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INTRODUCTION

The spent fuel from the TVO I and TVO II reactors is planned to be

disposed of in a repository to be constructed at a depth of about 500
metres in crystalline granitic bedrock. In the concept of the multiple

barriers, the barriers for radionuclide release into the environment are
the granitic bedrock, the backfill, the copper-steel canister and the

fuel itself. The innermost barrier is the limited solubility or dissol-
ution rate of the U0 2 fuel and of the radionuclides embedded in the

fuel matrix. The overall objectives of this experimental study are

research on dissolution mechanisms of U0 2 for understanding the
dissolution mechanisms of spent fuel U0 2 matrix in granitic ground-
water under disposal conditions, and to produce solubility data for

uranium for the TVO safety assessments of spent fuel disposal.

This report presents the results obtained from dissolution experi-
ments of unirradiated U0 2 pellets as a function of water composition
under oxic (air-saturated) and anoxic (nitrogen atmosphere) condi-

tions at 25 'C. Three water-types, deionized water, NaHCO 3 solutions

with varying carbonate content and synthetic groundwaters were
used in the experiments. The synthetic groundwaters included Allard

groundwater which simulates fresh groundwater conditions at great

depths in granitic bedrock, and bentonite water which simulates the
effects of bentonite on fresh granitic groundwater. The experimental
method was static batch dissolution procedure. The earlier results of

the oxic experiments have been published by Ollila and Leino-Fors-
man /1993/.

A comparison of the experimental data is made with the solubilities

calculated using the geochemical code EQ3/6 in order to evaluate
solubility (steady state) limiting factors. The EQ3/6 is a theoretical
model based on the premise of chemical equilibrium conditions. The

solubilities are based on the databases of SKB, of the NEA Thermo-
chemical Database Project (TDB) by the OECD Nuclear Energy

Agency), and of the Lawrence Livermore National Laboratory (com-
posite, COM). Various hypotheses for redox control under oxic condi-

tions are tested. The controlling factor is assumed to be the redox

potential of the bulk solution (oxygen partial pressure) or the redox

potential at the U02 surface (the transitions between various UO2,x

phases).
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2 METHODS OF EXPERIMENTS

2.1 Materials

All the dissolution experiments of this report have used unirradiated

sintered polycrystalline U0 2 fuel in pellet form. The pellets had an
average mass of 9.8 grams and a geometrical surface of 4.5 10' mi2 .

The surfaces of the pellets were not pretreated by polishing prior to

the start of the experiments.

2.2 Waters

The waters used in the experiments were deionized water as the
reference water, sodium bicarbonate solutions with varying bicarbon-

ate contents (0.98 - 9.83 mmol/l, 60 - 600 mg/i) and two types of

synthetic groundwater (App. 1). Synthetic granitic groundwater by

Allard et al /1981/, so-called Allard groundwater, represents natural
fresh groundwater conditions at great depths in granitic bedrock.
Synthetic bentonite water by Snellman /1986/ simulates the effects of

bentonite on fresh granitic groundwater.

2.3 Redox conditions

The dissolution experiments were carried out in the different waters

listed above both under oxic and anoxic conditions. The oxic experi-
ments were carried out in Schott Duran flasks under air-saturated
conditions at 25 'C. The flasks were loosely closed during dissolution

periods in order to allow the access of air into the solution. The

anoxic conditions of deep groundwater were simulated in an anae-
robic glove box. Each pellet was immersed in deaerated water (nitro-

gen) in polypropylene bottles inside the anaerobic box. The oxygen

concentration in the box was kept low by using high-purity nitrogen

gas (99.999 % N2), which was continuously recirculated in a closed
circuit and purified by the filters (adsorbers: molecular sieve, CuO

catalyst). The oxygen concentration in the atmosphere of this box

normally stayed below 1 ppm (- 0.1 ppm). The carbon dioxide

content was undetectable. All the experiments under anoxic condi-

tions were performed at 27-29 'C, the ambient temperature of the

anaerobic box.
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2.4 Dissolution procedure

The oxic experiments were performed as batch-without-replenishment
experiments. In these experiments, four U0 2 pellets were immersed

in 1 liter of water in Schott Duran flasks of I liter total volume. Addi-
tionally, a ten-fold ratio of pellet surface area to water volume was

applied in one series of tests in Allard groundwater (ten pellets/250
ml of water). Small aliquots (5-10 ml) were taken periodically for

further analysis. These aliquots were replaced with fresh water which
had similar composition. The amounts of uranium in microfiltered

(sample 1, membranes of 0.45 pm pore size) and ultrafiltered (sample

2, membranes of 3 to 4 nm pore size, nominal cut-off value of 50 000

M) aliquots were measured.

For the experiments under anoxic conditions, the waters were pre-
pared as follows: All components but NaHCO3 were dissolved in

deionized water under atmospheric conditions. The solution was

deaerated with N2, and transferred into the anaerobic box. Sodium

bicarbonate was added to the solution in the glove box. The waters
were allowed to equilibrate in the glove box for at least one week

prior to the start of the dissolution experiments. As under oxic
conditions, the experiments were performed in batch-without-replen-

ishment fashion. Each U0 2 pellet was immersed in 1 liter of
equilibrated water in polypropylene bottles of I liter total volume.

Small aliquots (2 ml), which were replaced with fresh water, were

taken periodically from the solutions for further analysis. The
amounts of uranium in unfiltered and microfiltered aliquots (mem-
branes of 0.45 pm pore size) were analysed. Ultrafiltration (mem-
branes of 3 to 4 nm pore size, nominal cut-off value of 50 000 M) was

used instead of microfiltration after the experimental time of 150

days.

Prior to the start of the dissolution experiments under anoxic condi-

tions, a predissolution was carried out for the pellets in the glove

box, in an attempt to remove a more soluble oxidized layer on the
solid surface that might have been present on the surface of the U0 2

pellets due to the earlier manipulation of the pellets in air. Each pellet
was immersed in 100 ml of equilibrated water in polypropylene

bottles of 125 ml, the water compositions being similar to those used

later in the dissolution experiments. The duration of this predisso-



4

lution period with daily changing of water was ten days. The amount

of uranium released into the water phase per day was followed.

2.5 Analytical methods

The uranium contents in the oxic experiments were analysed by
epithermal neutron activation analysis (INAA). Inductively coupled

plasma mass spectrometry (ICP-MS) was used in analysing the

solutions of the last four samplings. The uranium contents in the
anoxic experiments were analysed by ICP-MS in order to reach lower

detection limits. The microfiltration of the solutions was carried out
using the Millex-HV 0.45 pm filter units of Millipore and the

ultrafiltration of the solutions was carried out using the Model 3
micro-volume and the Model 8010 Amicon Ultrafiltration Cells

(Amicon Diaflo membranes, XM 50). The anions and cations of the

solutions were analysed by ion chromatography (IC) at the end of the
experimental time. The carbonate equilibrium of the solutions was

analysed using the SFS 3005 Standard method for the determination
of alkalinity and acidity in water (Metrohm titrator).

The oxidation state of uranium was preliminarily determined in the
solutions after the contact with the pellets at the end of the experi-

mental time. The method was based on the separation of the tetra-
valent and hexavalent states by ion-exchange chromatography in HCO

medium /Hussonnois et al 1989/. The uranium contents of each
fraction were analysed by ICP-MS. The development and testing of
this method for our experimental conditions is reported elsewhere

/Ollila et al 1995/.

