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1. INTRODUCTION

In the past decades a large effort has been put in designing and performing

experiments directed to the understanding of the main processes controlling the

stability of the spent fuel matrix and its components in contact with granitic

groundwater. These experiments and the associated chemical modelling have

given arise to a deeper understanding of the key processes controlling the stability

of spent fuel and the potential radionuclides release under repository conditions.

The present work is the continuation of the modelling of the experiments carried

out within the EU R&D programme 1996-1998 entitled "Source term for

performance assessment of spent fuel as a waste form" and published as a

POSIVA report (Ollila, 1999).

The first part of the work and published as a POSIVA report (Cera et al., 2000),

focused on the modelling of the experiments carried out under anaerobic and

reducing conditions. Much of this work was addressed to the understanding from

a thermodynamic point of view of the processes that govern the redox potential in

dissolution experiments.

The present work is addressed to the kinetic study of the uranium dioxide

dissolution data generated under oxidising conditions. Therefore, this modelling

work will be focused to explain the time-dependent behaviour of the major

component of the spent fuel matrix by using this chemical analogue. This will be

done by elucidating the processes that govern the release of U from the solid

matrix and control U concentration in the aqueous phase.



2. BACKGROUND OF THE EXPERIMENTS

A short summary of the experimental methodology used is given below, for a

detailed explanation see Ollila (1999).

The material used in these experiments was unirradiated UO2, either sintered as a

pellet or as powder. The pellets had an average mass of 4.8 g and a geometrical

surface area of 3.3-10"4 m2. Three different surface area to water volume ratios

(S/V) (referred to the geometrical surface area), were used 0.66, 1.98 and 19.8 m"1

(Ollila, 1999). The UO2 powder had a particle size of 0.7 \im with a specific

surface area of 5.4 mVg (BET method). The ratio of UO2 surface area - to water

volume (S/V) was 1000 m"1 (Ollila, 1999).

The solutions used in these experiments simulated fresh, saline and very saline

groundwater compositions. An Allard groundwater was a reference of a fresh

granitic groundwater (Allard et al., 1981). The composition was modified due to

stability problems (Vuorinen and Snellman, 1998). A saline one, simulated the

saline groundwater found at depth of 600 m in granitic bedrock in the Olkiluoto

area (Vuorinen et al., 1997). And a very saline near-field groundwater simulated

the effect of bentonite on very saline groundwater (Muurinen et al., 1998). The

different solution compositions are given in Table 1.

The experiments were carried out in air-saturated conditions (P02= 0.2 atm, PC02 =

0.0003 atm). The experimental vessels were kept loosely closed during the

dissolution periods in order to allow equilibrium with air in the aqueous phase

(Ollila, 1999).

The method was a static batch dissolution procedure. UO2 pellets or a UO, powder

was immersed in equilibrated synthetic groundwater in polyethylene bottles. The

amount of uranium released into the aqueous phase was followed by analysis of

aliquots taken at different time The pellets were pre-dissolved in order to remove

the most soluble pre-oxidised surface layers that might be present due to the

previous manipulation (Ollila, 1999).

The formation of secondary alteration products, that might control the uranium

concentrations in solution, was studied in the separate experiments with UO,



powder by analysing the composition of the solid phases after different contact

periods (Ollila, 1999).

Table 1:Synthetic solutions used in the experiments (mol-dm3).

Composition

Na+

Ca2 +

Mg 2 +

Sr2+

HCO;

SiO,

Br"

F"

I"

B'+

so/-
cr
Ionic Strength

pH

Allard gw /modif.

2.30-10"'

4.50-10"4/2.50-10"4

1.80-10"4/1.20-10"4

-

1.00-10"4

2.01-10"3/1.50-10"'

1.30-10"4/5.00-10"5

-

-

-

-

1.00-10"4

1.60-10"3/1.30-10"'

4.5-10"'/3.5-10"'

8.2/8.4

Saline gw

2.09-10"'

1.00-10"'

2.30-10'3

4.00-10"4

5.40-10"4

1.60-10"4

4.00-10"5

1.3 MO"3

6.30-10"5

7.00-10"6

8.00-10"5

4.40-10"5

4.12-10"'

0.5

7.2

Very saline gw

9.87-10'1

2.50-10"'

2.90-10"2

-

5.10-103

1.40-10"4

-

-

-

-

-

1.25-10"2

1.52

1.7

6.9

Table 2 gives the experimental conditions of the seven experimental tests carried

out under oxic (air-saturated) conditions.



Table 2: Experimental conditions of the dissolution experiments carried out under
oxic conditions.

Material

UO, pellet

UO, pellet

UO2 pellet

UO2 powder

UO2 powder

UO2 powder

UO, powder

Solution

Saline (OL-SO)

Saline (OL-SO)

Saline (OL-SO)

Saline (OL-SO)

Very Saline

(OL-BNO)

Allard(1981)

Allard / mod.

S/V(m')

0.66*

1.98*

19.8*

1000**

1000**

1000**

1000**

pH initial

7.0-7.1

7.0-7.1

7.0-7.1

7.0-7.1

6.6-6.8

8.4

8.3-8.4

pH final

7.0-7.1

7.0-7.1

7.0-7.1

6.8

6.6

8.4

8.3 - 8.4

Ollila (1999)

Fig. 3-4

Fig. 3-4

Fig. 3-4

Fig. 3-2

Fig. 3-3

Fig. 3-1

Fig. 3-1

*S/V is based on geometric surface area

**S/V is based on specific surface area (BET)



3. MODELLING RESULTS

3.1 Determination of a rate law as a function of the S/V ratio

Four experiments were carried out using the saline solution as solvent (Table 2),

with varying S/V. Figure 1 shows the measured uranium concentrations as a

function of time for the different S/V ratio. The error bars in the same figure

indicate the differences obtained in the measured U concentrations between

duplicates and in aliquots before and after the filtration process, the small

variation observed between samples has been previously discussed in Ollila

(1999).

1 0 " 5 1

|
o
E

10 i

—•— S/V=1000 m"

-O-S/V=19.8m'1

- A - S/V=1.98 m"1

- O - S/V=0.66 m"1

200 400 600

time (days)

800 1000 1200

Figure 1: Uranium concentrations as a function of time in saline solution, at
different S/V ratios. Error bars indicate the variability obtained in duplicates.

