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Abstract: Known data on the solubility of Am(OH);(s) and the hydrolysis of Am(III) and
Cm(III), additional information from an extensive solubility study with Nd(OH);(s) in NaCl,
MgCl,, and CaCl, media of various ionic strengths and spectroscopic (time-resolved laser
fluorescence spectroscopy, TRLES) data for Cm(III) in alkaline CaCl, solutions are used to
evaluate a comprehensive set of standard-state equilibrium constants and ion interaction
parameters for the specific ion interaction theory (SIT) and Pitzer equations at 25 °C. The
thermodynamic model takes into account the analogous solubility and hydrolysis behavior of
trivalent actinides and Nd(III) and covers the entire pH range in dilute to concentrated NaCl,
MgCl,, and CaCl, solutions. In alkali chloride/hydroxide solutions, the formation of the
tetrahydroxide complex M(OH),~ requires OH™ concentration above 3 mol I-!, whereas in
alkaline CaCl, solutions (at pH_ < 12) M(III) complexes with four and six hydroxide ligands
are formed. Similar as the recently detected ternary Ca-M(IV)-OH complexes
Ca [er(OH)6]4+ and Ca4[Th(OH)8]4+, these complexes are stabilized by the association of
Ca** ions. The solubility and hydrolysis of Am(IIT), Cm(III), and Nd(III) in both Ca-free and
-containing solutions is consistently described with a model including the ternary
Ca-M(II)-OH complexes Ca[M(OH);]**, Ca,[M(OH),]3*, and Cas[M(OH),]**.

Keywords: americium; curium; hydrolysis; neodymium; Pitzer model; plutonium; SIT; solu-
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INTRODUCTION

The solubility and aqueous speciation of actinides in chloride solutions is of particular interest with re-
gard to the safety of nuclear waste storage in underground salt mines like the Waste Isolation Pilot Plant
(WIPP) in the United States or the Asse salt mine in Germany. Intrusion of water is supposed to yield
NaCl- or MgCl,-dominated salt brines. In order to minimize actinide solubilities, brucite-based back-
fill material has been proposed to buffer pH by magnesium hydroxide Mg(OH),(s) or hydroxychloride
Mg,(OH);Cl-4H,0(s) at values of pH = 9 [1,2] and to scavenge carbonate due to the limited solubility
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of magnesium carbonates. In MgCl, brines, the corrosion of cementitious waste forms can lead to
CaCl,-dominated solutions buffered at pH = 12 by calcium hydroxide Ca(OH),(s) or hydroxychlorides,
Cay(OH)¢Cl,*13H,0(s) and Ca,(OH),Cl,*H,O(s) [2]. Under redox conditions controlled by corroding
steel containers of nuclear waste packages, the most important actinides will be in the oxidation states
An(IIl) (Am, Cm, Pu) or An(IV) (Th, U, Np, Pu) [3-7]; for plutonium, solid PuO,(s, hyd) is expected
in equilibrium with aqueous Pu(IV) and Pu(Ill) species [8].

Thermodynamic data for the solubility and hydrolysis of tri- and tetravalent actinides in chloride
solutions belong to the key values for performance assessment calculations. However, the data selected
in the critical reviews of the Organization for Economic Cooperation and Development
(OECD)/Nuclear Energy Agency (NEA-TDB) [3-7] are usually based on experimental studies in
NaClO, or NaCl media. There is a lack of systematic studies in dilute to concentrated MgCl, and CaCl,
solutions. Moreover, our recent solubility measurements and spectroscopic studies with Zr(IV), Th(IV),
Pu(IV), Nd(III), and Cm(III) in alkaline CaCl, solutions [9-12] revealed a hitherto unknown phenom-
enon, the formation of ternary Ca—M—-OH complexes with unusually high numbers of OH™ ligands. The
solubilities of ZrO, xH,O(s) at pH = 10-12 in 0.1-2.0 M CaCl, and of ThO,-xH,O(s) at pH = 11-12
in 0.54.5 M CaCl, are raised to unexpectedly high values by the formation of the complexes
Ca, [Zr(OH)ﬁ]4+ and Ca4[Th(OH)8]4+, respectively, which could be identified and characterized by ex-
tended X-ray absorption fine structure spectroscopy (EXAFS) [9,10]. The equilibrium constants for
these complexes were calculated in [10] with the specific ion interaction theory (SIT) [13] recom-
mended in the NEA-TDB for ionic strength corrections. However, highly saline MgCl, or CaCl, solu-
tions with ionic strengths up to 16 mol kg™! are far beyond the validity range of the SIT (/ < 4 mol kg™1).
The ion interaction model of Pitzer [14] is applicable to high ionic strength and used in geochemical
modeling codes like EQ3/6 or Geochemist’s Workbench (GWB). Therefore, it was recently used to
model the data for the An(IV) complex Ca4[An(OH)8]4+ (An = Th and Pu) at high CaCl, concentra-
tions [12]. Standard-state equilibrium constants and ion interaction parameters for the An(Ill) species
formed in neutral and alkaline NaCl, MgCl,, and CaCl, solutions will be presented in this paper.