The presence of possible secondary phases of uranium on the surface

of the pellets or in the solutions was examined with X-ray diffrac-

tometry (XRD), Debye - Scherrer camera and X-ray photoelectron

spectroscopy (XPS). The XPS analyses were performed in the Univer-

sitat Politecnica de Catalunya (UPC) in Spain.
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3 METHODS OF CALCULATIONS

The EQ3/6 package (EQ3NR: versions 3245 R111 and 7.1 R125, EQ6:
versions 3245 R104, 7.1 R121) developed by the Lawrence Livermore
Laboratory /Daveler and Bourcier 1989ab, Wolery and Daveler 1989,

Wolery 1992, Wolery and Daveler 1992/ was used to calculate ura-

nium solubilities under experimental conditions.

The EQ3/6 code is a theoretical model based on the premise of

chemical equilibrium conditions. The EQ3NR code is based both on
the charge-balance equation, and on the mass-balance equations for
all elements except hydrogen and oxygen. The EQ6 code is based on
the mass-balance equations for all elements including oxygen and
hydrogen. In the case of solid solubility calculations with the EQ3NR
program, the alternative constraint of phase equilibrium with a

mineral substitutes the mass-balance equation for uranium. The redox

constraint used was either oxygen fixed gas fugacity, Eh, or redox
potential was assumed to be determined by the transitions between

different U02+,x phases on the surface of U02. The activity coefficients
were calculated with the B-dot equation /Helgeson et al 1969/. The
activity coefficients are in this option treated as functions of the ionic
strength but not of the specific aqueous solution composition. This is
realistic in dilute solutions where the ionic strength is less than or
equal to 1.0 molal /Daveler and Bourcier 1989a/.

The thermodynamic databases were the SKBU database (Data

0.3245S02) by Puigdomenech and Bruno /1988/, the NEA database

(NEAU, DataO.NEA.R16) which is based on Grenthe et al /1992/,
and the COM (composite) database (COMU, DataO.com.R16) by
Lawrence Livermore National Laboratory /Daveler and Wolery
1992/. The SKBU database has been validated for use in the EQ3/6
code package /Puigdomenech and Bruno 1988/.
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4 SOLUBILITY OF URANIUM UNDER OXIC CONDITIONS

4.1 Solubility limits of the dissolving matrix

Concentrations
(moUL)

1 e-4 +

1 e-5 +

+ 0

le-7 & &

le-8

1e-9
0 500 1000 1500 2000 2500 3000

Cumulative contact
time (days)

|+ BWR 0 PWR A BWR DIW 0 PWR DIW

Figure 4-1. Uranium concentration in deionized water and Allard groundwater in spent
fuel dissolution experiments under oxic conditions as a function of cumu-
lative contact time IForsyth and Werme 1992/.

A general result from spent fuel dissolution experiments performed
in the presence of atmospheric oxygen is that the solution concentra-

tion of uranium reaches a constant value after short time periods. The

concentrations obtained for uranium in the dissolution tests of spent

fuel in synthetic Allard groundwater and deionized water /Forsyth

and Werme 1992/ are plotted against cumulative contact time in

Figure 4-1. Over the first week of contact, the concentration increased

to 4 * 104 mol/l and remained constant at that level for 500 days. At

longer cumulative contact times, after some thousand days, the

concentration increased to 2 * 10- mol/l. The solution concentration
appears to be controlled with respect to some kind of oxidized phase.

Initial attempts to identify the solubility-controlling phase seemed to

indicate that the solution concentration was in close agreement with

the solubility limit of schoepite, U0 2(OH)2 * H 20 (s) /Bruno et al

1984/. Hovewer, when the refined thermodynamic data for schoepite

and for U(VI) hydroxo complexes /Bruno and Sandino 1989/ were

used, it was observed that uranium concentrations were about a
factor of 10 - 30 lower than given by the solubility of schoepite
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/Grambow 1989, Forsyth and Werme 1992/. If the constant uranium
concentration is not due to the saturation effects of dissolving solid,
other reasons could be steady state controlled by the rates of dissol-

ution and of precipitation, or steady state controlled by the solubility

of a secondary alteration product.

Under oxic conditions in groundwater, U0 2 is not thermodynamically

stable, but oxidizes to form a higher uranium oxide (e.g. U3 07 , U308 ,

U03 * 2H20) or forms a secondary solid phase of uranium as an
alteration product, depending on the availability of oxygen or other

oxidizing agents and the composition of the water. The dissolving

solid under oxidizing conditions is essentially U307, which forms by

solid-state oxygen diffusion through the U0 2 surface. The U3 07

surface will remain unstable with respect to schoepite or other U(VI)

phases if the concentration of oxidants in solution is sufficiently high

/Grambow 1989/. The U0 2/U 3 07 matrix is unlikely to achieve a
solubility limit, although the alteration products do. The solubility of

uranium increases until saturation with respect to the alteration

product is reached. The mechanism of dissolution is highly depend-
ent on the extent of oxidation. For very small extents of oxidation a
solubility-limited dissolution model may still be applicable.

Grambow /1989/ made a comparison of calculated U solubility (EQ3)
with Swedish spent fuel dissolution experiments in synthetic Allard

groundwater and deionized water under oxic conditions. He used

electrochemical arguments to predict solubility at saturation. It was
suggested that the controlling factor is the redox potential at the U0 2

surface (corrosion potential) rather than the redox potential of the
bulk solution (Eh). The redox potential at the surface may differ
substantially from the overall Eh in solution. The measured corrosion

potentials in the presence of dissolved 02 and in the presence of H202

/Shoesmith et al 1986a/ are compared in Figure 4-2 with the results
of thermodynamic calculations of the stability fields of various

uranium oxides and of schoepite using the SKBU database /Bruno

and Puigdomenech 1989/. Also given are the surface analysis results
(XPS) of U02 electrodes at certain applied potentials.
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Figure 4-2. Comparison of the measured corrosion potentials of U0 2 in the presence of
dissolved °2 and in the presence of H202 with the stability fields of various
uranium oxides and schoepite iGrambow 19891.

Grambow /1989/ used three hypotheses for Eh control in his calcula-

tions:

1) The Eh was assumed to be given by the measured corrosion

potentials.
2) The Eh was assumed to be given by the U30 7/U 3Og bound-

ary.

3) The Eh was assumed to be given by the U 3 07 /schoepite
boundary.

This interpretation of U saturation in solution means that no overall

thermodynamic equilibrium is reached, but steady state. True ther-

modynamic equilibrium under oxidizing conditions would require

complete conversion of U02 (U307) to a higher oxide. The best agree-
ment of calculated U solubilities and measured U concentrations in

spent fuel dissolution experiments in Allard groundwater was

obtained when the above hypothesis 2) was used, see Figure 4-3.
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Figure 4-3. Measured uranium concentrations in spent fuel dissolution experiments in
Allard groundwater versus cumulative contact time. Comparison with
calculated U solubility at the U3 07LU308 boundary at pH 8.2. Upper line:
calculated for constant carbonate content, lower line: carbonate control by
equilibrium with air (sequ= sequential, stat= static, repl= replenishment,
LBSF= low burnup fuel) lGrambow 1989/.

In the following paragraph, the measured solubilities of U in the
dissolution experiments of U02 pellets in deionized water, NaHCO3

solutions and synthetic groundwaters under oxic conditions (air-
saturated) are compared with the theoretical solubilities given by the

calculations using the EQ3/6 code. In the EQ3/6 simulations various
hypotheses for Eh control were tested. The redox potential was
assumed to be controlled by the oxygen partial pressure or equilibria
between different uranium oxides:

1) the oxygen partial pressure (Po2 = 0.2 atm),

2) the U3 07/U 308 boundary or
3) the U3 07 /schoepite boundary.