As expected, the uranium concentrations in solution increase faster with

increasing S/V ratio. This is due to the larger surface available to be attacked,
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besides the fact that the composition ratio 0/U in the powder (S/V = 1000 m"')

was slightly higher than 2 (UO21), which may increase the initial rate of

dissolution. Consequently, the time needed to reach a steady-state level is longer

when decreasing the S/V ratio. The high S/V ratio (UO2 powder experiments)

leads to saturation effects in shorter contact times than in the experiments

performed with UO2 pellets (lower S/V ratios). As it has been previously reported

(Ollila, 1999), the concentrations of U in the experiment carried out with the UO2

powder (S/V = 1000 m"1) attained a steady-state concentration after 80-100 days of

experimental time. The concentrations of U in the tests performed with UO,

pellets (S/V ratios of 19.8, 1.98 and 0.66 m"1) continuously increased without

levelling off during all the experimental time. Thus, from the data shown in Figure

1 it seems that all the experiments will approach the same final uranium

concentration, i.e., the solid phase governing the equilibrium state will be the

same independently of the S/V ratio. This indicates that the systems will evolve

towards a steady state condition, regardless of the initial S/V ratio. This

assumption will be further tested in section 3.2.1.

We have determined a rate law in function of S/V based on the initial rate method

(Lasaga, 1981), considering that the S/V ratio is the only variable in this series of

experiments. The assumption is that if the rate is sufficiently slow, so that no

extensive chemical changes occur during measurements, we can vary in a series of

experiments one of the reactants to find the relation between the rate and this

particular reactant. In our case, the initial amount of reactant (UO2 sites prone to

be oxidised) can be related to the surface area per unit volume taking into account

the heterogeneous nature of the reaction. This ratio is assumed that kept constant

in all the experiments. Therefore, we can write the initial rate law as:

dt

Which in logarithmic form gives:

(2)
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Hence, we obtain the value of n from the slope of the plot of log r vs log (S/V).

The initial dissolution rates (Table 3) have been previously calculated in Ollila

(1999). The S/V ratios considered in the experiments carried out by using UO2

pellets have been the ones calculated based on the specific surface area reported in

Casas et al. (1994) with a value of 1.9-10"4 mVg. For further explanations see Ollila

(1999).

Table 3: Initial dissolution rates calculated from U concentrations measured in
solution in function of time, experiments carried out in saline solution .

Sample

UO, pellet

UO, pellet

UO2 pellet

UO, powder

SW(m')

0.66*

1.98*

19.8*

1000**

r/(S/V)(molm2-d')

(Ollila, 1999)

(1.2 +0.4)-10-6

(1.0±0.4)-10'6

(7.4±5.3>10"7

(3.4±0.5)-10"7

r (mol-m3-d')

(2.18 ± 0.73)-10'6

(5.47 ±2.19)-10"'

(4.05 ± 2.90>l0"5

(3.40 ± 0.50)-10'4

*S/V is based on geometric surface area

**S/V is based on specific surface area (BET)

As expected, the initial dissolution rate increases with increasing S/V ratio. As we

have previously seen the amount of U released to the solution is larger at higher

S/V ratios due to the large surface available to be oxidised, consequently, the

concentration of U in solution per unit time will be also larger.

The plot of the logarithm of the initial dissolution rates vs the logarithm of the

surface area to volume ratio is given in Figure 2.
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- 1 0 1 2 3
log(S/V)

Figure 2: Plot of the logarithm of the initial dissolution rates vs the logarithm of
the S/V ratio. Dashed line indicates slope equal to one. Error bars of the initial
rate constants are also indicated.

The linear fit of equation 2 to these data results in the following parameters

Rate order, n = 0.80 ± 0.02

Rate constant, log k = -5.85 ± 0.04

Correlation factor (r2) = 0.998

Consequently, equation 1 can be written:

(3)

with S/V in m'1.

The rate dependence of the surface area to unit volume obtained with the present

data is fractional and close to the unity. First order dependence with respect to S/V

is widely reported in the literature (Shortmann and DeSesa, 1958, Grandstaff,

1976, Posey-Dowty et al., 1987). Shortmann and DeSesa (1958) studied the

kinetics of uranium dioxide in carbonated solutions. They studied the effect of

oxygen partial pressure, the effect of carbonate as well as the effect of surface
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area, obtaining a first order dependence of the dissolution rate with respect the

surface area per unit volume. Grandstaff (1976) carried out a comprehensive study

of the dissolution of natural solid samples of uraninite, by studying the effect of

several variables of the system: temperature, pH, PC02, P02, the presence of

inorganic and organic species, the surface area, stirring rate, solution volume and

uraninite composition. Concerning the effect of surface area, this author obtained

a first order dependence of the dissolution rate with respect this parameter.

Finally, Posey-Dowty et al. (1987) considered also a first order dependence of the

dissolution rate of uraninite with respect the surface area to volume ratio. These

authors performed a kinetic dissolution study by using different uraninites and

uranium roll-front ores at different oxygen pressures.

In order to compare the initial dissolution rates obtained in the present

experiments and to extend the use of the rate law derived in this work, we have

compared experimental dissolution rates reported by other authors to the

dissolution rates obtained in this work. To do that, we have used dissolution rates

obtained from experiments carried out under oxidative experimental conditions

with a definition of the S/V ratio used by the authors (Table 4).

Table 4'. Comparison between the dissolution rates calculated with eq. 3 and the
ones obtained experimentally in other work. All the experiments reported in this
table were carried out at room temperature, under oxidant conditions with the
exception of the one performed by using spent fuel (Loida et al., 1995) that was
performed under anaerobic conditions.

Sample

UO,

UO,

uo,
UO,

UO,

UO,

Solution

Saline (Na-Ca-Cl) gw

Saline (Na-Ca-Cl) gw

Saline (Na-Ca-Cl) gw

Saline (Na-Ca-Cl) gw

0.01MNaHCO3/0.1

MNaCl

0.01MNaHCO/0.1

S/V(m)

1.82

5.47

54.72

1000

13

226

(mol/mf/d)

2.2-10"6

5.5-10"*

4.0-10"5

3.4-10"4

1.3-10"4

1.6-10"'

ralc(eq.3)
(mol/m/d)

1.1-10"5

1.1-10"4

Reference

this work

this work

this work

this work

Bruno et al.

(1995)

Bruno et al.
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Sample

UO2

uo2

uo2*

uo2

uo2

uo2

uo2

uo2

uo2

CANDU

(not used)

Spent fuel

Spent fuel

Solution

MNaCl

0.01 M NaC104

0.01 M NaC104

0.01MNaClO4

0.01MNaClO4

0.01 M NaC104

0.01MNaClO4

0.01MNaClO4

5 M NaCl/

2-10"4MNaClO

5 M NaCl/

2-10"5MNaClO

Allard gw

NaCl sat.

NaCl sat.

S/V(m')

11

83

588

588

11

83

595

2700

2700

1.36

7

4350

(mol/m/d)

8.8-10'6

1.1-10"*

1.2-10-4

9.0-10"4

1.9-10"5

2.0-10"4

3.0-10"4

6.5-10"4

1.1-10"4

4.5-10"f'

4.6-10"4

1.3-10-'

rcéc (eq.3)
(mol/m/d)

9.6-10"fi

4.8-10"5

2.3-104

2.3-10'4

9.6-10"6

4.8-10"5

2.3-10"4

7.8-10"4

7.8-10-4

1.8-10"6

6.7-10"f'

1.1-10"3

Reference

(1995)

Bruno et al.