SOLUBILITY AND HYDROLYSIS OF TRIVALENT ACTINIDES—STATE OF THE ART

Trivalent actinides and lanthanides show pronounced analogies in most chemical properties, systematic
trends in the thermodynamic data and equilibrium constants often correlate with the ionic radius
[6,15,16]. Considering the similar ionic radii of Nd3*, Pu3t, Am3*, and Cm3* (111, 112, 110, and
109 pm, respectively, at coordination number CN = 8 [16,17]), it is not surprising that the real differ-
ences between the formation constants of their aqueous complexes are smaller than the experimental
uncertainties [6,18]. Due to specific experimental difficulties or the lack of appropriate experimental
methods for Am(III) or Pu(IlI) at trace concentration levels, it is more convenient to use oxidation-state
analogs, for instance, Cm(III) with fluorescence properties that allow investigations by time-resolved
laser fluorescence spectroscopy (TRLFS) at concentrations below 10~7 mol I-! [19]. For reasons of eas-
ier handling, the non-radioactive lanthanides Nd(III) and Eu(IIl) are also often studied as analogs for
the trivalent actinides.

The literature on the solubility and hydrolysis of Am(III), Cm(III), and Pu(IIl) is critically dis-
cussed in NEA-TDB reviews [4—6]. In the absence of carbonate, silicate, or phosphate, the solubility-
limiting solid phase is the An(III) hydroxide:

An(OH),(s) + 3H* & An** + 3H,0
with *K°_ ) = [An**] y, 3+ ((H] %49~ (a,,)’ (1)

At pH 5-13 in NaClO, and NaCl solutions, Am(III), Cm(III), and Pu(III) form only mononuclear
hydrolysis species An(OH), " with n = 1-3, there is no indication for oligomers Anm(OH)n3m*” [4-6]:
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An** + nH,)0 < An(OH), > + nH*
with *f°, = [An(OH)n3_”] YAn(OH)>" ([H*] %) ([An3*] 7An3+)_l(aw)_n 2

where *K°_ ; and *°,, are the equilibrium constants at zero ionic strength (I = 0), [7] is the concentra-
tion and ¥, the activity coefficient of species i, and a, is the activity of water. Activity coefficients may
be calculated with the SIT as in the NEA-TDB reviews or with the Pitzer model. Since small differ-
ences in the ionic radii of aquo ions or complexes of equal charge and symmetry have only a slight ef-
fect on the activity coefficients, ion interaction coefficients (both SIT and Pitzer parameters) for Nd*
and An3* ions (An = Pu, Am, Cm) and their analogous aqueous complexes can be set equal [6,20-22].

Solubility of Am(OH),(s) and aqueous speciation at high pH

There are numerous solubility studies with Am(III) hydroxides at pH 6-13 in carbonate-free NaClO,
and NaCl solutions [23-28]. Figure 1a shows experimental data determined after 1.5-2 nm ultrafiltra-
tion at / = 0.1 M [23-26] or in dilute solutions [27]. The thermodynamic properties of the solid hy-
droxide and hence the solubility depends on the degree of crystallinity, i.e., on the particle/crystallite
size which is affected by aging or ripening processes and by self-irradiation effects from the o-activity
of americium. The solubility calculated with the data selected in the NEA-TDB [6] for crystalline or
aged Am(OH);(s) (lg"‘K"S’0 = 15.6 = 0.6), amorphous Am(OH);(am) precipitates (lg*K(’S’0 =169 =
0.8) and the complexes Am(OH)n3‘" (g*p°y,=-72£0.5,-15.1 £ 0.7 and -26.2 £ 0.5 for n = 1, 2,
and 3, respectively) is represented by the lines in Fig. 1a. The use of the notation “crystalline” and
“amorphous” to describe a solid phase and thereby its solubility is an oversimplification. The X-ray dif-
fraction (XRD) data give only information of the bulk structure, while the solubility is determined by
the surface characteristics or by fractions of smaller (“amorphous”) particles included in a bulk crys-
talline solid [6,7].
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Fig. 1 Solubility of Am(III) hydroxide at 25 °C. (a) Crystalline/aged Am(OH);(s) (solid line) and amorphous
Am(OH);(s) (dashed line) at / = 0.1 M (exp. data from [23-27]); (b) Aged Am(OH);(s) in 0-10 M KOH with
additions of solid Ca(OH),(s) [29]. The SIT calculations are based on data selected in the NEA-TDB [6] and in
this work for Am(OH),~ (see text).

The low americium concentrations at pH > 10, usually ascribed to the equilibrium between
Am(OH);(s) and the neutral aqueous complex Am(OH)5(aq), are rather scattered but at a constant level
(Ig [Am] = -9.3 = 1.0 for Am(OH)z(am) and —10.6 + 0.8 for aged or crystalline Am(OH);(s) [6]).
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Solubility studies in NaCI-NaOH, NaClO,~NaOH, pure NaOH, or KOH solutions up to pH 14 show
no indication for the formation of an anionic hydroxide complex Am(OH),~ that would increase the sol-
ubility at high pH [4,6]. In extremely alkaline solutions ([(OH™] > 3 M), an increase of the americium
concentration has been observed by Vitorge and Tran-The [29] who measured the solubility of fresh and
aged Am(IID) hydroxide precipitates in 0-10 M KOH with additions of solid Ca(OH),(s) to scavenge
carbonate (Fig. 1b). Because of the high and variable ionic strength, these results were not evaluated
and selected in the NEA-TDB reviews [4,6]. As shown in Fig. 1b, the solubility increase in 3—-10 M
KOH can be described with an equilibrium constant of Ig K°; 4, = -0.5 + 0.4 for the reaction
Am(OH);(aq) + OH™ < Am(OH),,~ (corresponding to 1g*8°,, = —40.7 £ 0.7) and ion interaction (SIT)
coefficients of e[Am(OH);(aq), K*/OH™] = 0, &OH", K*) = 0.09 + 0.01 kg mol~! [3-6] and
e[Am(OH),~, K*] = -0.03 + 0.05 kg mol™!.