In the latter two EQ3/6 simulations equilibrium between different
uranium oxides fixes the oxygen partial pressure. This also deter-

mines the concentration of dissolved uranium. The redox potential is
much lower than the redox potential calculated from the oxygen
partial pressure.
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4.2 Comparison between experimental and calculated uranium data

The measured concentrations of uranium after the dissolution periods
of U0 2 pellets in deionized water under air-saturated conditions are

given in Figure 4-4. The cumulative contact time was 2200 days (6
years). The amount of uranium increases slowly and attains a steady
state at the concentration of 3 - 5 . 104 mol/l, being one order of

magnitude higher than the concentrations measured in the dissol-
ution experiments of spent fuel by Forsyth and Werme /1992/ (Fig-
ure 4-1, p. 5).

10-3

0
E
C

a)
C)
0

Schoepite (SKBU)

Schoepite (COMU)

Schoepite (NEAU)

U307/U308 (NEAU, SKBU)
* sample 1

10 \A sample 2
0 500 1000 1500

Time [days]

2000 250

Figure 4-4. Measured concentrations of uranium in deionized water after the dissolution
periods of U02 pellets under air-saturated conditions, pH= 5.8 (batch-
without-replenishment method, sample I and 2: U in micro- and ultra-
filtered solutions, respectively, p. 3). The dashed lines represent the solubil-
ities of schoepite (P02= 0.2 atm) and the uranium solubility at the
U307/U308 boundary (EQ3/6). Equilibrium with air was assumed (see App.
2).

The oxidative dissolution mechanism of U0 2 in deionized water
involves phase alteration, in which U0 2 alters to the particulate form

of U03 hydrate, if sufficient oxygen is available. The U03 hydrates
absorb on the surface of U0 2 or precipitate elsewhere /Shoesmith et
al 1986b/. The concentration of uranium in solution is not controlled
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by the solubility of dissolving U0 2 (U307) but by U(VI) containing
solid alteration product. The stable phase at 25 IC is schoepite,

U0 2 (OH)2 * H 20 (chemically equivalent to U0 3 - 2H20). Schoepite or
a closely related compound (dehydrated schoepite, U0 3 * 0.8 H20)
has been identified in long-term leaching experiments of spent fuel in

deionized water /Forsyth et al 1990, Stroes-Gascoyne et al 1986/.
Schoepite was also identified, probably as a secondary phase, in the

agitated U02 powder dissolution experiments under oxic (air-satu-

rated) conditions in deionized water, in NaHCO3 solution (120 ppm
HC03-) and in synthetic groundwaters (Allard groundwater,

bentonite water) /Ollila and Leino-Forsman 1993/. In those experi-

ments, the surface of the U0 2 powder was allowed to oxidize in air

prior to the start of the dissolution experiments.

The results of the solubility calculations (EQ3/6) in deionized water

are given in App. 2 and a comparison with the measured data is
made in Figure 4-4. The solubility of schoepite was calculated assum-
ing the oxygen partial pressure (0.2 atm) to determine the redox
potential. Alternatively, the Eh was assumed to be controlled by the

U3 07/U 3 08 or U 3 07 /schoepite boundary. This also determines the
concentration of dissolved uranium in solution. The redox potential

in the latter case is considerably lower than the redox potential given
by the oxygen partial pressure (see App. 2). Equilibrium with air

(Pco2= 10-35 atm) was assumed. Best agreement between the measured

data at steady state and the calculations was obtained when the
solubility of schoepite was calculated at PO2= 0.2 atm using the

COMU database. The reason for the lower solubility given by the
NEAU database is the aqueous species U0 2(OH)2 (aq) in the COMU
database, which has not been included in the NEAU database. The
solubility given by the SKBU database is considerably higher. There
is a different value of the solubility product of schoepite in the SKBU

and NEAU (COMU) databases (log K= 5.6 and 4.8, respectively). The
calculated solubility at the U307/U 308 boundary is one order of

magnitude lower than the measured concentrations at steady state.

The solubilities at the U 3 07 /schoepite boundary are equal to the
solubilities of schoepite at PO2= 0.2 atm (App. 2). The dominating

aqueous species are included in the table of App. 2.

The presence of particulate, crystalline material in deionized water at

the end of the experimental time was shown by analysing with the
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XRD and Debye-Scherrer camera of a membrane filter after the

filtration of the water phase. It seemed to be uranium oxide with a

crystal structure of uraninite (U0 2 - U3 07 ), App. 3. Schoepite was not

observed. The small amount of material retained on filter made
analysing difficult. A new attempt to identify the particulate material

on the filter was made with XPS. It was not possible to identify any
secondary phase. The composition of the UO2 pellet surface was,

according to the XPS determination, 100 % U(IV), App. 4.

A comparison between the measured concentrations of uranium in

NaHCO3 solution (120 ppm HCO3-) after dissolution periods of U0 2

pellets under air-saturated conditions, and the calculations is given in
Figure 4-5. The results for another series of experiments as a function

of bicarbonate concentration are presented in Figure 4-6. This series

was performed as batch-with-replenishment experiments, in which

10-4

<-¢4*--4-L-- U3U 3 Q0U,0 (NEAU)

0 10-7 n U30 7/U30 8 (SKBU)

0 i 0-

0

o 10 4a)

010-6

* sample 1

10-7 I I L sample 2
0 500 1000 1500 2000 2500

Time [days)

Figure 4-5. Measured concentrations of uranium in NaHCO3 solution (120 ppm HCO3)
after the dissolution periods of U02 pellets under air-saturated conditions,
pH= 8.0 (batch-without-replenishment method, sample 1 and 2: U in micro-
and ultrafiltered solutions, respectively, p. 3). The dashed lines represent the
uranium solubilities at the U307/U30, boundary. Equilibrium with air was
assumed.
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the water was changed between the dissolution periods /Ollila and
Leino-Forsman 1993/. The detailed results of the calculations are

listed in Apps. 5 - 8. The U solubilities were calculated in two differ-

ent ways:

1) measured pH: The U solubilities were calculated at the

measured pH values of the solutions at the end of the experi-

mental time.

2) theoretical pH: the U solubilities were calculated assuming
the equilibrium with air (pco2= 10 5 atm).

As can be seen from Figure 4-5, the amount of uranium in NaHCO3

solution (120 ppm HCO3-) seems to attain a steady state at the solu-
bility of uranium at the U3 07/U 308 boundary. The solubility of
schoepite is clearly higher (see App. 6). Only uranium oxide with a

crystal structure of uraninite (U0 2 - U3 07 ) was identified in the
material retained on the membrane filter after the filtration of the sol-
ution at the end of the dissolution experiment. The XPS determina-
tion of the U0 2 pellet surface showed 100 % U(IV). There is a differ-

ence between the two databases. The solubility calculated using the
NEAU database is increased by the presence of the mixed
(UO2 )2(CO3)(OH)3- complex. This complex is not included in the SKBU

database.

In the series of experiments as a function of bicarbonate content,

Figure 4-6, the uranium concentrations measured after the last dissol-
ution period of 900 days agree with the results for the U3 07/U 308

boundary at lower carbonate concentrations (60 - 120 ppm). At higher
carbonate concentrations, the measured concentrations are lower. One

explanation for this is that the solutions with high carbonate concen-

trations are not saturated. These experiments used the batch-with-
replenishment method, in which successive dissolution periods were

carried out, leading to a very long cumulative experimental time. The

duration of the longest dissolution period is 900 days, and in the test

series with the carbonate content of 120 ppm using the batch-with-

out-replenishment method (Figure 4-5), the solution concentration
still increases after the experimental time of 900 days. Unfortunately,

the batch-without-replenishment method was applied only in the test

series in NaHCO3 solution with a carbonate content of 120 ppm.
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When comparing the measured pH values at the end of the last

dissolution periods (batch-with-replenishment method) with the
theoretical pH values at equilibrium with air, the measured values

were somewhat lower (see Apps. 5 - 8).

