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Abstract

Performance assessment (PA) of high-level waste (HLW) repositories needs to know real aqueous concentrations of
key radionuclides under repository conditions for assuring the safety of the emplacement. The scarcity of these values
under repository conditions leads to the use, in the PA studies, of the solubility of pure phases, which is a conservative
assumption. Coprecipitation experiments are a very useful tool for giving realistic solubilities of key radionuclides. In this
work, experimental data obtained from spent fuel (SF) and SIMFUEL coprecipitation tests under granite and saline
conditions are presented. The experimental concentrations measured for several elements when equilibrium was achieved
were much lower than expected considering only the solubility of pure phases. To explain this discrepancy, a tentative
approach for modelling these experimental leaching and precipitation results of uranium, plutonium, americium, and
strontium taking into account solid solution formations was made. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

During the last 30 years the concept of final geological
disposal of spent nuclear fuel in corrosion resistant con-
tainers has been investigated in several countries [1-3].
The last objective of this disposal concept is to minimise
the transport of radionuclides into the biosphere so that
the effect on man and the environment is negligible.

The repository safety assessment requires the defini-
tion and knowledge of different phenomena involved in
the degradation of the waste package and the migration
of radionuclides into the geosphere. One of the key
topics to define is whether modelling the dissolution
process of the waste package under repository condi-
tions is enough to consider only thermodynamic control
or if the process could be controlled by kinetic factors
[4-6]. The second question that appears is the role of
secondary phase formed on the thermodynamic and
kinetic control of the processes and whether the solu-
bility control comes from a precipitation process of a
pure solid phase or from mixed solid phases [6].

It has been reported that coprecipitation processes
can play a key role in controlling radionuclide concen-
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trations during spent fuel (SF) dissolution [7]. Solution
concentrations from coprecipitation experiments give
empirical upper limits for radionuclide concentrations
under near field conditions. However, there are still a
large uncertainty associated to the interpretation of co-
precipitation data, identification of solid phase formed
and their use in performance assessment (PA) calcula-
tions.

This paper presents experimental results obtained in
coprecipitation experiments with SIMFUEL (chemical
analogue of SF) and U-Pu solutions under simulated
repository conditions. Furthermore, data previously
obtained by coprecipitation experiments with spent fuel
are reviewed. This study allows to demonstrate the rel-
evance of coprecipitation procedure for spent fuel per-
formance assessment under repository condition since it
provides element solubilities in solution. Also a com-
parison between spent fuel coprecipitation and leaching
results is discussed.

2. Experimental procedure
2.1. Materials and reagents
Coprecipitation experiments with SF, SIMFUEL

and U-Pu solutions in different media were performed.
The SF coprecipitation experiments were carried out in a
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hot cell facility under remote control and SIMFUEL
and U-Pu in a conventional globe box. The SF frag-
ments used had a burnup of 50 MWd/kg U. SIMFUEL
composition specimens emulates a burnup of 50 MWd/
kg U [8]. U-Pu ratio in the initial supersaturated con-
dition was 0.01.

Aqueous starting solutions, supersaturated with re-
spect to any uranyl oxide hydrate, were prepared by
dissolving uranium oxide matrix samples in acid dilution
(aqua regia). Aliquot of this former solution (1 ml) was
added to the ground water solution (Table 1) (=200 ml).
The result solution has a uranium concentration
~5 x 107? mol (kg H,0) . This solution has a pH ~ 1
[7]- Titration process to selected pH value is discussed in
Section 2.2.

Experiments were carried out in two different media:
(1) salt brine, which consists in a dissolution of NaCl
5mol 17!, (2) synthetic groundwater, obtained from the
interaction of a granitic groundwater with bentonite
from Almeria (Spain) GBW [9]. In Table 1 chemical
composition of this synthetic groundwater used is
showed. All reagents used in coprecipitation tests were
Merck p.a. Solutions were prepared with MilliRo/MilliQ
water.