Aqueous speciation by TRLFS with Cm(lil)

The sensitive TRLFS is often used to determine the aqueous speciation and complex formation con-
stants of Cm(III) at trace concentration levels (c.f., Fanghédnel and Kim [19]). In acidic chloride solu-
tions up to 5 M NaCl and 2 M CaCl,, the TRLFS emission band of the Cm3*(aq) ion with the maxi-
mum at 4. = 593.8 nm is not affected [30,31]. The formation of chloride complexes requires higher
CI” concentrations; in 4 M CaCl, about 50 % of the curium is present as CmCI?+ (Apax = 594.9 nm)
and CmCl,* (4, = 598.3 nm) [30]. In TRLFS studies on the hydrolysis of Cm(III) in neutral and al-
kaline 0.1 M NaClO, [32] and dilute to concentrated NaCl [31], only the emission spectra of Cm(OH)2+
(Apax = 598.8 nm) and Cm(OH),* (4, = 603.5 nm) were observed. Because of the low solubility at
pH > 10, neither the complex Cm(OH);(aq), which is expected to dominate the speciation at pH =
11-14, nor the complex Cm(OH),~ could be detected. A TRLFS study of 10~8 M Cm(I1I) in 0.01-4.0 M
NaOH showed no discernible fluorescence emission spectra and in 5.0-7.5 M NaOH only a weak,
broad fluorescence band appeared between 600 and 625 nm [33]. The same observation was made in
5 M NaCl-NaOH with [OH7] = 1-4 M [11]. Almost all of the curium is present as Cm,, (OH);,, poly-
mers or colloidal Cm(OH);(am), which shows no fluorescence (complete quenching) [33,34].

In alkaline CaCl, solutions, the chemical and spectroscopic behavior of Cm(III) is strikingly dif-
ferent. Rabung et al. [11] recorded TRLFS spectra in 0.1-3.5 M CaCl, at pH 11-12 and observed
hitherto unknown Cm(III) emission bands caused by complexes with three, four, and six OH™ ligands.
The emission bands of these complexes are regularly shifted to higher wavelength (4,,,, = 607.5, 609.9,
and 614.7 nm, respectively) compared to those of Cm3*(aq) (Apax = 593.8 nm), Cm(OH)?* Apax =
598.8 nm) and Cm(OH),* (4, = 603.5 nm). These complexes, absent in NaCI-NaOH solutions, are
stabilized by the association of Ca2* ions, i.e., by the formation of ternary complexes
Cap[Cm(OH)n]3+2P‘" [11].

SOLUBILITY AND AQUEOUS SPECIATION OF NEODYMIUM AND CURIUM IN DILUTE
TO CONCENTRATED NaCl, MgCl,, AND CaCl, SOLUTIONS

In order to derive a comprehensive thermodynamic model for the system
M(IN)-H*-Na*-Mg>*-Ca?*-CI-OH-H, 0 at 25 °C, valid over the entire range of ionic strength and
pH, the solubility of Nd(III) hydroxide was determined under strict exclusion of CO,(g) in 0.1, 0.5, 2.5,
and 5.0 M NaCl (up to high OH~ concentrations of 0.1-4.0 M) and in 0.25, 1.0, 2.5, and 3.5 M MgCl,
and CaCl, (up to maximum pH_, limited to values around 9 and 12, respectively, by the solubility of
magnesium and calcium hydroxides or hydroxychlorides). The complementary information on the
aqueous speciation, from the TRLFS studies mentioned above, is also taken into account. For calcula-
tions with the ion interaction model of Pitzer, the widely accepted data reported by Harvie et al. [2] are
used for the matrix components. All calculations and equilibrium constants are given on the molal con-
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centration scale. Conversion factors to calculate m; [mol-(kg H20)*1] from the molar concentrations c;
[M = mol I"1] are taken from [6].

Experimental

The solid Nd(III) hydroxide used in the present study was prepared under CO,-free argon atmosphere
by hydration of crystalline Nd,O5(cr) (Merck) in pure water (actinide and lanthanide oxides M,O5(cr)
are not stable in aqueous solution and transform into the hydroxides [4,35,36]). The solid was stored
for about three months under water. It clearly showed the known XRD pattern of Nd(OH)(cr) (JCPDS-
File 70-0214). The experimental and analytical procedures and the chemicals used to prepare the ma-
trix solutions were the same as in previous studies and described therein [10,11]. The samples for the
solubility measurements were prepared and stored at 22 + 2 °C in an Ar glove box. After equilibration
times of 6-150 days and phase separation by either 10 kD ultrafiltration (pore size ca. 1.5 nm) or ultra-
centrifugation at 90000 rpm (ca. 5 x 10° g) the samples were analyzed for H* and Nd concentrations.
The latter were measured by inductively coupled plasma-mass spectroscopy (ICP-MS) (ELAN 6100
Perkin Elmer); detection limit: 10-10-10-2 M, depending on the concentration of the background elec-
trolyte. The H* concentrations in the NaCl, MgCl,, and CaCl, solutions (molar scale: pH, = — Ig ¢+
molal scale: pH, = —1g my+) were determined with combination pH electrodes (type ROSS, Orion) cal-
ibrated as described in detail in previous papers [1,10,11]. The H* concentration in NaCl-NaOH solu-
tions is calculated from the given OH™ concentration (for [OH™] > 0.01 M) and the conditional ion prod-
uct of water.