1 0-
2

I

10-3
0
E

C~~
.~10-s/

P 1°04 i zz 9 *U series I (s 1)

8 !0 series I (s 2)
10-5 A series 11 (s 1)

^ series II (s 2)
I U30yU308 (NEAU)

X10-6 , l U307/U30, (SKIBU)
0 100 200 300 400 500 600 700

HCO3 concentration [ppm]

Figure 4-6. Measured concentrations of uranium in NaHCO3 solution as a function of
bicarbonate content after the dissolution periods (900 days) of U02 pellets
under air-saturated conditions (pH in Apps. 5 - 8, batch-with-replenishment
method, two parallel test series, s 1 and s 2: U in microfiltered and ultrafil-
tered solutions, respectively 1Olila and Leino-Forsman 1993/). The dashed
lines as mentioned above.

Finally, the measured concentrations of uranium in the synthetic
groundwaters after the dissolution periods of U0 2 pellets under air-

saturated conditions, together with the results of the solubility calcu-

lations are given in Figures 4-7, 4-8 and 4-9. The detailed results of

the EQ3/6 calculations are listed in Apps. 9 and 10. The calculations
were carried out in the same way as in the case of the NaHCO3

solutions, using alternatively the measured pH values at the end of

the experimental time (6 years) as input data, or assuming the equi-

librium with air. The experimental data for uranium in Allard

groundwater include the results of two series of dissolution experi-

ments, both using the batch-without-replenishment method. The

difference in those series was the ratio of pellet surface area to water

volume (SA/V, see p. 3). The test series of Figure 4-8 used a ten-fold

ratio compared to the test series of Figure 4-7.
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Measured concentrations of uranium in Allard groundwater after the
dissolution periods of U02 pellets under air-saturated conditions, pH= 8.4
(batch-without-replenishment method, sample I and 2: U in micro- and
ultrafiltered solutions, respectively, p. 3). The dashed lines represent the
uranium solubilities at the U3071U 30, boundary. Equilibrium with air was
assumed.

Figure 4-7.
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Figure 4-8.
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Measured concentrations of uranium in Allard groundwater after the
dissolution periods of U02 pellets (tenfold SA/V ratio) under air-saturated
conditions, pH= 8.1 (two parallel test series, batch-without-replenishment
method, s I and 2: U in micro- and ultrafiltered solutions, respectively,
p. 3). The dashed lines as mentioned above.
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Figure 4-9. Measured concentrations of uranium in bentonite water after the dissolution
periods of U02 pellets under air-saturated conditions, pH= 9.0 (batch-
without-replenishment method, sample 1 and 2: U in micro- and ultrafil-
tered solutions, respectively, p. 3). The dashed line represents the solubility
of haiweete (PO2= 0.2 atm, SKBU database).

The amount of uranium in Allard groundwater attains a steady state
at a concentration of 1 - 2 *10-5 mol/l, being in good agreement with

the results of spent fuel dissolution experiments by Forsyth and

Werme /1992/, Figure 4-1 (p. 6). The agreement between the test

series of Figures 4-7 and 4-8 is also good. The concentration at steady

state is close to the solubility at the U307 /U3 08 boundary given by
the SKBU database. The solubility given by the COMU database is

higher due to the presence of the mixed complex, (UO2)2(CO3)(OH)3-.

The solubility of schoepite (see App. 9) is one order of magnitude

higher. The COMU data file was used for groundwaters instead of

the NEAU data file because of a wider range of minerals, including
e.g. calcite. Both Allard groundwater and bentonite water are oversa-

turated with calcite under air-saturated conditions. In bentonite

water, a steady state is attained at a concentration of one order of

magnitude lower, 1 - 10' mol/l, regardless of the high carbonate

content of the water (600 ppm). It is three orders of magnitude below
the solubility of schoepite and the solubilities of uranium at the

U307/U 308 or U 307 /schoepite boundaries, see App. 10. This suggests
the formation of a secondary phase with a lower solubility. The

uranyl silicates are known to be the most stable long-term phases in
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oxidizing siliceous groundwater /Finch and Ewing 1989/. The
solubility of one such phase, haiweeite, Ca(U02)2(Si2 05 )3 * 5 H20 has
been presented for comparison in Figure 4-9.

The attempts to identify possible secondary phases in the solutions at
the end of the experimental time were only partly successful because
of the small amount of material retained on membrane filters. As in
deionized water and the NaHCO3 solution (120 ppm HC0 3-), ura-
nium oxide with a crystal structure of uraninite (U02 - U30 7 ) was
identified in both synthetic groundwaters (XRD, Debye-Scherrer
camera). Calcite was identified in bentonite water. The composition
of the U02 pellet surface was, according to the XPS determinations,
92 % U(IV) and 8 % U(IV) after the contact with Allard groundwater,
and 100 % U(JV) after the contact with bentonite water. Analysing of
the composition of the solutions after the dissolution experiments
does not show any remarkable change in Allard groundwater com-
pared to the situation at the beginning, App. 11. In bentonite water,
App. 12, the silica (SiO 2) and calcium (magnesium) contents of the
solution are lower at the end of the experiment.
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5 SOLUBILITY OF URANIUM UNDER ANOXIC CONDITIONS

5.1 Solubility-limiting solid phase

Under reducing conditions, i.e. in the redox regime where U(IV) is

the predominant oxidation state, U02 or U409 is the stable uranium
solid. The dissolution reaction:

UO 2 + 4H+ -- > U9 + 2H2O

will attain equilibrium in the absence of oxidants. U4' will be hydrol-

yzed or complexed in solution. The uranium concentrations in equi-

librium are extremely low. The complex formation of uranium with

carbonate affects the relative stabilities of the oxidation states of ura-

nium. This makes U(VI) stable in more reducing conditions than in
the absence of carbonate and increases solubility. The relative

amounts of the U(VI)- carbonate complexes and the U(IV)- hydroxide
complex depend on carbonate concentration, pH and Eh /SKI Project-
90 1991/.

The solubility of U0 2 depends on the crystallinity and particle size of

the solid. In the SKBU and NEAU databases three oxides of U(IV):
U0 2 (c) (uraninite), U0 2(fuel) and U0 2(am) in the order of increasing
solubility, have been included. UO2(fuel) has not been included in the

NEAU database. Uraninite corresponds to a well-crystallized solid.

The data for U0 2(am) reflects the properties of a hydrous and X-ray

amorphous solid that is obtained by precipitation in alkaline aqueous

solutions. U0 2(fuel) is an intermediate solid (particle size of 1-5 pm),

which corresponds to the average particle size of U02 in spent fuel
/Puigdomenech and Bruno 1988/. In the following paragraph, the

solubilities of uranium measured under anoxic conditions (nitrogen
atmosphere) in the dissolution experiments of U0 2 pellets are com-

pared with the theoretical (EQ3/6) solubilities of the U(IV) oxides.

Additionally, the solubilities of the mixed valence oxide, U4 09

(UO2.25 ), were calculated. This phase is formed by diffusion of oxygen
into the U0 2 matrix /Garisto and Garisto 1985/. U409 has been found

as an oxidation product in grain boundaries in spent fuel at 140 to

225 °C /Woodley et al 1988/. The redox constraint used in the

calculations of the anoxic conditions was Eh.
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5.2 Comparison between experimental and calculated uranium data

The results of the predissolution periods, which were carried out

prior to the start of the dissolution experiments in order to remove
possible oxidized layer on the surface of the pellets, are given in the
form of U dissolution rates in App. 13. The duration of the predisso-

lution with daily changing of water was ten days (see p. 3). The

amount of uranium released per day into the aqueous phase

decreased during that time period by 1 - 2 orders of magnitude.

