible elimination of water
molecules, which is accompanied by the formation of oxy-

then those are taken as the reference values in the presergen bridges, may occur under appropriate conditions of high

study. The values are summarizedTable 1together with

temperature, prolonged aging and/or high pH. For simplicity,

the monomeric hydrolysis constants of U(VI), Np(VI) and however, the formation of oxygen bridges is not taken into
Pu(VI) for comparison. It may be noted, however, that some account in the present study.

Species® Hydrolysis species®

(Lg) OO

or ©‘

(a0 (1,1,3) (12.2) (1,3,1) (1,4,0)

()

2a) N

or

(2,q,r) .@.@. .@.@.
O@®O O o -
(2,24) (2,3,3) (2,4.2)

P9

or

(p.q.1)

*(p.q.r) denotes (AnO,) (OH) (H,0) ™.
"© : An0,” @ : OH, O : H,0.

Fig. 1. Formation of polymeric hydrolysis species.
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By considering the Coulomb interactions between the hard
spheres, the electrostatic potential endigly of each species
is given by

N
Ep’q = Z(Zizj/gdij)

i#]
whereN denotes the total number of hard spheres inphg (
speciesZ; andZ; the electric charges of hard sphefesd
Jj» respectivelyg the dielectric constant, ant); the distance
between hard spherésind;. As a substitute for the dipole
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Table 2

Parameter values used and obtained in the analysis of hydrolysis constants

An(VI) u(VvI) Np(VI) Pu(VI)

Zan 2.2240.08 2.214+0.08 2.134+0.06

ZoH -1 -1 -1

Zh,0 —050+0.02  -0.50+0.07 —0.50+0.07

ran (NmM) 0104[5] 0.104[5] 0.102[5]

ron (nm) 0138[13,14] 0.138[13,14] 0.138[13,14]

rH,0 (Nm) 0138[13,14] 0.138[13,14] 0.138[13,14]
70+£1.7 70+1.7 70+1.7

E' (kd/mol) —16+1.6 —16+1.6 —16+1.6

a Standard errors.

moment, water molecules are assumed to have an effective b Taken from the values determined for U(VI).

charge. It is important to note that the effective charges of
AnO»2" include possible contributions of non-electrostatic
interactions of actinide ions and are only for the first

literature values for the effective radii in the equatorial plane
[5] and, for the lack of data, the ionic radius of 1.3801°

neighbors. For the other neighbors, the net charges of +2 are™ [13,14] for O*~ was taken for 1HO. The electric charge

to be used.

By taking into account the coordinated water molecules
as shown irFig. 1, the polymerization process for theq)
species other than the (2,1) species is generally written as

pANO2(H20),%" + gOH~
= (AnOy) ,(OH),(H20)2, 12?74 + (2p + g — 2)H20

2
while that of the (2,1) species is written as
2AN0z(H20)," + OH™

= (AnO2)5(OH) (H20)*" + 2H20 (3)

The potential energy chang®E in reactions (2) and (3) is
then given by

AE,q =Epq—pE1ro+[2p+q—2)—qlE

= Ep,q —pEi1o+ (2]9 - Z)E/ (4)

®)

whereE’ denotes the contribution of a free water molecule or

AEx1=FEx1—2E10+ E'

a hydroxide ion to the potential energy change. In the present

study, no difference is considered between the fre® End
OH™ in the potential energy change in reactions (2) and (3),
and the last terms in the right hand side in E¢3and (5)are
mainly due to the entropy changes. Accordingly, the standard
state hydrolysis constafif, | of each species is expressed by

(6)

whereR andT denote the gas constant and absolute temper-
ature, respectively.

Bp.q = EXPEAE) 4/RT)

3. Results

A least-squares fitting analysis of the selected reference
14 values inTable 1was carried out by using the above

equations. The ionic radii of Ang8* were taken from the

of OH™ was assumed to bel. Together with the effective
charge of AnQ?*, the effective charge and the dielectric con-
stant for HO and theE’ value were treated as free parameters
in the fitting analysis. The obtained results for the effective
charges of the actinide ions are summarizedéhle 2 and
the g, , values obtained in the analysis are compared with
the selected reference valuesTable 1

As shown inFig. 2, the systematic behavior of thfg,
values is well described by the present model similarly to the
case of monomeric speci¢s,8]. The g;, , values increase
with increasing coordination number, but the rate of increase
is not simply proportional to the coordination number due to
the increasing repulsive interactions between the negatively
charged ligand ions.
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Fig. 2. loggs, , values of An(VI) as a function of thg number: (a)

(UO2), (OH), &1 (B) (NPOy), (OH), &, (¢) (PUQ), (OH), %9,
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4. Discussion 0 T T T T T T
U(VI) in 0.5M NaClO,

Total
(1.n)
— — (2n)

4.1. Obtained parameter values 2F

As shown inTable 2 the effective charges of An®" are -4
obtained to be 2.22, 2.21 and 2.15 for §¥ NpO,2* and
PuG:?*, respectively. Itis noticed that the obtained values are
much smaller than such values as reported to be 3.2, 3.0 and
2.9 for UO,2*, NpO,2* and Pu@?*, respectively, by Chop-
pin and Rad?2]. However, this difference may be explained
by considering different definitions of the effective charge in
the two models. In fact, the effective charge of the central An
atom in the An@?* was obtained in their model by apply- 12
ing the extended Born equation to the Affocomplexation
while the overall charge of the An* was obtained in the .
present model by treating the Aa® as a single hard sphere.