XRD and scanning electron microscopy-energy-dispersive spectrometry (SEM-EDS) analysis at
the end of the solubility experiments gave no indication for the transformation of the initial Nd(OH);(s)
into a chloride-containing solid phase. The solubility-limiting solid is the same throughout the experi-
ments in the dilute chloride media to 5.0 M NaCl and 3.5 M MgCl, and CaCl,. This is further con-
firmed by the constant solubility after short and long equilibration times and by the consistent value of
1g*K® o = 17.2 + 0.4 calculated for / = 0 from the H* and Nd3* concentrations and the well-known
interaction coefficients of these ions [2,14,22]. However, this was not the case in an additional study in
4.5 M MgCl, where SEM-EDS and the significantly diminished XRD pattern of Nd(OH);(cr) indicated
the transformation into an amorphous Nd(OH);_ Cl (s) phase with lower solubility. These results are
not further discussed.

Solubility of Nd(OH),(s): Comparison with literature data

In a review of the earlier literature on the solubility and hydrolysis of the lanthanides, Baes and Mesmer
[15] recommended a solubility constant of 1g%K° ; = 18.6 for Nd(OH)5(s) and hydrolysis constants of
lg*ﬁ"ln(Nd(OH)n?"”) =-28.0,-16.9,-26.5, and -37.1 for n = 1-4 and lg*ﬁ°22(Nd2(OH)24+) =-13.86
(speciation calculations with this constant from potentiometric titration show that the dimer is not rel-
evant at solubility equilibrium conditions). The value of 1g*[8°,, = —8.0 appears too small compared to
mean values for Eu(Ill), 1g*f°;,, =7.5 = 0.4 [37] and —7.64 = 0.04 [38], or 1g*f°,, = 7.2 £ 0.5 for
Am(IIT) and Cm(III) [6]. The data for Eu(Ill), Am(III), and Cm(III) are based on a much larger num-
ber of experimental studies and methods. The hydrolysis constants for n = 2 and 3 were interpolated
from 1g*f8°,, = -8.0 and 1g*°,, = —37.1, but the equilibrium constant for the tetrahydroxide complex
is overestimated by several orders of magnitude. The value of Ig K°;_, = 3.4 derived by Baes and
Mesmer [15] from solubility data for Nd(OH);(s) in NaOH solutions must be due to analytical prob-
lems or experimental shortcomings in the underlying solubility studies [39,40] which report concentra-
tions of 107> to 10 M in the range of the solubility minimum to high pH. Neither the solubility of
Am(OH);(s) (Fig. 1), with 1g K°;_, =~ 0.5, nor our results for Nd(OH);(s) (Fig. 2) show an indication
for a solubility increase up to pH 14. The solubility curves of Nd(OH);(s) and Am(OH);(s) in 0.1 M
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Fig. 2 Solubility of Nd(IIT) hydroxide at 25 °C. (a) Comparison of data for aged Nd(OH);(s) (p.w.) and crystalline
Nd(OH);(cr) [23,41] at I = 0.1 M; (b) Comparison of data for aged Nd(OH);(s) (p-w.) and Am(OH);(s) [28] in
5.0 M NaCl. The solid and dotted lines are calculated with Ig*K°_ ; = 17.2 and 15.6, respectively, and the hydrolysis
constants selected for Nd(III) and Am(III) (SIT model). The dashed line in Fig. 2a is calculated with the solubility
and hydrolysis constants recommended by Baes and Mesmer [15].

NaCl or NaClO, (Figs. 1a and 2a) and in 5.0 M NaCl (Fig. 2b), show the same dependence on pH, just
shifted in parallel by about 1.5 lg-units. For these reasons, it is more convenient to use the
Am(IIT)/Cm(III) data as analogs for Nd(III), or the slightly different values of 1g*f3°,, = -7.4 + 0.4 and
1g*°1, = —15.7 £ 0.7 derived from our solubility study with Nd(OH);(s).

In later reviews of thermodynamic data for the solid lanthanide hydroxides, Diakonov et al.
[35,36] pointed out that the solubility constant 1g*K°_ ; = 18.6 reccommended by Baes and Mesmer [15]
refers to highly soluble amorphous precipitates. From their compilation of published data, they calcu-
lated mean values of Ig*K° , = 18.66 = 0.55 for fresh, amorphous precipitates of Nd(OH);(s) and
16.02 + 0.37 for aged and crystalhne Nd(OH);(s) [35,36]. The solubility constant of the Nd(OH);(s)
phase used in the present work (1g*K°; ; = 17.2 + 0.4) lies between these values. Figure 2a shows our
results in 0.1 M NaCl in comparison with the solubility calculated with the equilibrium constants pro-
posed by Baes and Mesmer [15] (dashed line) and the data reported by Silva [23] and Rao et al. [41]
for Nd(OH);(cr) at 25 °C in 0.1 M NaClO, and 0.1 M NaCl, respectively. The latter authors prepared
well-crystalline Nd(III) hydroxide phases in 5 M NaOH at 90 °C. The solubility determined with this
solid at pH 6-8, is in the range of the data for crystalline/aged Am(OH);(s) (lg"‘K"S’0 =15.6 £0.6) and
1-2 1g-units lower than the data obtained for Nd(OH);(s) in the present work. This may be explained
by a difference in particle/crystallite size. The present results correspond to a less-crystalline solid phase
consisting of smaller particles. However, the solubility data determined by Silva [23] and Rao et al. [41]
at pH 8.5-9.5 approach our results, indicating that these values refer to smaller particles included in
their bulk crystalline solid (comparable to the particle size of the Nd(OH);(s) solid used in our study).
Similar particle size effects are known for hydrous Th(IV) oxides and discussed in length in [7].