The measured concentrations of uranium after the dissolution periods
of U0 2 pellets in deionized water, in NaHCO 3 solutions and in

synthetic groundwaters under anoxic conditions are given in Apps.
14 - 20. Several parallel samplings were made in order to test the
accuracy of ICP-MS in the analysing of low contents of uranium. The
lower figures in the Apps. give the standard deviations of the filtered
samples. The uranium contents found in unfiltered and filtered

samples show some difference. This difference would seem to
decrease towards the end of the experimental time in all waters but
in deionized water, when steady state has been reached. Possibly the

formation of colloids or precipitates occurred. Sorption onto filter
membranes cannot be excluded. On the other hand, successive
sampling with filtration using the same membrane produced small

differences in the uranium contents of the solutions.

The concentrations measured for uranium in deionized water level
off at the solubility of 6 - 9 * 10- mol/I (App. 14, lower figure), being
between the theoretical solubilities of the well-crystallized solid,
uraninite, U0 2 (c), and of U0 2(fuel), Figure 5-1. These concentrations
represent the uranium contents found in the filtered solution. The
concentration at steady state is equal to the solubility of a mixed

valence oxide, U409(c) (UO2 .2). There are, however, some indications
in the literature that the formation of U409 (c) at room temperature
would be kinetically hindered /Grambow 1989/. The higher concen-

trations measured in the unfiltered solution suggest the occurrence of
precipitation phenomena.
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Figure 5-1. Measured concentrations for uranium in deionized water after the dissol-
ution periods of U0 2 pellets under anoxic conditions. The dashed lines give
the calculated (EQ316) solubilities of uranium oxides (pH= 7.0).

The steady-state concentrations obtained for uranium in NaHCO3 sol-

utions as a function of HC03 content vary 2 - 4 * 10' mol/l, Apps. 15
- 18 (lower figures). Under strongly reducing conditions, the car-

bonate content should not have an effect on the solubility of uranium,

the neutral hydroxide complex of U(IV), U(OH)4 , being the dominat-

ing species. The effect of the carbonate complexation of U(VI)
increases solubility under mildly reducing conditions, especially at

high carbonate concentrations. There is only a minor increase in the

solubility of uranium as a function of carbonate content under the

studied experimental conditions. The measured concentrations at

steady state are again at the level of U409 (c) (UO2.2) solubility given

by the NEAU database, see Figure 5-2. The solubilities were calcu-
lated at the pH value measured at the end of the experimental time,

which was identical for all NaHCO3 solutions (9.1).

The CO2 content in the atmosphere of the anaerobic box is not
known. It is low, below the detection limit of the analyzer (Fuji

electric infrared gas analyzer). In order to study the stability of the

carbonate content in the solutions under N2 atmosphere, the contents
of the HC03- and C03

2 -ions were measured using the standard
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method (SFS 3005) for the determination of the alkalinity in water.

The titrations were carried out for the solutions (without pellets) after

two months' equilibration, and for the solutions (with pellets) after

one year's experimental time. All the titrations were made under N2

atmosphere in the box. The results of the analyses show that there is
only a small decrease in the contents of the HCO3 and C03

2 - in the

NaHCO3 solutions over one-year experimental time, see App. 21. The

experimental vessels were tightly closed between the samplings.

1 0-7
1 - - - - - -- U02(fuel) (SKBU)

% 7- -i < -z _U0 2 -25 (NEAU)

1 0-8
..U 40,(c) (SKBU)

E 10-9
_ _ … U02(c) (NEAU)

10-10 U0 2(c) (SKBU)

0 NaHCO3 -60

1 0-1 ____________________________________ _ A NaHCO 3-120

0 100 200 300 400 500 600 700 ° NaHCO3-275
SoNaHC0,3-6600

Time [days]

Figure 5-2. Measured concentrations for uranium in NaHCO3 solutions after the
dissolution periods of U02 pellets under anoxic conditions. The dashed lines
give the calculated (EQ3/6) solubilities of uranium oxides (pH= 9.1, Eh=
-0.3 V).

Finally, the measured concentrations of uranium after the dissolution

periods of U02 pellets in synthetic groundwaters under anoxic

conditions are shown in Apps. 19 - 20. Comparison of the measured

data with the calculated solubilities, Figure 5-3, shows that the

measured data at steady state in groundwaters (2 - 3 10' mol/1)

seem to be equal to the solubility of U4 09 (C) (U02 .25) given the NEAU
database (Eh= -0.3 V), which was also the case in the other solutions.

The solubilities were calculated using the measured ph values (see
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Figure 5-3) at the end of the experimental time. There is only a little

increase in the solubility in bentonite water, regardless of the high

carbonate content (see also App. 21).

1 0 -7 I I I I I I
0-7. ..... _ _. ...... .. _.. . - U0 2(fuel) (SKBU)

lo-8 -yQ---o--g--- U0 225 (NEAU)
10-8

. S- ---------------------.................. U40 9 (c) (SKBU)

E 10-9

… _ _ _ U02(c) (NEA)

1 -10' __…U0 2(c) (SKBU)

A Allard groundwater

10-1 0O Bentonite water
0 100 200 300 400 500 600 700

Time [days)

Figure 5-3. Measured concentrations for uranium in synthetic groundwaters after the
dissolution periods of U02 pellets under anoxic conditions. The dashed lines
give the calculated (EQ3/6) solubilities of uranium oxides (Allard ground-
water: pH= 9.0, bentonite water: pH= 8.9, Eh= -0.3 V).

An attempt to investigate the speciation of uranium in aqueous phase

was made by determining the oxidation state of uranium in the
solutions after the contact with the pellets at the end of the experi-

mental time. The method included the separation of the hexavalent
and tetravalent states by anion exchange in HCl medium and the

analyses of the uranium contents of each fraction by ICP-MS. The

sample solution in 4.5 M HCI was added to a chromatographic
column filled with anionic resin. Under these conditions U(VI) is

fixed at 95 - 100 %, while U(IV) flows through the column. Then the
U(VI) was recovered by elution with 0.1 M HCI. The detailed analy-

ses and development of the method for our experimental conditions

are reported in ref /Ollila et al 1995/. The results of the analyses

show that uranium was mainly at the U(VI) state (91 - 99 %), App.

22.
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6 CONCLUSIONS

The solubility behaviour of unirradiated U0 2 pellets was studied as

a function of water composition under oxic (air-saturated) and anoxic

(N) conditions at 25 'C. The waters included deionized water as

reference water, sodium bicarbonate solutions with varying bicarbon-
ate content, Allard groundwater representing granitic fresh ground-

water conditions, and bentonite water simulating the effects of

bentonite on fresh granitic groundwater. The experimental method
was a static batch dissolution procedure. Comparison was made with

the theoretical solubility data (EQ3/6, the SKBU, NEAU and COMU
databases) in order to evaluate solubility (steady state) limiting

factors.