2.2. Precipitation method

The titration to the selected pH was performed in
two steps: At first the pH value was adjusted to a
value of 3 by adding a solution -containing
2 mol (kg H,0)' NaOH. No precipitation was ob-
served. Thereafter the titration solution was changed
to a solution containing 0.1 mol (kg H,0)' NaOH.
This procedure resulted in instantaneous formation of
a yellow or orange precipitate. Due to the proceeding
precipitation reaction the pH returned with time to
lower values. The pH decrease was readjusted every
12 h by adding necessary quantities of the titration

Table 1

Chemical composition of synthetic groundwater [9]
Element NaCl 5 m (g/l) GBW (mg/l)
Ca* 135
K* 20
Mg*t 600
Na* 130 3750
Br~ 15
ClI” 200 6550
.
HCO; 27
NO3y 110
SiO, 8.3
oy 1500
PH eas 7 7.5
thhco 7.3

solution. After some days the pH remained constant,
titration was terminated and the reaction vessel (bo-
rosilicate made) was sealed. The reaction solution was
continuously stirred at 200 rpm. Aliquots of the
aqueous suspension were taken at certain time intervals
with a syringe for filtration [7,11].

The samples were filtered using two different types
of membrane filters having a pore size of 0.45 um (SF)
or 0.22 pm (SIMFUEL and U-Pu) and 1.8 nm, re-
spectively. In this paper those aliquots that were fil-
tered through membranes of 1.8 nm are labelled as
‘UF’.

2.3. Analytical methods

The pH,,.,, of the solution was measured using Ross
electrode. Corrections for liquid junction potential were
performed by calibration with solutions of known HCI
activity with reference to the pH convention of Pitzer
[10]. The corrected value ‘pH,,,.. is obtained as fol-
lows:

pHCOI’TCCt = pHmcas + K7 (1)

where ‘K’ is a constant value for each type of solution,
0.25 for NaCl 5 mol (kg H,0) " solution and 0.1 for
GBW. The experiments were performed in a range of
pH from 5.7 to 12.

The Eh measurements were realised by using com-
bined Pt electrode (Metrom). The values measured were
taken after more than 2 h stabilisation, i.e., when the
measured drift was at 0.0 mV/min. The liquid junction
potential of the Eh-electrode was determined by mea-
suring the potential of the electrode in H,-saturated
(1 atm) NaCl solutions at a known activity ‘ay+’. Re-
ported Eh values are consistent with Pitzer’s ionic
splitting convention.

The redox potential was continuously monitored by
means of a platinum wire, using an Ag/AgCl electrode
as reference. The Eh measurements in the SIMFUEL
experiments gave values in the range of
Ehsgg = —200 (£20) mV in both salt brine and GBW
and those in the SF experiments were Ehgyg = 400
(£25) mV. Although, the initial redox conditions were
the same (anoxic), the presence in spent fuel coprecipi-
tation experiments of high radiation fields (o, B and v)
produce the water radiolysis (oxidant species) which
justify the strong difference between the data Eh mea-
sured.

Uranium concentrations in the solution were ana-
lysed by laser fluorescence and ICP-MS. The minor
elements concentrations from SIMFUEL were deter-
mined by ICP-MS. Pu and U concentration from co-
precipitation  studies were measured by liquid
scintillation counting.
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3. Results and discussion

From SF coprecipitation experiments in saline solu-
tions (5 mol (kg H,0) ' NaCl) and in GBW the con-
centrations of Sr, Am, Cm, Eu, Pu and U during
coprecipitation process in the pH range 5-12 were
studied.

Fig. 1 shows U concentration in solution obtained
from SF leaching tests [1,13] in comparison with that
from SF, U-Pu and SIMFUEL coprecipitation experi-
ments.

The U(VI) concentrations determined in SF leaching
experiments were in most cases lower than in coprecip-
itation experiments. Equilibrium concentrations of
U(VI]) obtained in SF coprecipitation tests are similar to
those found in U-Pu and SIMFUEL. These concen-
trations are in the range of those obtained with Na-
polyuranate [11]. This indicates that Na-polyuranates
could be the phase that controls the uranium solubility
under these experimental conditions.