(1995)

Casas et al.

(1994)

Casas et al.

(1994)

Casas et al.

(1994)

Casas et al.

(1993)

Casas et al.

(1993)

Casas et al.

(1993)

Giménez et

al. (1996)

Giménez et

al. (1996)

Thomas &

Till (1984)

Loida et al.

(1995)

Loida et al.
(1995)

* preteatred sample

From the results reported in this Table is possible to see that for most of the cases

the derived dependence of the dissolution rates with S/V from Olilla's data may

be extended to other sets of data with a reasonable agreement. The differences are
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in most cases in the range of one order of magnitude. The agreement obtained can

be considered satisfactory, if we take into account the different conditions

reported in most of the experiments with respect to the ones used in Ollila's work

(Ollila, 1999), particularly the leaching solution and the solid sample. These

results reinforce the importance of the surface area to volume ratio when studying

dissolution rates and give confidence on the proposed dependence of the

dissolution rate with respect this parameter. Figure 3 shows the information given

in Table 4 in a graph form. In this figure we can observe the remarkable

agreement between the experimental dissolution rates (points) obtained for

different morphologies of UO2, different solution and the rates obtained in this

work. There are only 4 experimental points out of the 95% confidence range.

Point number 1 corresponds to a Spent Fuel sample dissolved in NaCl media with

a S/V =7 m"'(Loida et al., 1995). If we compare the dissolution rates obtained by

these authors we can see that an increase of three orders of magnitude in the S/V

parameter only causes a twofold increase in the dissolution rate, which is

somewhat surprising. Taking into account that these samples are affected by the

fuel burnup, that these experiments are undertaken at very high ionic strengths and

that the surface area has not been measured but estimated from geometric

considerations, the disagreement of this point with the other results is not very

surprising. Points number 2 and 3 (Bruno et al., 1995) correspond to the only

experiments from the list performed in a carbonate medium. Hereby, dissolution

rates in these cases are higher because of the fact that bicarbonate promotes the

oxidative dissolution of UO2. Finally, the deviation of point number 4 (Gimenez et

al., 1996) may be due to the ionic media used (Q-brine) combined with the

presence of an additional oxidant in the system (sodium hypoclorite).
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Figure 3: Plot of the experimental dissolution rates versus the SN ratio. The
solid black line is the linear fit of the whole set of data (literature and this work).
Dashed lines are the 95% confidence limit, open circles are the literature data
and solid circles the data obtained in this work.

3.2 Kinetic modelling

3.2.1 Experiments carried out in saline solution

As it has been previously reported (Table 2), three experiments were carried out

by using a UO2 pellet as solid sample and one experiment was carried out by using

UO2 powder in saline solution. The concentrations of U in the experiment carried

out with the UO2 powder (S/V = 1000 m"1) attained a steady-state concentration

after 80-100 days of experimental time. Nevertheless, the concentrations of U in

the tests performed with UO2 pellets (S/V ratios of 19.8, 1.98 and 0.66 m'1)

continuously increased without levelling off during all the experimental time.

However, uranium concentrations tend to reach a steady state level with time. This

trend is more apparent when increasing the S/V ratio and in fact the experiment

performed with the largest S/V ratio reaches a constant level of U in solution after

80-100 days (Figure 4). The steady state concentrations, although more data is
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needed to confirm this steady state , are close to the equilibrium solubilities of

some solid phases, i.e. schoepite, UO2(OH),(am) and soddyite

((UO2)2SiO4-2H2O(cr)), in these experimental conditions, (Figure 4).

X-ray diffraction analyses of the solid sample were carried out at three time

intervals (200, 365 and 820 d) in the experiments with UO2 powder. The

diffraction patterns showed weak peaks of a higher uranium oxide (U3O8-UO3)

after one year. These peaks were more evident in the surface analysis carried out

at the end of the test (2.5 years). Other secondary solid phases were not identified

in these surface analyses (Ollila, 1999). The presence of these peaks led to think in

a similar redox behaviour to the one observed under anaerobic conditions (Cera et

al. 2000), with a redox control governed by the UO2/UO2+X transition. This redox

control (UJO/UJOJ.) has been suggested in other dissolution experiments carried

out under oxidising conditions in Allard groundwater (Grambow, 1989, Forsyth

and Werme, 1992, Ollila, 1995). However, by assuming these redox controls in the

present experiment, the calculated U concentrations disagree with the measured

ones. The appearance of these mixed solid phases in previous experiments was

attributed to the low carbonate content of this solution that was not large enough

to prevent the formation of an oxidised layer on the surface of the sample.
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Figure 4: Uranium concentrations as a function of time in saline solution, at
different S/V ratios. Solid, dotted and dashed lines indicate the calculated
solubilities of schoepite (Grenthe et ai, 1992), UO2(OH)2(am) (Grenthe et al,
1992) and soddyite, (UO2)s(SiOJ2(OH)2-5H2O (Nguyen et al., 1992) respectively
under these experimental conditions, pO2 = 0.2 atm, pH = 7.0-7.1. The specific
ion interaction theory (S.I.T) has been used for ionic strength corrections

According to the literature (Hostetler and Garrels, 1962), uranyl (hydro) oxides

are stable solid phases at low temperatures. These solid phases have been

identified in several geological environments as alteration products of the

uraninite under oxidising conditions (Finch and Ewing, 1991, Wang, 1981, Wang

and Katayama, 1981). These oxides have been also identified in long term

dissolution experiments as corrosion products of the spent fuel under oxidising

conditions, in deionised waters (Wang and Katayama, 1982, Stroes-Gascoyne et

al., 1985 Forsyth and Werme, 1991, Forsyth and Werme, 1992 Torrero et al.,

1994). According to these observations, we have considered the following

processes in the mechanistic description of the overall dissolution process:
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1.- Bicarbonate promoted oxidative dissolution of the uranium dioxide to form the

predominant (UO2)2CO3(OH)3" aqueous complex according to the experimental

conditions.

2UO2(s) + HCO/ + 3H2O ~~> (UO2)2CO3(OH); + 4H+ + 4e (4)

with a rate given by:

d\U]

dt
= £, x[HCO;]-i.,x[U]x[H+ ]4 x[e~]4 mol/dmVd (5)

where [U] stands for [(UO2)2CO3(OH)3'] which is the predominant U(VI) aqueous

complex under the present experimental conditions. The concentration of this

complex accounts for more than 80% of the dissolved uranium(VI) in all cases, at

pH between 7.0 and 7.2 (Figure 5). Therefore, we can safely assume that this is

the main uranium(VI) aqueous complex in the frame of our calculations.