In the EQ3/6 calculations, various hypotheses for redox control were
tested under oxic conditions. The controlling factor was assumed to

be given by the redox potential of the bulk solution (oxygen partial

pressure, Po2= 0.2 atm), or the redox potential at the U0 2 surface (the

U3 07 /U3 08 or U 3 07 /schoepite boundaries). In the latter case, the

redox constraint also determines the concentration of uranium in sol-
ution. The measured data at steady state in deionized water is equal

to the solubility of schoepite at P0 2= 0.2 atm given by the calcula-
tions (the COMU database). In sodium bicarbonate solutions, the

solution concentration of uranium is close to the calculated uranium

solubilities at the U307/U 3 0 8 boundary at lower carbonate concentra-

tions (60 - 120 ppm). This is also the case also in Allard groundwater.
In bentonite water, the results suggest a different solubility control,

e.g. the formation of a secondary phase with a lower solubility. The
measured concentrations of uranium at steady state in bentonite
water were three orders of magnitude below the solubility of schoe-

pite or the solubility at the U307 /U3 08 boundary. Schoepite was
assumed to limit the solubilities of uranium in the TVO-92 safety

assessment /Vieno et al 1992/. The identification of the possible
solubility-limiting secondary phases of uranium was made difficult

by the small amount of particulate material collected from the sol-

utions. Only uranium oxide with a crystal structure of uraninite (UO2

- U307) was identified in all the waters.

Under anoxic conditions, the measured concentrations at steady state

are at the level of U4 09 (UO2 2 .) solubilities, being clearly higher than
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the solubilities of well-crystallized uraninite and below the solubilities

of U0 2(fuel). The water composition had a minor effect on the sol-
ution concentration of uranium. Additional solubility experiments, in

which solution equilibrium is approached from oversaturation, are
needed to confirm the solubility-limniting phases.
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App. 1

Composition of the synthetic groundwaters, mmoll (mg/I).

HCOj

so4
2 -

Cl-

HP0 4
2-

Si4 ,

K+

Na'
ca2.

Mg2 -

(Fe,0,)

Ionic strength

PHoiX ()

PHanoxic (**)

synthetic granitic
groundwater

(Allard et al [1])

2.01 (123)

0.10 (9.6)

1.97 (70)

0.13 (3.7)

0.10 (3.9)

2.28 (52)

0.45 (18)

0.18 (4.3)

0.005 (0.3)

0.005

8.20

8.71

synthetic bentonite
water

(Snellman [2])

9.83 (600)

0.62 (59.6)

2.26 (80)

0.40 (7.5)

0.0042 (0.4)

0.27 (7.5)

0.10 (3.9)

11.8 (272)

0.45 (18)

0.18 (4.3)

0.005 (0.3)

0.014

8.42

8.77

Composition of the NaHCO3 solutions, mmolll (mg/I).

NaHCO3 -60 NaHCO3 -120 NaHCO 3-275 NaHCO3-600

HCO; 0.98 (60) 1.97 (120) 4.51 (275) 9.83 (600)

Na 0.98 (23) 1.97 (45) 4.51 (104) 9.83 (226)

(Fe,.,) 0.005 (0.3)

C- 0.011 (0.4)

pH..i,(*) 7.80 8.10 8.30 8.40

PHanoxic(**) 8.80 8.85 8.87 8.87

(Feto0 )
(*)
(**)

ferrous chloride was added to solutions under oxic conditions
pH measured for fresh solutions under oxic conditions
pH measured for fresh solutions under anoxic conditions (N2 atmosphere)



EQ3/6 calculations
uranium - deionized water

Thermodynamic U and redox U solubility (moltl) Dominant
database controls measured pH= 5.8* species (> 5%)

NEAU schoepite 1.54 10-6 U0 2(OH)-,
P02= 0.2 atm (pH= 5.8/Eh= 0.875 V)** (UO2)3(OH)5+,

U02
2 ,

(UO 2 )2 (CO 3 )(OH)3-

SKBU 1.34 . 104 (UO2)3 (OH)5+,
(pH= 5.8/Eh= 0.875 V) (UO2)4(OH)7 '

COMU 4.77- 104 U0 2(OH)2(aq),
(pH= 5.8/Eh= 0.875 V) UO2OH+,

(UO 2 )3(OH)5'

NEAU U3 07/U 30 8 - 2.32 * 10-7 U0 2(OH)Y,
equilibrium (pH= 5.8/Eh= 0.220 V) UOJ2

2+

SKBU 2.16. 10-7 UO2(OH),
(pH= 5.8/Eh= 0.230 V) UO2

2,, U0 2(OH)2

NEAU U307 /schoepite - 1.54 . 106 U0 2OH', UO2
2 ,

equilibrium (pH= 5.8/Eh= 0.252 V) (UO2)3(OH)5 ,
(UO 2 )2 CO 3 (OH) 3

SKBU 1.34 . 10-4 (UO2 )3(OH)5+
(pH= 5.8/Eh= 0.290 V) (UO2)4(OH) 7+

* measured pH: pH measured for the solution at the end of the experimental time
** pH and Eh at equilibrium with uranium phase

k)
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App. 4

50000 -

40000

q 30000

CU
Cb
C 20000
0
C.)

10000 -

0-

Data:Pellet 5
Model: Gauss
ChiA2 = 7.9937E5
yO 0
xcI 380.6 0.135
WI 1.940 0.0181
Al 1.075E5 1.4E4
xc2 382.0 0.298
w2 2.379 0.541
A2 2.754E4 1.36E4

U-peak

20% U(VI) 80% U(NV)

384 386
I , I * I . I

376 378 380 382

Binding Energy (eV)

40000- U-peak

30000 -

-20000-
-.6C

0
O 10000-

374 376

Data: pellet 1
Model: Gauss
Chl^2 = 1.9032E6
yO 0
xci 380.2 0.0206
WI 2.124 0.0293
Al 1.063E5 1.06E3

100% U(IV)

I I I

378 380 382

Binding Energy (eV)
384 386

X-ray photoelectron spectroscopy detennination of U02 pellet surface before (upper figure) and
after the contact with deionized water under oxic, air-saturated conditions, pH= 5.8 (lower
figure).



EQ3/6 calculations
uranium - NaHCO. (60 ppm HCO)

Thermodynamic U and redox U solubility (mol/l) Dominant
database controls species (> 5%)

measured pH= 7.8* theoretical pH (pCO2 = 10-3i5 atm)

NEAU schoepite 6.69 10W 7.18 * 10r (UO2 )2C0 3(OH)3;
po2= 0.2 atm (pH= 7.8/Eh= 0.755 V)** (pH= 8.27/Eh= 0.730 V)** U02(CO3)2

2;1
UO2 (CO3)3 4

SKBU 3.80. 10W 4.54 * 10 U0 2(CO3)22
(pH= 7.8/Eh= 0.755 V) (pH= 8.24/Eh= 0.730 V) UO2(CO3)34

NEAU U307/U 30 8 - 7.04 * 104 8.62 - 104 U0 2(CO3)22-,
equilibrium (pH= 7.8/Eh= 0.105 V) (pH= 8.30/Eh= 0.075 V) (UO2)2Co3(OH)3-,

UO 2 (CO3 )34-

SKBU 1.68 * 104 2.31 * 104 U0 2(CO3)2
2-,

(pH= 7.8/Eh= 0.110 V) (pH= 8.29/Eh= 0.080 V) UO2(CO3)34

NEAU U3 07 /schoepite- 6.69 . 104 7.18 . 10- (UO2)2 CO3(OH)3-,
equilibrium (pH= 7.8/Eh= 0.135 V) (pH= 8.27/Eh= 0.105 V) U0 2(CO3)22-

________________________________ U 02 (C O3)3
4-

SKBU 3.80 - 10- 4.54* 1W0 U0 2(CO3)22;
(pH= 7.8/Eh= 0.170 V) (pH= 8.24/Eh= 0.145 V) UO2(CO3)34

* measured pH: pH measured for the solutions after the last dissolution period (900 days)
** pH and Eh at equilibrium with uranium phase