Solubility of Nd(OH)5(s) and Cm(lll)-TRLFS in NaCl and NaCl-NaOH solutions

The experimental solubility data for Nd(OH),(s) in 0.1, 0.5, 2.5, and 5.0 M NaCl (Fig. 3) can be de-
scribed with the simple speciation scheme known for trivalent actinides, i.e., with Nd** and mono-
nuclear hydrolysis species Nd(OH)n3‘” (n=1, 2, and 3). The large scatter of the data at pH_, > 9 is an
indication that the measured concentrations are affected by small (1-2 nm) polymers. On the one hand,
uncharged species like Nd(OH);(aq) and Nd_ (OH);  (aq) have a high tendency toward sorption on the
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Fig. 3 Solubility of Nd(OH);(s) in 0.1, 0.5, 2.5, and 5.0 M NaCl (my, = 0.10, 0.51, 2.64, 5.61 mol kg);
experimental data (molal scale) and Pitzer model calculation (thick lines: total Nd concentrations, thin lines:
contributions of the different species). The aqueous Cm(III) concentrations determined after ultrafiltration in 5.0 M
NaCl-NaOH solutions are shown as squares with cross inside.

vessel walls or filter surface, on the other hand, incomplete removal of small polymers by ultrafiltration
or ultracentrifugation may lead to increased total Nd concentrations. However, even up to high OH~
concentrations in 5 M NaCl-NaOH, there is no indication for a solubility increase due to the formation
of anionic hydroxide complexes. This is consistent with the equilibrium constant derived above for
Am(OH),~ from the solubility of Am(OH);(s) in 0-10 M KOH [29] (c.f., dashed concentration lines
calculated for Nd(OH),7). It is also consistent with the observation that TRLFS shows no discernible
Cm(III) emission spectrum at [OH™] = 1-4 M in 5 M NaCl-NaOH [11]. The curium concentrations
measured after 10 kD ultrafiltration, Ig [Cm] = —8.3 £ 0.1 (c.f., squares in Fig. 3), should be sufficient
for a clear TRLFS emission spectrum, but obviously the dissolved curium is almost completely present
as Cm, (OH);,, polymers which show no fluorescence emission bands [33,34].

Solubility of Nd(OH),(s) and Cm(lll)-TRLFS in MgCl, and alkaline CaCl, solutions

The results of the solubility experiments in 0.25, 1.0, 2.5, and 3.5 M MgCl, (pH,, < 9) and CaCl,
(pH,,, < 12) are shown in Fig. 4. In the overlapping pH, regions the solubilities in equimolar MgCl,
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Fig. 4 Solublhty of Nd(OH);(s) in 0.25, 1.0, 2.5, and 3.5 M MgCl, and CaCl, (mM cn = 0.25, 1.02, 2.67, and
3.86 mol kg™! s Megcl, = =0.25, 1.02, 2.68, and 3.91 mol kg~!); experimental data (molal scale) and Pitzer model
calculation (fat lines: total Nd concentrations, thin lines: contributions of the different species). The Cm(III)
concentrations determined after ultrafiltration in the TRLFS samples are shown as squares with cross inside.

and CaCl, solutions are identical or close to each other. (Note that Fig. 4 shows molal values of
lg {[Nd]/mol kg~'} plotted vs. pH,, = - 1g {[H*]/mol kg~'}, and that the conversion factors from mo-
larity to molality and also 1g 44+ in egs. 1 and 2 diverge to a certain extent with increasing electrolyte
concentration, either 0.25, 1.02, 2.67, 3.86 m MgCl, or 0.25, 1.02, 2.68, 3.91 m CaCl,). Contrary to the
solubility at high pH in NaCl solutions, the solubility of Nd(OH)5(s) in 1.0, 2.5, and 3.5 M CaCl,
clearly increases in the range pH, = 11-12. The higher the CaCl, concentrations the more pronounced
is this effect. Another noteworthy difference compared to the results in alkaline NaCl media is the fact
that the data in alkaline CaCl, solutions are much less scattered, indicating that the measured Nd con-
centrations are caused by well-defined ionic species.

These observations and conclusions are confirmed by TRLFS emission spectra with
[Cm], =2 x 107" Min0.1-3.5M CaCl, at pH = 11.7 and in three sets at constant ionic strength (1.0,
2.5, and 3.5 M CaCl,) and varying pH_, [11] (Fig. 5). Peak deconvolution and the evaluation of the pH
dependence of the spectroscopic data showed that Cm(III) complexes with three, four, and six OH™ lig-
ands are formed (4,,,, = 607.5, 609.9, and 614.7 nm, respectively). As these species are absent in
NaCl-NaOH media, although the Cm(III) concentrations after 10 kD ultrafiltration are similar to those
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Fig. 5 TRLFS emission spectra of 2 x 10~/ M Cm(III) in alkaline CaCl, solutions, (a) at pH, = 11.7in 0.1-3.5 M
CaCl, (original spectra), (b) in 2.5 M CaCl, with pH, varied in the range 10.8—11.9 (spectra normalized with regard
to the total fluorescence counts under the peak area). Further spectra in 1.0 and 3.5 M CaCl, and a detailed
discussion are given in [11].