Figure 5: Percentage of(UO,)2CO/OH),~ in the four experiments to be modelled.
The system is assumed to be in equilibrium with the atmospheric partial pressure
ofCO2.
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Under the conditions of the actual experiments, the back reaction (k.,) can be

neglected since the reduction of U(VI) to UO2(s) is not favoured under oxidising

conditions and in the presence of bicarbonate. Therefore, assuming that under

these conditions UO2(s) is dissolved to form the predominant aqueous complex in

a unidirectional way, the dissolution rate can be written as follows:

r, = dt
= jfc, x [HCO; ] mol/dm3/d (6)

2.- Uranyl (hydro)-oxide (i.e. schoepite) precipitation from the dissolved U(VI)

species.

(UO2)2CO3(OH)/ + 3H2O ~ > 2UO3-2H2O(s) + HCO3" (7)

with a rate given by:

dt
= k_2 x[HCO;]-k2x [U] mol/dmVd (8)

From both processes, the variation of uranium concentration as a function of time

can be written as:

dt
= rl-r2=k1x [HCO; ]+ k_2 x [HCO; ]- k2x[u] (9)

By integrating this expression from [U] = [U]o = 0 to [U] and from t=0 to t, the

following expression of the uranium concentration as a function of time has been

obtained:
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[<7]=-x(l-exp(-Z?xO) (10)

where:

= (kl+k_2)x[HCO;\

The fit of equation 10 to the experimental data is shown in Figure 6. As it can be

seen in this figure, the experimental data can be well reproduced with equation 10.

The best fit for the uranium vs time data obtained from the experiment carried out

with the UCX, powder has been obtained when integrating from an initial uranium

concentration in solution ([U]() ^ 0). This initial uranium concentration may be

attributed to a very fast initial release of fine particles in the powder used as solid

sample.

From the fit of equation 10 to the dissolution data, we have calculated the rate

constants considered in the mechanism proposed, by assuming the system in

equilibrium with the atmospheric P c o r

10'
B-P

A 2.49-19' ±8.83-10'1

B 0.0009 ±0.0001

200 : 400: ,§00:::' 00
• . . i i i i i : ; : 1 : •''• •. t i m e ( d ) . •, i l 1
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A 6.19-10"9 ±3.40-10"'
B 0.0015 ±0.00019

200 400 600 800::;:: 1000 ; : i 2 0 0 - :

S/V = 19.8 m

%= 9.56-10"13

A 4.64-10'8± 8.89-10's

B 0.007 ±0.001

200 400 600 800,
limo{d)

1000: 1200:

10-

Q ^ ^,f

S/V=1000m" (powder)

Z
2=3.11-10-12

A 8.24-10'7±1.40-10'7

B 0.0341 ±0.0063

[Uo] 4.42-10'6±1.48-10'6

a

200 400 600 800 1000

Figure 6: Fitting of the model to the experimental data by means of equation 10.
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The initial dissolution rates have been taken from the release data by Ollila (1999)

(Table 3), by considering only the points where the system was still far from the

solid uranyl oxide saturation. Hence, these initial rates can be assumed to

correspond only to the UO,(s) dissolution process. From this initial rate, the rate

constant k, has been calculated for every dissolution experiment according to

equation 6. L, and k2 have been calculated by fitting equation (10) to the measured

data, and determining the parameters A and B respectively (Figure 6). The

calculated rate constants are given in Table 5.

Table 5: Rate constants calculated from the fitting of the dissolution data.

S/V (m"1)

0.66

1.98

19.8

1000

ki (d"1)

(1.44±0.17)-10'5

(3.62 ± 0.52)-10'5

(2.53±0.69)-10'4

(2.25 ± 0.33)-10"3

k2 (d'1)

(0.9±0.1)-10"3

(1.5±0.2)-10"3

(7.0±1.0)-10'3

(3.4±0.6)-10"2

k-2 (d"1)

(2.09±1.84)-10'6

(4.79 ± 5.70)-10"6

(3.93 ± 9.11)-10"5

(3.21 ±0.98)-10"3

At equilibrium the forward and backward rates of reaction cancel . Therefore, the

relationship between the equilibrium constant for the uranyl oxide and the forward

and backward rate constants is given by the following expression:

k2/k2=Keq (11)

where Keq stands for the equilibrium constant for reaction 7. The equilibrium

constants obtained according to equation 11 are tabulated in Table 6 in the

logarithmic form. They have also been corrected to infinite dilution by using the

S.I.T. approach in order to compare them with the thermodynamic data reported in

the NEA-TDB database (Grenthe et al., 1992).

The validity of the proposed model was tested by using independent

thermodynamic data. If we combine the reaction for the formation of the aqueous

(UO2)2CO3(OH)3" complex, with the stability constant of the uranyl oxide, i.e.

schoepite and UO2(OH),(am), reported in the NEA compilation (Grenthe et al.,

1992) we obtain:



24

(UO2)2CO3(OH)3~ + 3H2O <=> 2UO3-2H2O(s) + HCO3" logK°= 1.56 ± 0.99 (12)

(UO2)2CO3(OH)3" + H2O <=> 2UO2(OH)2(am) + HCO; logK°= 1.32 ± 1.01 (13)

In the following table we can see the reasonable agreement between the

thermodynamic data (Grenthe et al., 1992) when considering both the crystalline

and the amorphous solid phases and the equilibrium constants derived from our

analysis of Olilla's dissolution data.

Table 6: Formation constants of the uranyl oxide according to reaction 7 by using
the kinetic data obtained from the fitting parameters and the thermodynamic data
reported in the NEA-TDB (eq. 12 and 13).

S/V(m')

0.66

1.98

19.8

1000

logKeq (model)
1=0

2.63 ± 0.39

2.49 ± 0.53

2.25 ±1.01

1.03 ±0.15

logK°
UO,-2H,O(s)

1.56 + 0.99

logK°
U0i0E)iam)

1.32 ±1.01

This reasonable agreement, taking into account the large uncertainties associated

to both the kinetic and the thermodynamic parameters, gives us an independent

confirmation on the results from the modelling exercise performed and

consequently on the validity of the processes considered. This is particularly true

when considering that there is a consistent trend towards lower stability of the

U(VI) oxyhydroxide as the S/V ration increases. This is to be expected from an

analysis of the cristallinity of the secondary phases formed, the larger the S/V

ratio the lower the cristallinity of the secondary phase formed. However, from the

small difference in the thermodynamic constant when considering either schoepite

(UO,-2H2O(s)) or the amorphous solid phase (UO2(OH)2(am)) we cannot make any

statement about the degree of cristallinity of the secondary phase formed.
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In order to check the assumption that equilibrium with schoepite will be attained

independently on the S/V ratio, we have conducted an additional test based on the

relationship between the stability of a solid phase and its relative U(VI) to U(IV)

content:

In figure 7 the experimental data is superimposed to the equilibrium concentration

of uranium governed by equilibrium with schoepite and U3O8(s). It seems clear

that all data will evolve to concentrations higher to the ones expected from the

equilibration of the system with U3O8(s).