The U concentration at pseudo-equilibrium condi-
tions in SIMFUEL coprecipitation experiments per-
formed in GBW are shown in Fig. 2 for the samples
filtered through 0.22 um and for the samples filtered
through membranes of nominal pore size of 1.8 nm
(UF). During the titration process a yellow solid phase
was precipitated in all the experiments. XRD analyses
showed a Na-polyuranate type phase as formed as the
main solid. Since these experiments were performed
under atmospheric conditions an increase in U steady
state concentration in the pH range 7-9 is detected due
to carbonate complex formation. As can be observed, at
pH higher than 8 the U steady state concentration is
around 10~* mol (kg H,0) ™"

This scatter in the U concentration observed in both
media (saline Fig. 1 and GBW Fig. 2) is typical for
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Fig. 1. U concentrations from SF, SIMFUEL, UO,, U-Pu
experiments in saline solutions.
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Fig. 2. Steady state U concentration from SIMFUEL copre-
cipitation experiments in GBW (bold points correspond with
filtrated aliquots and hollow points to ultrafiltrated aliquots).

uranyl oxide hydrate formation at ambient temperature,
which may be due to difference in crystallisation degree
and particle size of the solid phase formed [11,12].

The concentrations of Am, Cm, Eu and Pu were
measured, their pH dependence was evaluated. In Am,
Cm and Eu a significant decrease of their concentrations
with pH were observed (Figs. 3 and 4). The apparent
equilibrium concentrations for these elements were
achieved within less than 10 days and remained constant
until test termination. Fig. 3 shows that apparent equi-
librium concentrations of Am decrease with pH, with a
pattern resembling typical solubility curve of pure hy-
droxide phase in the absence of carbonate [15].

All trivalent actinides (Am, Cm) and rare earth ele-
ments (Eu, Nd, La, Ce) have been found to behave alike
during SF dissolution [1,13] and SF coprecipitation
experiments, due to their similar chemical properties.
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Fig. 3. Am concentration from leaching and coprecipitation SF
tests in saline solutions.
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Fig. 4. Pu concentration from SF, SIMFUEL and U-Pu
experiments in saline solutions.

In Fig. 3, a comparison of the coprecipitation data of
the present work with other obtained by Grambow et al.
(leaching experiments) [14] shows that radionuclide
concentrations are always the highest in the coprecipi-
tation experiments. The apparent equilibrium concen-
trations from coprecipitation tests were lower than the
solubilities of pure Am(OH),(s), Cm(OH),(s) or
Eu(OH),(s) [15]. The discrepancies of more than two
orders of magnitude could be related with a different
solid phase formation.

From the data on trivalent actinide (Fig. 3) one can
propound the formation of a solid solution phase ‘(AN,
REE) (OH),(s)’. The calculated Am solubility curve
considering a control by (AN, REE) (OH);(s) formation
(dotted line in Fig. 3) agrees with data obtained from SF
leaching and coprecipitation tests [16]. The mechanism
propounded is that during coprecipitation process the
solutions became supersaturated with respect to rare
earth hydroxide phases and subsequently a trivalent
hydroxide solid solution will be formed. This phase
plays a role as a host for incorporation of Am, Cm and
REE.

Fig. 4 shows the Pu concentrations from SF and
U-Pu coprecipitation and leaching tests. No attempt has
been made to determinate the valence state of dissolved
Pu under these conditions and, therefore, solubility
constraints are not well defined. By comparing our Eh/
pH measurements with the Eh/pH stability diagram for
various aqueous Pu-species [17] we may assume that
Pu(OH), would be the dominant solution species.