in 1.0 M CaCl, (about 10-8 M), they must be stabilized by the association of Ca?* ions. This also ex-
plains the strong increase of the intensity of the emission bands in 0.1-1.0 M CaCl, (Fig. 5a) which are
caused by the tri- and tetrahydroxide complexes Ca [Cm(OH);]zx and Ca [Cm(OH) 1»-1. The hexa-
hydroxide complex Ca [Cm(OH)g 1%73 dominates at higher CaCl, Concentranons and pH, > 11.5. The
spectroscopic spematlon is supported by the Cm(III) concentrations determined after 10 kD ultrafiltra-
tion of the TRLFS samples in 1.0, 2.5, and 3.5 M CaCl, (c.f., squares in Fig. 4). These concentrations,
[Cm(III)] in equilibrium with colloidal Cm(OH)3(am) clearly increase from pH,, 10.5 to 12 and also
with i 1ncreas1ng CaCl, concentration. At pH, > 11.5 in 3.5 M CaCl,, the curium ([Cm] , =2 x 10~ ™M)
is completely dissolved as ionic species. It may be accidental that these Cm(III) concentrations coin-
cide with the solubility data for Nd(OH);(s), i.e., that the solubility constant of small colloidal
Cm(OH);(am) particles is equal to that of our Nd(OH);(s) phase. However, the finding that the de-
pendence on the CaCl, concentration and pH is the same for Cm(III) and Nd(III) is not unexpected as
it confirms the usual (qualitative and quantitative) analogy for the aqueous complexes of Cm3* and
Nd3*.

The extremely different chemical and spectroscopic behavior of Cm(III) in alkaline CaCl, solu-
tions compared to that in pure NaOH and NaCl-NaOH solutions and the analogous discrepancies for
the solubility of Nd(OH);(s) in these media cannot be explained by binary hydroxide complexes
M(OH)n3*’1 and different ion interaction coefficients with Ca2* compared to those with Na*. A thermo-
dynamic model valid for both Ca-free and -containing solutions requires the formulation as ternary
complexes Ca [M(OH)n]2P+3*”. The number of associated Ca?* ions cannot be determined independ-
ently with the presently available methods. However, in analogy to the M(IV) complexes
Ca3[Zr(OH)6]4+ and Ca4[Th(OH)8]4+, where the number of CaZ* ions in the second shell and the co-
ordination structure could be determined by EXAFS [9] (one Ca%* ion bound to two OH™ ligands via
edges of the [M(OH),*] coordination polyhedra), it appears reasonable to assume the stoichiometries
Ca[Cm(OH);]**, Ca,[Cm(OH),]3*, and Cag[Cm(OH)6]3+ In our recent study [11], the SIT was used
to calculate the formation constants 1g*° |  and ion interaction coefficients for these ternary com-
plexes from the spectroscopic data for Cm(III) in 1.0, 2.5, and 3.5 M CaCl, and the solubility constant
for colloidal Cm(OH);(am) which is equal to that of Nd(OH);(s):
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pCa?* + Cm* + nH,0 & Cap[Cm(OH)n]2P+3*" +nH*

1g*f°) 13 =—263 £0.5, &Ca[Cm(OH);]?*, CI") = 0.05 + 0.04 kg mol~!
1g%° 1 4 =—37.2 £ 0.6, &Ca,[Cm(OH),**, CI") = 0.29 + 0.07 kg mol™!
1g%f°3 1 g =—60.7 £ 0.5, &Caz[Cm(OH)¢]**, CI7) = 0.00 + 0.06 kg mol™!

The SIT coefficients for the other ions involved are given in the NEA-TDB [3-6]: g(M3*, CI) =
0.23 +0.02 for M =Nd, Cm, and Am, 8(Ca2+, CI")=0.14 £0.01 and g(H*, C1") =0.12 £ 0.01 kg mol-!.
In the present study, the TRLFS results are re-evaluated with the Pitzer equations. As 1g*f 'p,l,n values
at only three different ionic strengths do not allow a reasonable fit of all parameters, the constants at
I = 0 derived with the SIT are used as fixed values. Following a recommendation to keep consistency
between SIT and Pitzer model [20], the Pitzer parameters B(l)(Ca [Cm(OH), 12P+3-1 CI7) for the charge
types 2:1 and 3:1 are fixed at 1.6 and 4.3 kg mol™! respectlvely Including the data for these ternary
complexes in a comprehensive thermodynamic model (c.f., discussion below in the final section) allows
the geochemical modeling of the solubility and hydrolysis of trivalent actinides and Nd(III) over the en-
tire pH range in dilute to concentrated NaCl, MgCl,, and CaCl, media at 25 °C. This is illustrated in
Figs. 3 and 4, where the total solubility of Nd(OH)(s) and the different species contributions calculated
with the Pitzer approach are shown as fat and thin lines, respectively. Corresponding calculations with
the SIT are practically identical for I < 3 mol kg~!, even at high ionic strength they deviate less than
0.5 1g-units from the Pitzer model calculations.