1 .OE-04

S/V=0.66m-1
S/V=1.98m-1
SAM 9.8m-1
S/V=1000m-1
U3O8
Schoepite

1.0E-08 L

0 500 1000

time (days)

1500

Figure 7: Uranium concentrations as a function of time in saline solution, at
different SN ratios. Error bars indicate the variability obtained in duplicates.
Solid and dotted lines indicate the calculated solubilities of schoepite and UjOJs)
(Grenthe et al, 1992

On the other hand, in figure 8 we have represented the stability of different U

solid oxides in front of their U(VI) content. We can observe that the larger the

fraction of U(VI) in the mixed U(IV)/U(VI) oxides, the lower the Gibbs formation

energy. Furthermore, a quasi-linear relationship is found between the Gibbs

energy of formation of the mixed solids and their U(VI) contents. This is in

agreement with our understanding of the basic processes that control the formation

of higher uranium oxides from UO2 to UOV This implies a continuum

incorporation of oxygen atoms to the uraninite structure without major

rearrangements. This linear continuum relationship can be used to assess the
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degree of oxidation of the uranium oxide phases depending on their stability in the

varying experimental conditions. We can compare the stability of these phases

with the stability constants calculated in Table 6 for the solid assumed to control

the final uranium concentrations in the system. By interpolating these values in

the regression line logK() = f(oxidation nr.), we obtain a "semiempirical oxidation

state" for this solid (see Figure 9 and Table 7)

-1025
C)

-1050 -

I -1075 -

5 -1100 -

§ -1125 -

-1150 -

-1175

O
O

O

C)

0.25 0.5 0.75
x U(VI)

Figure 8: Gibbs energy formation as a function of the UO2 oxidation degree. Data
taken from Grenthe et al. (1992) for UO2, UO22S, UO23333, UO2m7 and UO3

respectively.
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70
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O 30- j
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0

0.94 0.96 0.98 1.00 1.02 1.04

oxidation nr.

# logKs' TDB
regression line

• logKs' kinetic model

0.0 0.2 0.4 :t.2

Figure 9: logKJ calculated from the mixed aqueous complex (UO2)2CO3(OH),'
versus the oxidation degree (grey circles)(data taken from Grenthe et al. (1992)
for UO2, UO225, UO23333, U026667and UO3 respectively) and logKJ calculated from
the above kinetic model. Of course, the solubility of unoxidised UO2 does not
follow this linear behaviour.

Table 7: Interpolation of the oxidation degree in the solid phase controlling the
solubility in the experiments in saline solution.

s/v <V)
0.66

1.98

19.8

1000

x in U O _

1.000± 0.021

1.002± 0.021

1.003± 0.021

1.013+0.021

From the previous analyses we can clearly see that the oxidation degree in the

solid phase assumed to control the solubility of uranium in the experiments is in

all cases very close to VI, indicating the appropriateness of the former conceptual

model and its numerical implementation.
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3.2.2 Experiment carried out in very saline near field solution

One of the experiments (Ollila, 1999) was carried out in very saline solution by

using UO2 powder as solid sample (Table 2). The general trend of the uranium

concentration in solution as a function of time in this experiment is different from

the one observed in the experiments carried out in Allard solution. The uranium

concentration in solution initially increased to reach a maximum value. As the

reaction proceeded, the uranium concentration decreased continuously with time.

Unfortunately, there is not more dissolution data available to know if the system

approached a steady state. However, considering the slow decrease of the uranium

concentration after the initial release, it would appear that the dissolution system

tended towards a steady state. As it is shown in Figure 10, the U concentrations

measured in this time interval are in the same range as the calculated U

concentration in equilibrium with schoepite.

According to the trend of the experimental data, we can assume an initial

dissolution of the uranium dioxide, which implies uranium(VI) concentrations

which indicate oversaturation with respect to U(VI) oxyhidroxide. This is a quite

common behaviour observed in heterogeneous systems at field and laboratory

conditions. After this initial oversaturation, the precipitation of the most stable

solid phase occurs and the uranium concentration decreases to reach a steady-state

corresponding to the solubility of U(VI) oxyhidroxide. So, in this alteration

process, this precipitation depends on the initial uranium release from the UO2

dissolution.

X-ray analyses of the solid sample were done at two time intervals (200 and 686

days) but no secondary solid phases were identified (Ollila, 1999). This leads us to

suspect that the system did not reach equilibrium with schoepite and it was

oversaturated with respect this solid phase during this period of time.

Alternatively, the amount of secondary phase formed was not sufficient to

guarantee any spectroscopic characterisation.
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Figure 10: Uranium concentrations as a function of time in very saline solution,
at 5/V= 1000m"'. Dotted and solid lines indicate the calculated solubility of
schoepite and UO2(OH)2(am) (Grenthe et al., 1992) respectively, under these
experimental conditions, pO2 - 0.2 atm, pH = 6.9. Ionic strength corrections have
been done by using the specific ion interaction theory (S.I. T).

According to these observations and in order to model the dissolution data, we

have considered the following processes:

1.- The bicarbonate promoted oxidative dissolution of uranium(IV) dioxide to

form the predominant (UO2)2CO3(OH)3" aqueous complex according to the

experimental conditions.

2UO,(s) + HCO3" + 3H2O (UOACO,(OH); + 4H+ + 4e" (14)

with a rate given by:

r, = •
dt

+ 1 4 r -V
] xle ] mol/dmVd (15)
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where [U] stands for [(UO2)2CO3(OH)3"] which is the predominant aqueous

complex under the experimental conditions, larger than 80% (Figure 11).

According to its predominance, only this complex has been considered in the

model in order to simplify the calculations.

6.00 6.50 7.00
PH

7.50 8.00

Figure 11: Predominant uranium aqueous species in the very saline solution,
system in equilibrium with the atmospheric PC02. Ionic strength corrections have
been done by using the S.I. T approach.

As in the previous series of experiments, the back reaction (k.,) can be neglected

since the reduction of U(VI) to UO2(s) is definitively not favoured under oxidising

conditions and in the presence of bicarbonate. Therefore, assuming that under the

experimental conditions UO2(s) is dissolved to form the predominant aqueous

complex in an unidirectional way, the dissolution rate can be written:

rl = dt
= kx x [HCO; ] mol/dmVd (16)

2.- Schoepite precipitation from the dissolved U(VI) species.
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K
(UO2)2CO3(OH); + 3H2O ^ 2UO3-2H2O(s) + HCO3~ (17)

with a rate given by:

-r2 = = k_2 x [HCO;]-k2x[U] mol/dmVd (18)

The UO2 dissolution process has been approached by integrating equation 16 from

[U] = 0 to [U]= [U]o and from t=0 to t, by obtaining:

( = £ ;x[HCO r;]xt (19)

This integration gives an expression of the uranium concentration in solution as a

function of time, due to the UO2 bicarbonate promoted oxidative dissolution

process.