(J1



EQ3/6 calculations
uranium - NaHCO. (120 ppm HCOJ

Thermodynamic U and redox U solubility (mol/l) Dominant
database controls species (> 5%)

measured pH= 8.2* theoretical pH (pCO2 = lo" atm)

NEAU schoepite 1.86 . 104 2.11 . 104 (UO2)2CO3(OH)3-;
P02= 0.2 atm (pH= 8.2/Eh= 0.735 V)** (pH= 8.51/Eh= 0.715 V)** U0 2(CO3)34-,

U0 2 (C03 )2 2-

SKBU 1.80. 0 2.10 *104
(pH= 8.2/Eh= 0.735 V) (pH= 8.44/Eh= 0.720 V) U0 2(CO3)22-

NEAU U307/U308 - 3.35 * 10-5 4.94 - 10-5 U0 2(CO3)3 ,
equilibrium (pH= 8.2/Eh= 0.080 V) (pH= 8.57/Eh= 0.060 V) U02(CO )22,

._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ (U O2 )2 Co 3 (O H )3-

SKBU 1.23 *10-5 2.04 * 10-5 U0 2(CO3)34-,
(pH= 8.2/Eh= 0.085 V) (pH= 8.57/Eh= 0.065 V) U0 2(CO3)22

NEAU U30 7/schoepite - 1.86 .104 2.11 104 (UO2)2CO3(OH)3-;
equilibrium (pH= 8.2/Eh= 0.145 V) (pH= 8.51/Eh= 0.090 V) UO2(CO3)3$,

U02(C03 )22-

SKBU 1.80 *104 2.10 *104 U0 2 (CO3 )34,
(pH= 8.2/Eh= 0.145 V) (pH= 8.44/Eh= 0.135 V) U0 2(CO3 )22-

* measured pH: pH measured for the solutions after the last dissolution period (900 days)
** pH and Eh at equilibrium with uranium phase :>



EQ3/6 calculations
uranium - NaHCO, (275 ppm HCO3)

Thermodynamic U and redox U solubility (moVI) Dominant
database controls species (> 5%)

measured pH= 8.5* theoretical pH (pCO2= lo`'5 atm)

NEAU schoepite 7.99 *104 8.51 . 104 U0 2(CO3)341 ,
Po2= 0.2 atm (pH= 8.5/Eh= 0.716 V)*** (pH= 8.66/Eh= 0.705 V)** U02(CO3)22 ,

(UO 2 )2C0 3 (OH)3 -

SKBU 8.90 - 104 9.09 . 104 U0 2(CO3)3
4-,

(pH= 8.5/Eh= 0.716 V) (pH= 8.56/Eh= 0.710 V) U02(CO3)22-

NEAU U3 07/U 30 8 - 3.46 . 104 4.62 . 104 U0 2(CO3)3
4 ,

equilibrium (pH= 8.5/Eh= 0.064 V) (pH= 8.79/Eh= 0.050 V) U02(CO3)22-

SKBU 1.90 _ 104 2.98 .104 UO 2(CO3)34,
(pH= 8.5/Eh= 0.068 V) (pH= 8.83/Eh= 0.050 V) U0 2(CO3)2

2-

NEAU U3 07/schoepite- 7.99 *104 8.51 *104 UO 2(CO3)34,
equilibrium (pH= 8.5/Eh= 0.092 V) (pH= 8.66/Eh= 0.080 V) (UO2)2CO3(OH)3 ,

U0 2 (C03 )2 2-

SKBU 8.90 * 104 9.09 *104 UO2(CO3)34,
(pH= 8.5/Eh= 0.131 V) (pH= 8.56/Eh= 0.125 V) U0 2(CO3)22

* measured pH: pH measured for the solutions after the last dissolution period (900 days)
** pH and Eh at equilibrium with uranium phase 3>

N1CI



EQ3/6 calculations
uranium - NaHCO. (600 ppm HCOJ

Thermodynamic U and redox U solubility (molIl) Dominant
database controls species (> 5%)

measured pH= 8.8* theoretical pH (pCO2= 10-3'i atm)

NEAU schoepite 2.56 * 10-3 2.53 *10-3 U02(CO3)34-,
P02= 0.2 atm (pH= 8.8/Eh= 0.700 V)*** (pH= 8.71/Eh= 0.705 V)** (UO2)2CO3(OH)3-,

UO2(CO3)22-

SKBU 2.69 . 10-3 2.61 _ 10-3 UO2(CO3)34,
(pH= 8.8/Eh= 0.700 V) (pH= 8.59/Eh= 0.710 V) U02(CO3) 22 -

NEAU U30 7/U 30 8 - 1.94. 10-3 1.98 _ 10-3 UO2(CO3)34
equilibrium (pH= 8.8/Eh= 0.050 V) (pH= 8.86/Eh= 0.045 V)

SKBU 1.56 10-3 1.66 . 10-3 UO2(CO3)34
(pH= 8.8/Eh= 0.050 V) (pH= 8.92/Eh= 0.045 V)

NEAU U307/schoepite- 2.56 10-3 2.534 *0- U0 2(C03)3t
equilibrium (pH= 8.8/Eh= 0.075 V) (pH= 8.71/Eh= 0.080 V) (UO2)2CO3(OH)3-,

U0 2 (CO 3 ) 2
2

SKBU 2.69 . 10-3 2.61 10- UO2(CO3)31,
(pH= 8.8/Eh= 0.115) (pH= 8.59/Eh= 0.125 V) U02(CO3)

* measured pH: pH measured for the solutions after the last dissolution period (900 days)
** pH and Eh at equilibrium with uranium phase



EQ3/6 calculations
uranium - Allard groundwater

Thermodynamic U and redox U solubility (mol/1) Dominant
database controls species (> 5%)

measured pH= 8.4* theoretical pH (pCO2 = 10'3 atm)

COMU schoepite 2.06- 104 2.17 - 104 (UO2)2CO3(OH)3-;
P02= 0.2 atm (pH= 8.4/Eh= 0.725 V)** (pH= 8.48/Eh= 0.715 V)** UO2(CO3)3,

U02(C03)22-

SKBU 2.23 . 104 2.31 - 104 UO2(CO3)34,

(pH= 8.4/Eh= 0.725 V) (pH= 8.42/Eh= 0.720 V) U0 2(CO3)22

COMU U307/U3 08 - 4.35 * 10-5 5.31 1-5 UO2(CO3)3'-,
equilibrium (pH= 8.4/Eh= 0.070 V) (pH= 8.54/Eh= 0.060 V) U0 2(CO3)2 ,

(UO 2 )2 Co 3 (OH)3'

SKBU 1.90* 10-5 2.55 . 10-5 UO2(CO3)34,

(pH= 8.4/Eh= 0.075 V) (pH= 8.56/Eh= 0.065 V) U02 (CO3)2
2

COMU U307/schoepite- 2.06 10-4 2.17. 104 U0 2(CO3)34-1

equilibrium (pH= 8.4/Eh= 0.100 V) (pH= 8.48/Eh= 0.090 V) (UO2)2CO3(OH)3-;
U0 2 (C03 )22

SKBU 2.23 * 104 2.31 . 104 UO2(CO 3)3 ,
(pH= 8.4/Eh= 0.140) (pH= 8.42/Eh= 0.135 V) U0 2(CO3)2

2

* measured pH: pH measured for the solution at the end of the experimental time
** pH and Eh at equilibrium with uranium phase



EQ3/6 calculations
uranium - bentonite water

Thermodynamic U and redox U solubility (mol/l) Dominant
database controls species (> 5%)

measured pH= 9.0* theoretical pH (pCO2= 10i' atm)