Thermodynamic model for solid hydroxides and aqueous complexes of trivalent
actinides and Nd(lll) in the system M(Ill)-H*-Na*-Mg2*-Ca2*-CI——OH—H,0 (25 °C)

The standard-state equilibrium constants (I = 0, 25 °C) for solid hydroxides and aqueous
Am(IID)/Cm(IIT) and Nd(III) complexes in NaCl, MgCl,, and CaCl, solutions are summarized in
Table 1; ion interaction coefficients for the aqueous species are listed in Tables 2 and 3. The Pitzer para-
meters (Table 2) refer to auxiliary data reported by Harvie et al. [2] for the seawater salt system, SIT
coefficients for the ions of the matrix components are taken from the NEA-TDB [3—6]. The ion inter-
action parameters for Nd3* ions (equal to those for An3* ions [6,21,22]) are well known from data in
binary NdCl; and ternary NdCl;-NaCl and NdCl;-CaCl, systems [14,22]. The equilibrium constants
and Pitzer parameters for chloride complexes are based on TRLFS data for Cm(III) [22,30].

The thermodynamic data selected in the NEA-TDB [6] for solid Am(III) hydroxides and the hy-
drolysis constants 1g*f°, (n = 1-3) for Am(III)/Cm/III) are well ascertained. The solubility constant
of the aged Nd(OH);(s) phase used in the present study, 1g*K°_ ;= 17.2 £ 0.4, and the value of 16.0
+ 0.4 proposed by Diakonov et al. [35,36] for aged and crystalhne Nd(OH);(s) are close to the values
selected in the NEA-TDB [6] for amorphous and aged/crystalline Am(OH);(s). The very high values
of 1g*K°S,O[Nd(OH)3(am)] = 18.66 = 0.55 [35,36] or 18.6 [15] are probably not appropriate for long-
term model calculations. The hydrolysis constants 1g*°;; = 7.4 £ 0.4 and Ig*f3° |, = —15.7 £ 0.7 de-
rived from our solubility study with Nd(OH);(s) are in the range of the values selected in the NEA-
TDB [6] from numerous studies and different experimental methods for Am(III) and Cm(III). The
previously reported SIT coefficients [6] and particularly the Pitzer parameters [18,22] for
M(OH)?*/CI" and M(OH),*/CI~ are mainly based on a TRLFS study in 0—6 m NaCl [31]. Their ap-
plication to MgCl, and CaCl, solutions of higher ionic strength considerably overpredicts the forma-
tion of the dihydroxide complex M(OH),* and hence the solubility in the range pH, = 8-11. The
Pitzer parameters for these species have therefore been adjusted to the present solubility data for
Nd(OH);(s) and literature data for the solubility of aged Am(OH);(s) in 0.1, 0.6, and 5.0 M NaCl
[26,28]. Ternary parameters for cationic M(III) species in MgCl, solutions are set equal to the corre-
sponding parameters with Ca2*. The SIT coefficient for the monohydroxide complex,
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gIM(OH)**, CI] = —0.04 + 0.07 kg mol~! [6] can be retained, but the value of ¢[M(OH),*, CI7] has
to be revised, from —0.27 + 0.20 [6] into —0.06 = 0.08 kg mol L.

Table 1 Equilibrium constants (I = 0, 25 °C) for the solid hydroxides and aqueous
complexes of Am(III)/Cm(I1I) and Nd(III).

Solubility: 1g#K°,  [M(OH)4(s) + 3H* & M3* + 3H,0]

Am(OH);(cr/aged) 15,6 0.6 [6] Nd(OH)s(cr/aged)  16.0 = 0.4 [35]
Am(OH);(am): 169 +0.8 [6] Nd(OH);(s) 17.2 £ 04 p.w.
Chloride complexes: 1g °, [M3* + nCI~ & MCI, >

AnCI?* (Am/Cm) 0.24 £0.03 [6,22] NdCI1%*: analogous Cm value

AnCl,* (Am/Cm) -0.74 £ 0.05 [6,22] NdCl,*: analogous Cm value
Hydroxide complexes: 1g*°;,, [M3* + nH,0 < M(OH), > + nH*]

An(OH)** (Am/Cm) -72+05 [6] Nd(OH)**: 7.4+ 04 p.w.
An(OH),* (Am/Cm) -15.1+0.7 [6] Nd(OH),*: -157+0.7 p.w.
Am(OH)5(aq) -262+0.5 [6] Nd(OH);(aq): analogous Am value
Am(OH),~ -40.7+0.7 p.w. Nd(OH) ™ analogous Am value
Ca-M(IID-OH complexes: 1g*f°,, |, {pCa®* + M?* + nH,0 & Ca [M(OH), I3 + nH*}
Ca[Cm(OH);]** -263+0.5 [11],p.w. Ca[Nd(OH);]**: analogous Cm value
Caz[Cm(OH)4]3+ -372+0.6 [I1], p.w. Ca2[Nd(OH)4]3+: analogous Cm value
CaS[Cm(OH)6]3+ -60.7+0.5 [11], p.w. CaS[Nd(OH)6]3+: analogous Cm value

Table 2 Ion interaction (Pitzer) coefficients for M(III) species (M = Am, Cm, Pu, and Nd) in chloride media at
25 °C; ﬁ(o)ik, ﬁ(l)ik’ )Lik, and GU in [kg mol‘l], C¢ik and Viik in [kg2 mol‘z].

Binary Pitzer parameters Ternary Pitzer parameters

i k POu BVw  C% J 0; Vi Ref.

M3+ Cr 05856  5.60  -0.016  Na* 0.10 0 [22]

Ca2*/Mg2+ 0.20 0 [22]

MCIZ* CI- 0.593 315  -0.006  Na* 0 0 [22]

CaZt/Mg?* -0014 0 [22]

MCL,* CI- 0.516 1.75 0.010  Na* 0 0 [22]

Ca®*/Mg2*  -0.196 0 [22]

M(OH)2+ Cr 0.055 1.81 0 Na* 0 0 [18]
Ca2*/Mg2+ 0 0.04  p.w.