Finally, the uranium concentration in solution will be controlled by schoepite

precipitation that is also affected by the initial dissolution of UO2. Therefore,

equation 18 has been integrated from [U] = [U]o to [U] and from t=0 to t, where

[U]() is given by equation 19. By using this mathematical approach, the following

expression of the dissolved uranium concentration as a function of time is

obtained:

where:
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= k1x[HCOi"J

= k

The good agreement between the experimental and calculated data is shown in

Figure 12.

2 io"=

o

10"

Very saline
! = 2.27-10"12

A 5.42-10'7± 7.32-10"

B 7.77-10"3±3.08-10'f

C 0.0167 ±0.0018

0 100 200 300 400 SOO 600 700 :8Q0;

Figure 12: Fitting of the model to the experimental data by means of equation 20.

Based on the previous hypothesis concerning the dissolution behaviour the UO2

dissolution rate has been constrained in the model by using the initial rate constant

calculated by means of uranium concentration data at initial times by obtaining a

rate of:

r0 = (5.42 ± 0.73)-10"7 mol/dmVd

From this initial dissolution rate, we have calculated the rate constant kp by

assuming a [HCO3'] given by equilibrium with the atmospheric partial pressure of
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C02. L, and k2 have also been calculated from the fitting parameters, B and C

respectively. The rate constants are given in Table 8.

Table 8: Rate constants calculated from the fitting of the dissolution data.

S/V (m"1)

1000

k, (d")

(4.52 ± 0.61>10"3

K (d'')
(1.67±0.17)-10"2

k2(d"')

(6.47 ± 2.57)-10'4

Following the same reasoning as the one exposed in the modelling of dissolution

data in saline solution, the equilibrium constant of schoepite dissolution according

to reaction 17 can be expressed by the forward and backward rate constants as:

kJk_2=Keq (21)

By using the parameters obtained from the least-squares fitting we obtain the

value tabulated in Table 9, corrected to zero ionic strength by using the S.I.T.

approach.

As in the previous modelling, the validity of the proposed model has been checked

by using independent thermodynamic data. In the next table we can observe the

amazing agreement between thermodynamic (Grenthe et al., 1992) and kinetic

data. This gives a substantial support to all the kinetic modelling carried out so

far.
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Table 9: Formation constant of the uranyl oxide according to reaction 17 by
using the kinetic data obtained from the fitting parameters and the thermodynamic
data reported in the NEA-TDB (eq. 12).

S/V (rn1)

1000

logKeq (model)
1 = 0

1.41+0.18

logK0 (eq.12)
U(X-2H,O(s)

1.56 + 0.99

3.2.3 Experiments carried out in Allard solution

Two experiments were carried out in fresh and modified Allard solutions (Table

1) respectively by using UO2 powder as solid sample. The general behaviour of

the uranium concentration in solution vs time was the same in both experiments.

This is a continuous increase of the uranium concentration during all the

experimental time. However, the final uranium concentrations measured in

solution are quite close to the calculated solubilities of some solid phases, i.e.

schoepite, UO2(OH)2(am), or soddyite, (UO2)s(SiO4)2(OH)2-5H2O under these

experimental conditions, indicating that these systems could reach an equilibrium

with either of these solid phases (Figure 13). However, from a kinetic reasoning

point of view it appears that the formation of U(VI) oxyhydroxide phases is

favoured with respect to alkaline-earth uranium(VI) silicates. Hence, it is logical

to assume that uranium(VI) oxyhydroxides will be preferentially formed under the

conditions of the experiment.

This is confirmed by the X-ray analyses of the samples, which were carried out at

three time intervals (200, 365 and 820 d). The diffraction patterns showed weak

peaks of a higher uranium oxide (UjOs-UO3) after one year while these peaks were

more evident in the surface analysis carried out at the end of the tests. Other

secondary solid phases were not identified in these surface analyses (Ollila, 1999).

The presence of these peaks led to think in a similar redox behaviour to the one

observed under anaerobic conditions (Cera et al. 2000), with a redox control

governed by the UO2/UO2+x transition. As it has been reported in Ollila (1999), this

redox control (l^O/UjOg) has been suggested in other dissolution experiments

with UO2 pellets and spent fuel in Allard groundwater carried out under oxidising

conditions (Grambow, 1989, Forsyth and Werme, 1992, Ollila, 1995). However,
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by assuming this redox control in the present experiments, the calculated U

concentrations disagree with the measured ones (Ollila, 1999).
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time (d)
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Figure 13: Uranium concentrations as a function of time in Allard solution. Solid,
dashed and dotted lines indicate the calculated solubilities of schoepite (Grenthe
et al, 1992), UO2(OH)2(am) (Grenthe et al, 1992) and soddyite,
(UO2)5(SiO4)2(OH)25H2O (Nguyen et al., 1992) respectively under these
experimental conditions, pO2 = 0.2 aim. The Debye-Huckel approach was applied
for ionic strength corrections.

According to these observations, once again the following processes have been

considered to model these dissolution data:

L- Bicarbonate promoted oxidative dissolution ofuranium(IV) dioxide, written in

a general form as:

xUO2(s) + yHCO; + nH2O T ^ U(VI) + (y+n)H++ 2xe"

k,

(22)

where U(VI) stands for the different predominant aqueous species in solution,

with a rate given by:
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k_j x [U(VI)]x [H+I"1"" x [e~fX moI/dmVd (23)= ki x
dt l

As in the previous series of experiments, back reaction (k.,) can be neglected since

the reduction of U(VI) to UO2(s) is not favoured under oxidising conditions.

Therefore, the dissolution rate has been written as:

mol/dm3/d (24)

where K, includes all the variables kept constant in the system during all the

dissolution period in function of the predominant aqueous species (i.e. bicarbonate

content, pH).