The present values are also smaller than the values obtained

in our previous study8], in which the effective charges of

2.428, 2.391 and 2.374 have been determined fopJ0 Fig. 3. Solubility and its component concentrations of U(VI) at 0.5M
NpO»2+ and PuQ@?*, respectively. For this difference, itis  NaCl0 as afunction of pH. Bold curve denotes the total solubility including
noted that the ionic radii, which were obtained from the mea- all the {.q) species op < 10.

sured distances between atoms in solution species, were used

in the present study while the ionic radii in crystals were used are predicted by the present model and are corrected by the
in the previous study. Thus this difference may be due to the specific ion interaction theory (SITP,10]. For the lack of
differently selected ionic radii. As shownTable 2 the effec- information, the ion interaction parameter values for poly-
tive charges of the Ang3* are larger than the formal charge meric species are temporarily assumed to 0.5, 0-4606,

of +2 and decrease with the increasing atomic number. Simi- 0, —0.09 and—0.16 for net ionic charges of +3, +2, +1, 0,
larly to the previous studiB], the present result suggests that —1 and—2, respectively. Also, the solubility limiting solid
these actinide ions have not only the electrostatic interactionsphase is assumed to be &@H,O with the solubility prod-
but also additional non-electrostatic interactions. Such con- uct value of logk'g,= —22.46[16] and to be NaUz07-xH20
tributions of 5f orbital electrons to the additional interactions with log K¢, =—29.45[17]. As shown irFig. 3, the predicted
would decrease with the increasing atomic number. solubility curve agrees rather well with the experimental

Compared with the results of the previous styé; a results.
little different values were obtained for the effective charge It is one of the findings in this comparison that there are
and the dielectric constant for,B. The effective charge was ~ considerably high contributions of polymeric species to the
obtained to be-0.50in the present study, which was less neg- predicted solubility curve. Those are from the known species
ative than the previous value ef0.57[8]. Also the dielectric ~ 0f (UO2)2(OH),2* and (UQ)3(OH)s* and from the unknown
constant was obtained to be 7.0, which were larger than thebut predicted species of (U (OH)s* and (UQ)2(OH)4° as
previous value of 5.78]. Similarly to the above, these are shown inFig. 3. Thus, it will be interesting and important to

Logarism of concentration

pH

considered to be due to differently selected ionic radii. check the presence of these predicted species experimentally.
In this case, however, it is noted that some physical interac-
4.2. Predicted hydrolysis constants of polymeric species tion may also act between the polymeric species having less

net charges in solutions of the polymeric species. Then, larger
As seen above, the parameter values of the present modespecies may be formed by such interactions, which are sen-
is dependent on the selected reference values. In spite of thissitive to filtration. A careful examination may be needed.
constraint, however, it provides a basis not only to check
abnormal experimental data but also to predict unknown val-
ues from a systematic point of view. For examplaple 1 5. Conclusions
shows the hydrolysis constant values predicted by the present
model. Itis interesting to compare such predicted values with ~ Similarly to the case of monomeric hydrolysis species,
some experimental results and to see what the consequencthe hydrolysis constants of polymeric species were well
is. explained by a simple hard sphere model in which the effec-
Fig. 3shows a comparison of the predicted solubility curve tive charges of the central actinide ions were introduced. The
with the experimental results of U(V[15-17] In this case, obtained effective charges of the central actinide ions are
the predicted solubility curve and its component concen- larger than the formal charges, and not only the electrostatic
trations are calculated with the hydrolysis constants, which interactions but also some additional non-electrostatic inter-
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. . . - " 3(2002) 246.

it provides a basis not only to check abnormal experimental

. " [9] I. Grenthe, J. Fuger, R.J.M. Konings, R.J. Lemire, A.B. Muller, C.
data but also to predict unknown values from a systematic Nguyen-Trung, H. Wanner, The Chemical Thermodynamics of Ura-

point of view. It is thus interesting to extend the present nium, North-Holland, Amsterdam, 1992.
model from hexavalent ions to the others such as tetravaleni10] R. Guillaumont, Th. Fanghaenel, J. Fuger, |. Grenthe, V. Neck, D.A.
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