M(OH),* CI- -0.13 0 0 Na* 0 0 p.W.
CaZt/Mg2+ 0.29 0.07 pw.

M(OH),~ K*/Na* 0 0 0 CI/OH~ 0 0 p.W.
Ca?t/Mg2+ 0 0 0 Cl- 0 0 p.w.b

Ca[M(OH),1**  CI 0.21 1.6% 0 Ca’* 0 0 p.w.
Ca)[M(OH),I**  CI 0.70 4.3 0 Ca* 0 0 p.w.
Cay[M(OH)(]**  CI 0.37 4.3 0 Ca’* 0 0 p.w.
M(OH);(aq) Nat Ay =-02 [22]
Ay = 0 for k = K*, Ca>*, Mg?*, CI~, OH™ p.w.b

4Fixed value for the corresponding charge type, according to [20].
bStrong interaction with Ca* must be expressed in terms of Ca—M(III)-OH complex formation, interaction with Mg2* is not
relevant (pH,, < 9 in MgCl, solutions).
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Table 3 Ion interaction (SIT) coefficients ¢, [kg mol~!] for M(IIT) species (M = Am, Cm, Pu, and Nd) in
chloride media at 25 °C.

i k g [kg mol1] i k & [kg mol1]

M3+ CI- 023+0.02  [6] M(OH);(aq) ~ CI/OH- 0 p.W.
M(OH)%+ Cl- 004007 [6] M(OH);(aq)  Na* -0.17+0.10  p.w.
M(OH),* Cl-  -006+008 pw. M(OH)@qg K* 0 p.w.
Ca[M(OH),]** Clr- 0.05 + 0.04 [11]  M(OH)y(aq)  Ca®*/Mg>* 02 p.w.
Ca,[M(OH),**  CI” 0.29+0.07  [11]  M(OH),~ K*/Na* -0.03 + 0.05 p.W.
Cay[M(OH)]**  CI- 0.00£0.06  [11]  M(OH), Ca?*/Mg>* 0 p.w.

aStrong interaction with CaZ* must be expressed in terms of Ca—M(III)-OH complex formation, interaction with Mg2* is not
relevant because pH, <9 in MgCl, solutions.

The NEA-TDB value of 1g*°,;[Am(OH);(aq)] = -26.2 + 0.5 [6], exclusively based on solubil-
ity data for Am(OH);(s) in alkaline solutions of low ionic strength, is adopted in the present work for
Nd(OH);(aq). The somewhat increased solubility of Am(OH);(s) and Nd(OH)5(s) at pH 10-14in 5.0 M
NaCl compared to lower ionic strength (c.f., Figs. 2 and 3) may be described (for practical purposes)
by introducing an interaction coefficient for the neutral M(OH);(aq) complex, e.g., a Pitzer coefficient
of AM(OH),(aq), Na*) = — 0.2 kg mol~! [22] (Table 2), corresponding to a SIT coefficient of
&M(OH);(aq), Na*) = -0.17 kg mol~! (Table 3). However, the large scatter of the measured Am or Nd
concentrations and the absence of a Cm(III) emission band in alkaline NaCl solutions indicate that these
concentrations are rather caused by small polymers than by the mononuclear complex M(OH);(aq).

The formation constant for the tetrahydroxide complex is derived in the present work from the
solubility increase of aged Am(OH);(s) in 0-10 M KOH [29] (Fig. 1b). This effect is well described
with 1g*ﬁ°1 4 =-40.7 £ 0.7 and &(Am(OH),~, K*) =-0.03 £ 0.05 kg mol~! or equivalently with the
Pitzer model and all parameters for the interactions of Am(OH);(aq) and Am(OH),~ with K* and/or
OH™ equal to zero. However, the KOH matrix solutions used in [29] were saturated with Ca(OH),(s)
and contained small but definite Ca?* concentrations—vice versa than in alkaline CaCl, solutions with
rather high CaZ* but low OH™ concentrations (pH,,, < 12) where the solubility increase of Nd(OH);(s)
is consistently described with the data derived for Ca[Cm(OH)3]2+, Caz[Cm(OH)4]3+, and
Ca3[Cm(OH)6]3+ from the TRLFS study with Cm(III). It cannot be excluded that the solubility increase
of Am(OH);(s) in 3-10 M KOH might also be caused by ternary Ca—Am(III)-OH complexes, but a fit
including species like Ca[Am(OH)3]2+ or Cal[Am(OH),]* and Pitzer parameters for their interactions
with OH~ and K* would be highly speculative.

Equilibrium constants for Pu(IIl) are much less ascertained than for Am(III) or Cm(III). The sol-
ubility constant determined by Felmy et al. [21] for fresh precipitates of Pu(OH)5(s), 1g*K®; = 15.8 =
0.8, the only experimental value available for Pu(IIl) hydroxide, is accepted in the NEA-TDB [5,6]. As
only the first hydrolysis constant is known (lg*ﬁ"1 l(Pu(OH)Z“L) =-6.9 + 0.3 [5,6]), unknown data for
other Pu(Ill) complexes must be adopted from the Am(III)/Cm(III) analogs. This approach was suc-
cessfully applied to plutonium solubilities under reducing conditions in MgCl, and CaCl, solutions in
contact with iron powder [12].
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