2.- Schoepite precipitation from the dissolved U(VI) species, written in a general

form as:

k2

U(VI) + nH2O ~~> xUO,-2H2O(s) + yHCO3" +qH+ (25)

with a rate given by:

- r2 = — = k_2 x [HCO3 J x [H+ f - k2 x [U(VI)] mol/dmVd (26)
dt

By applying the principle of the detailed balancing (Lasaga, 1981) and rearranging

equation 26 we have obtained the following rate expression:

- r2 = ^ = kd i s s x (l - 10SI) mol/dmVd (27)
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where SI stands for the saturation index of the solid phase (schoepite) and

Figure 14 shows the predominant aqueous species in both the fresh and the

modified Allard solutions. As we can see, there is a clear predominance of three

aqueous species and it is not possible to simplify the system as we performed in

the previous series of experiments. Therefore, in order to consider all the

predominant aqueous species in the system, the kinetic modelling of these

experiments in both solutions has been performed by using the geochemical code

package PHREEQC (Ver.2) (Parkhurst and Appelo, 1999). The NEA compilation

(Grenthe et al., 1992) has been used as thermodynamic data base for U with the

exception of the formation constant for the UO2(OH)2(aq) complex (Bruno and

Puigdomenech, 1989). Both systems have been considered in equilibrium with the

atmosphere, it means a logPCO2 and log P02 of -3.5 and -0.67 respectively. Ionic

strength corrections in this code are corrected by using the Debye-Hiickel

approach.

(UO2)2CO3(OH)3- U02(C03)2-2 UO2<eO3)S-4

55modified Allard gw ofresh Aliard gw

Figure 14: Predominant uranium aqueous species in fresh and modified Allard
solutions.
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The calculated fitting between the model and the experimental data are shown in

Figure 15. As we can see in these graphs, we obtain a satisfactory agreement

between the model and the experimental data based on the kinetic processes

described above.

1.E-03

"E 1.E-04-

i""T.E-05:

fresh Allard gw.

i.E-06:4

O exper.
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500 750 1000

1.E-03
modified Allard gw.

Figure 15: Fitting of the model to the experimental data by considering the
chemical processes described in reactions 22 and 25. Dashed lines indicate the
errors associated to the calculated parameters.

The parameters obtained from the least squares fitting of the data according to

equations 24 and 27 are given in Table 10.

Table 10: Fitted parameters from dissolution data according to equations 24 and
27.

fresh Allard gw

modified Allard
gw

K, (mol-dm'-d1)

(from Ollila, 1999)

(2.1 ± 1.0)-10"7

(2.1 ± 1.0)-10"7

kdiss(moldm'3 -d')

(6.5±1.7)-10"R

(8.5±2.0)-10"s

[UJ0(mol-dms)

(1.29±O.1O)-1O5

(1.22 ± 0.11)-10"5
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The UO2(s) dissolution rate according to reaction 24 has been taken from Ollila

(1999). kdiss corresponds to the dissolution rate constant for schoepite according to

equation 27. As in the previous experiments carried out by using UO, powder as

solid sample, an initial uranium concentration has been considered in the

modelling work to take into account the initial fast release of uranium to the

solution at the beginning of the experiments. Although the pellets were pre-

leached to eliminate any possible oxidised surface in the UO2 powder, this initial

dissolution can be attributed to the release of very fine particles.

3.2.4 Discussion

Assuming a unified dissolution mechanism in agreement with previous

mechanistic studies concerning the bicarbonate promoted oxidative dissolution of

UO2 (De Pablo et al 1999) we have performed the modelling of the dissolution

data generated in the different series of experiments under oxidising conditions.

This reaction mechanism has proven to be independent of the composition of the

solution used as leaching solution. The following processes have been proposed:

1.- The initial bicarbonate promoted oxidative dissolution ofUO2.

2.- The long term precipitation of a uranyl oxyhydroxide phase.

However, different approaches have been developed to explain the dissolution

behaviour of uranium in the different experiments. The general trend of uranium

concentrations in the tests carried out in Allard (1=0.003) and saline solutions

(1=0.5), was quite similar with an increase of the U concentration in solution to

reach an steady-state in agreement with the uranyl oxide solubility. Nevertheless,

the behaviour of U concentrations in solution with time was slightly different in

the experiment carried out in very saline solution (1=1.7). U concentrations

reached an oversaturation state with respect the uranyl oxide at short contact times

to decrease immediately until reach saturation with this solid phase. The different

behaviour may be attributed to a mix of two factors. One could be the high ionic

strength of the solution, which could stabilise high nuclearity complexes prior to

precipitation. On the other hand, this has to be put together with the fact that the

solid sample used was a powder with a high surface area more prone to be altered.
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Table 11 shows the rate constants for UO, and the uranyl oxide (schoepite)

dissolution, according to equations 24 and 27 respectively, extracted from the

modelling of these experiments. UO2 rate constants are normalised with respect

the total surface area of the sample.

Table 11: Rate constants determined from dissolution data for UO2(s) and
schoepite according to equations 24 and 27 respectively.

Medium

Saline

Saline

Saline

Saline

Very saline

Fresh Allard

Modified Allard

S/V (m"1)

0.66

1.98

19.8

1000

1000

1000

1000

K, (mol-m"2-d"')
(UO,(s))

(1.2 ±0.4)-10"6

(1.0±0.4)-106

(7.4±5.3>10"7

(3.4±0.5>10"?

(5.4±0.7)-10"7

(2.1±1.0)-10"7

(2.1 ± 1.0)-10"7

kdiss (mol-dm"3-d"])
(schoepite)

(3.2±2.8>10"KI

(7.2 ±8.6)-10""'

(0.6 ±1.3)-10"*

(4.8±1.5)-10"7

(7.8 ± 3.1)-10"8

(6.5±1.7)-10-8

(8.5±2.0>10"8

First of all we could argue that the rate constants (dissolution rates) for UO2

dissolution (K, in Table 11) decrease when increasing the surface area to volume

ratio. This is not expected from the dependence of oxidative dissolution rates on

specific surface area. However, the uncertainty related to the determination of the

rates is larger than the magnitude of the decrease and consequently we could in

principle propose the calculated normalised rates are particle size independent..

Normalised dissolution rates in the experiments carried out using UO2 powder as

solid sample (S/V=1000 m"1) and different leaching solutions are of the same order

of magnitude, with an average dissolution rate of (3.25 ± 1.35)-10"7 mol-m"2-d"'.

Rate constants for schoepite precipitation (kdiss in Table 11) increase when

increasing the S/V ratio used initially in the tests. This behaviour may be
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explained if we consider that kdiss depends on several variables of the system, the

total surface area of the precipitated solid, the solution composition etc. When

increasing the S/V ratio of the experiments, the release of U per unit time

increases, and consequently the precipitation of schoepite is favoured. This

implies an increase of the total surface area of this precipitated solid and as a

consequence an increase in the rate constant determined for this solid phase which

includes this variable. In addition, the solution composition and by extension the

different predominant U aqueous species in solution are another factor of

variability in this parameter. The rate constants determined from experiments with

the highest S/V ratio are of the same order of magnitude with one exception, the

rate constant determined in the experiment carried out in saline solution that also

differs in almost one order of magnitude. The large value determined for this rate

constant remains at present unexplained. The average rate constant calculated

from these data is (7.60 ± 0.83)-10"8 mol-dm"3-d'1.