COMU schoepite 2.62 -10- 2.49 * 10-3 U0 2(CO3)3t
P02= 0.2 atm (pH= 9.0/Eh= 0.685 V)** (pH= 8.69/Eh= 0.705 V)** (UO2)2CO3(OH)3-,

I_____________________ U0 2 (C03 )2
2 -

SKBU 2.77- 10-3 2.63 * 10-3 U0 2(CO3)34-
(pH= 9.0/Eh= 0.685 V) (pH= 8.57/Eh= 0.710 V)

COMU U307/U308 - 2.07- 10-3 1.94 - 10-3 U0 2(CO3)341

equilibrium (pH= 9.0/Eh= 0.030 V) (pH= 8.83/Eh= 0.045 V)

SKBU 1.79 .10-3 1.70 - 10-3 U0 2(CO3)34-
(pH= 9.0/Eh= 0.035 V) (pH= 8.90/Eh= 0.045 V)

COMU U307 /schoepite- 2.62 * 10-3 2.49 . 10-3 UO2(CO3)34,
equilibrium (pH= 9.0/Eh= 0.060 V) (pH= 8.69/Eh= 0.080 V) U02(CO3)2 ,

(UO 2 )2 CO 3 (OH)3-

SKBU 2.77- 10-3 2.63 . 10-3 U02(CO3)
(pH= 9.0/Eh= 0.100) (pH= 8.57/Eh= 0.125 V) U0 2(CO3 )22

* measured pH: pH measured for the solution at the end of the experimental time
** pH and Eh at equilibrium with uranium phase

V10



App. 1 1

The composition of Allard groundwater before (I) and after (II) the contact with UO2
pellets under oxic (air-saturated) conditions (figure 4-7, p. 15). The anionic and
cationic analyses were carried out by ion chromatography.

|__________ [ (before)Ion concentrations (ppm)

I (before) | I (after)

unfiltered microfiltered ultraf iltered
(0.45 pm) (- 3-4 nm)

pH 8.20 8.36 8.28

HCO3- 122.9 122.1 124.2

C032- 4.0 3.3

SiO2 8.0 8.7 8.5

Na 52.4 55.0 55.3

K 3.9 5.3 5.6

Ca 17.9 18.4 17.3

Mg 4.3 3.3 3.5

Cl 70 58A 59.6

S0 4 9.6 8.4 74

U (ICP-MS) 3.250 3.000 3.210



App.12

The composition of bentonite water before (I) and after (II) the contact with U0 2
pellets under oxic (air-saturated) conditions (figure 4-9, p. 16). The anionic and
cationic analyses were carried out by ion chromatography.

I (before) Ion concentrations (ppm)

| I (before) _II (after)

unfiltered microfiltered ultrafiltered
(0.45 pm) 3-4 nm)

pH 8A2 9.03 9.00

HCo3- 600 500.7 491.6

CO32 28.1 26.0

SiO2 16 5.3 3.5

Na 271.5 280.3 282.7

K 3.9 4.8 4.7

Ca 17.9 2.0 2.2

Mg 4.3 2.9 2.9

Cl 80 72A 72.7

S04 59.6 61.7 61.6

U (ICP-MS) 0.190 0.185 0.195



App. 13
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Dissolution rates of uranium from U02 pellets during the predissolution periods under anoxic
conditions. The rates were calculated per the geometric surface area of the pellet.
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Uranium concentration (anoxic conditions) in deionized water versus contact time. The upper
figure gives the measured contents in the unfiltered 11 and 21 and filtered f3, 4 and 5;

microfiltration (0.45 ym pore size) up to 150 days, ultrafiltration (- 3-4 nm pore size) after 150
days) samples. The lower figure gives the average concentrations and standard deviations of the
filtered samples.
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Uranium concentration (anoxic conditions) in NaHCO3 solution, IHCO3-J= 60 ppm, versus
contact time. The upper figure gives the measured contents in the unfiltered 11 and 2] and
filtered 13, 4 and 5; microfiltration (0.45 jum pore size) up to 150 days, ultrafiltration (- 3-4
nm pore size) after 150 days] samples. The lower figure gives the average concentrations and
standard deviations of the filtered samples.
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Uranium concentration (anoxic conditions) in NaHCO3 solution, [HCO3jl= 120 ppm, versus
contact time. The upper figure gives the measured contents in the unfiltered [1 and 21 and
filtered (3, 4 and 5; microfiltration (0.45 Itm pore size) up to 150 days, ultrafiltration (- 3-4
nm pore size) after 150 days] samples. The lower figure gives the average concentrations and
standard deviations of the filtered samples.
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Uranium concentration (anoxic conditions) in NaHCO3 solution, [HCOj31= 275 ppm, versus
contact time. The upper figure gives the measured contents in the unfiltered [1 and 21 and
filtered [3, 4 and 5; microfiltration (0.45 jim pore size) up to 150 days, ultrafiltration (- 3-4
nm pore size) after 150 days] samples. The lower figure gives the average concentrations and
standard deviations of the filtered samples.
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Uranium concentration (anoxic conditions) in NaHCO3 solution, IHCO3-I= 600 ppm, versus
contact time. The upper figure gives the measured contents in the unfiltered O and 2] and
filtered [3, 4 and 5; microfiltration (0.45 ,ym pore size) up to 150 days, ultrafiltration (- 3-4
nm pore size) after 150 days] samples. The lower figure gives the average concentrations and
standard deviations of the filtered samples.
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Uranium concentration (anoxic conditions) in Allard groundwater versus contact time. The
upper figure gives the measured contents in the unfiltered IN and 21 and filtered [3, 4 and 5;
microfiltration (0.45 Am pore size) up to 150 days, ultrafiltration (- 3-4 nm pore size) after 150
days) samples. The lower figure gives the average concentrations and standard deviations of the
filtered samples.
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Uranium concentration (anoxic conditions) in bentonite water versus contact time. The upper
figure gives the measured contents in the unfiltered [1 and 21 and filtered [3, 4 and 5;
microfiltration (0.45 pm pore size) up to 150 days, ultrafiltration (- 3-4 nm pore size) after 150
days] samples. The lower figure gives the average concentrations and standard deviations of the
filtered samples.



Results of the analyses of the HCO3 and CO,'- contents in the solutions in the glove box (N.). These analyses were carried out using the SFS
3005 Standard method for the determination of alkalinity and acidity in water.

Nominal [HCOA1 The contents of the HCO3-- and CO32- ions
(ppm) in the solutions after two months' | in the solutions after one

l________________ equilibration (ppm) 1 year's experimental time (ppm)

pH [HCO 3-] j c03
2-1 pH T [HCO3 -1 [C0 3

2 -1

NaHCO3-60 60 8.79 50.8 3.0 9.05 52.3 3.5

NaHCO3-120 120 8.85 113.7 4.9 9.05 107.1 6.1

NaHCO 3-275 275 8.88 258.8 9.4 9.06 245.3 13.5

NaHCO 3-600 600 8.87 572.2 20.6 9.06 536.5 28.7

Allard 123 8.71 113.6 5.7 8.96 105.4 8.3
groundwater

Bentonite 600 8.77 560.5 23.5 8.92 500.5 25.2
water L



App. 22

Oxidation state of uranium in the solutions at the end of the dissolution experiments
under anoxic (N2) conditions. The results are the averages of two parallel samplings.

Fraction U (VI)
(%)

Fraction U (IV)
(%)

Deionized water 99.2 0.8

NaHCO3 -60 96.8 3.2

NaHCO3 -120 96.8 3.2

NaHCO3 -275 96.8 3.2

NaHCO3 -600 98.2 1.8

Allard groundwater 91.4 8.6

Bentonite water 96.9 3.1
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