The results obtained in SF and U-Pu coprecipitation
tests were compared with those obtained by Biippel-
mann and Kim [18] in 5 mol (kg H,0)"' NaCl under
oxidising conditions (Eh > 1 V). As can be observed in
the Fig. 4 the Pu concentrations obtained by Biippel-
mann are the highest. The difference in the Pu concen-
trations must be associated with CIO~ formation and
subsequent interaction with Pu. This effect is only valid

if the a-radiation field is low and ClIO~ complexation
can be ignored. Not only the redox state of solution
species is uncertain but also the solid phases may con-
tain either Pu(IV) or Pu(VI).

The Pu concentrations from the SF coprecipitation
experiments were compared with solubility of
Pu(OH),(am) (dotted line in Fig. 4) [18]. A relatively
good agreement can be observed between them, which
suggests that the Pu concentrations are controlled by
formation of Pu(OH),(am).

An effort was performed in order to elucidate the role
of strontium as indicator of the SF matrix alteration
[19]. According to Kleykamp [20] strontium is homo-
geneously distributed into the SF [20]. Grambow et al.
[14] and Loida et al. [21] in saline solutions and Bruno
et al. [26] in granite solutions have observed a congruent
dissolution behaviour of Sr with U with independence of
the media.

The coprecipitation tests performed in saline solu-
tions (Fig. 5) and GBW (Fig. 6) will allow verifying
whether Sr concentrations in solutions remain or not
stable under repository conditions.

In case of saline solutions and anoxic conditions
(Fig. 5) the concentrations obtained from coprecipita-
tion tests are always higher than those from leaching
experiments of SF. Furthermore, the Sr concentration
under this condition does not show any solubility con-
trol due to solid phase formation.

The Sr concentrations in GBW measured when tests
achieved the equilibrium are given in Fig. 6. As can be
observed, there is a small influence of colloid formation
in steady state concentration. For pH > 7 a decrease
respect to the initial concentration are measured.

Geochemical reaction path models were applied to
the interpretation of Sr behaviour in SIMFUEL copre-
cipitation tests in GBW under oxidising conditions has.
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Fig. 5. Comparison of apparent **Sr equilibrium concentration
vs. pH in 5 m NaCl solutions obtained from SF leaching tests
[1] with the present SF solubility/precipitation tests [7].
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Fig. 6. Sr concentrations from experimental and calculated
data in GBW and oxidising conditions.

The data bases used for modelling were ‘datal.com’ and
‘phreeqc.dat’ for EQ3 [22] and PHREEQC [23], re-
spectively. A tentative approach for modelling Sr steady
state concentration as a function of pH is given in Fig. 6.
The lines represent the Sr solubility calculated taking
into account a control due to solid phase formation
(celestite, strontianite or calcite). The comparison be-
tween measured [25] and modelled Sr concentration [24]
support the following chemical control model: for
pH < 7 the solid phase that controls the Sr solubility is
celestite; when 7 < pH < 8 the phase is strontianite, and
for pH > 8§ the calcite formation controls the Sr con-
centration in solution.

4. Conclusions

Coprecipitation tests are a powerful tool for the as-
sessment of the expected higher radionuclide concen-
trations expected release from spent fuel under
repository conditions. In SF coprecipitation experiments
the presence of high radiation fields (o, B and y) modify
the redox conditions from initially anoxic to oxic.

The uranium concentration measured in saline solu-
tions shows that the main solid phase formed is Na-
polyuranate. This phase is independent of the starting
solution (SF, SIMFUEL or U-Pu).

In the coprecipitation experiments with SF and U—
Pu, the Pu concentration in saline solution appears to be
controlled by solubility of pure phase Pu(OH),(am).

The results of the present work give strong indica-
tions for coprecipitation phenomena controlling maxi-
mum solution concentrations of trivalent actinides and
lanthanides by (AN;REE) (OH),(s) formation. Appar-
ent equilibrium concentrations in saline solutions are
considerably lower for these elements than that expected

from the solubility of pure hydroxide phases. The scatter
in the experimental data is too high to allow distinction
between ideal and real solid solution behaviour.

In case of Sr, this element does not show solubility
control in all conditions tested in this paper (saline and
GBW) which would hold to the reliability of this ele-
ment as indicator of the SF matrix alteration.
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