Figure 16 shows a comparison of UO2 dissolution rates determined by other

authors under the same experimental conditions of this work, oxidising conditions

and unirradiated uranium dioxide as solid sample, but using solvents with

different compositions. As we can observe most of the dissolution rates range

between 2-10"7 and 4-10'6 mol-m"2-d'' (dashed grey rectangle in the graph).

Dissolution rates determined in this work fall in this range, which gives

confidence in the results obtained.
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Figure 16: Comparison of UO2 dissolution rates determined in this work and by
other authors under the same experimental conditions of this work.

Dissolution experiments of natural uraninite samples from Palmottu (Bruno et al.,

1999) have been previously modelled by assuming the same sequence of

processes. The dissolution rate for schoepite (kdij obtained from these

experiments has a value of 1.91-10'7 mol-dm"3-d"' that is close to the average value

reported in the present modelling work ((7.60 + 0.83)-10'8 mol-dm^d"1).
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4. CONCLUSIONS

We have performed a kinetic study of the dissolution data generated by Ollila

(1999) under oxidising conditions by using unirradiated uranium dioxide as solid

sample. Two variables have been considered in the series of experiments, the ratio

between the total surface area (S) of the sample and the water volume (V) used as

solvent, and the water composition.

The first series of tests was carried out by using saline solution as solvent at

different S/V ratios. This parameter was the only variable in the experimental

system. From these experiments we have determined the following rate law as a

function of the surface to volume ratio:

r = (l.41±0.13)-10-6x(%f 80±°-02 (mcW-d-1) (28)

This rate dependence with the S/V ratio is reasonably close to the unity in

agreement with most of the observations reported in the literature. The fractional

dependence on the (S/V) ratio reinforces the assumption that the oxidative

dissolution of UO2 is surface mediated.

The dissolution data generated in the different series of experiments under

oxidising conditions has been modelled by assuming the same sequence of

processes independently of the composition of the aqueous solvent used in the

experiments. The following sequence of processes are proposed:

1.- The bicarbonate promoted oxidative dissolution of the UO2 sample according

to the reaction:

xUO2(s) + yHCO; + nH2O => U(VI) + (y+n)H+ + 2xe" (29)

where U(VI) stands for the different predominant aqueous species depending on

the solution composition, and with a rate given by:
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m o l / d m V d (30)

2.- The subsequent precipitation of a uranyl oxihydroxide (i.e. schoepite).

U(VI) + nH2O <=» xUO,-2H2O(s) + yHCO3' +qH+ (31)

with a rate expression given by:

(32)
dt

where SI stands for the saturation index of the oxihydroxide phase, in this case

taken as schoepite.

The average of the normalised UO, dissolution rates determined by using the

initial dissolution data generated in all the experimental tests and according to

equation 30 is (6.06 ± 3.64)-10'7 mol-m'2-d"\ This dissolution rate agrees with most

of the dissolution rates reported in the literature under similar experimental

conditions.

The average rate constant calculated for schoepite precipitation, according to

equation 32 is (7.60 ± 0.83)-10"8 mol-dm"3-d"'.

The results obtained in this modelling exercise indicate that the same bicarbonate

promoted oxidative dissolution processes operate for uranium dioxide, as a

chemical analogue of the spent fuel matrix independently of the composition of

the aqueous solvent used. The sequence of processes considered in this work

agrees with the identification of uranyl oxyhidroxide as corrosion products of the

spent fuel in long term dissolution experiments carried out under oxidising

conditions in deionized water (Wang and Katayama, 1982, Stroes-Gascoyne et al.,

1985, Forsyth and Werme, 1991, Forsyth and Werme, 1992). On the other hand,

the identification of these oxides in several geological environments as alteration
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products of uraninite under oxidising conditions (Finch and Ewing, 1991, Wang,

1981, Wang and Katayama, 1981), give also confidence in the sequence of

processes and kinetic treatment carried out in the present work.



47

5. REFERENCES

Allard B., Larson S. A., Albinsson Y., Tullborg E. L., Karlsson M., Andersson K.

and Torstenfelt B. 1981. Minerals and precipitates in fractures and their effects on

the re-tention of radionuclides in crystalline rocks. In: Near-Field Phenomena in

Geologic Re-positories for Radioactive Waste, Seattle, United States, USA: NEA

Workshop Proc. pp. 93-101. ISBN 92-64-02236-8.

Bruno J., Casas I., Cera E., de Pablo J., Gimenez J. and Torrero M.E. 1995.

Uranium(IV) dioxide and SIMFUEL as chemical analogues of nuclear spent fuel

matrix dissolution. A comparison of dissolution results in a standard

NaCl/NaHCOj solution. Mater. Res. Soc. Symp. Proc. Vol. 353 Part 1. 601-608.

Bruno J., Cera E., Grive M., Rollin C, Ahonen L., Kaija J., Blomqvist R., El

Aamrani F.Z., Casas I. and de Pablo J., 1999. Redox measurements and redox

controls in the Palmottu system. The Palmottu Natural Analogue Project.

Technical Report 99-19. In press.

Bruno J. and Puigdomenech I., 1989. Validation of the SKBU uranium

thermodynamic database for its use in geochemical calculations with EQ3/6.

Mater. Res. Soc. Symp. Proceed. Vol. 127, 887-896.

Casas L, Gimenez J., Marti V., Torrero M.E. and de Pablo J. 1993. Kinetically

controlled dissolution of UO2(s) under oxidizing conditions. A combined

dissolution-oxidation model. Mater. Res. Soc. Symp. Proc. Vol. 294. 61-66.

Casas I , Gimenez J., Marti V., Torrero M.E. and de Pablo J. 1994. Kinetic studies

of unirradiated UO2 dissolution under oxidising conditions in batch and flow

experiments. Radiochim. Acta 66/67, 23-27.

Cera E., Grive M., Bruno J. and Ollila K. (2000). Modelling of the UO2

dissolution mechanisms in synthetic groundwater. Experiments carried out under

anaerobic and reducing conditions. POSIVA Report 2000-10.

De Pablo, J., Casas, I , Gimenez, J., Molera, M., Rovira, M., Duro, L. and Bruno,

J. (1999). The oxidative dissolution mechanism of uranium dioxide.I. The effect

of temperature in hydrogen carbonate medium. Geochimica et Cosmochimica

Acta, vol. 63, No. 19/20, pp.3097-3103.



48

Finch R.J. and Ewing R.C. 1991. Uraninite alteration in an oxidizing environment

and its relevance to the disposal of spent nuclear fuel. SKB TR 91-15.

Forsyth R.S. and Werme L.O. 1991. Spent fuel corrosion and dissolution. SKB

TR 91-60.

Forsyth R.S. and Werme L.O. 1992. Spent fuel corrosion and dissolution. J. of

Nucl. Mater., 190, 3-19.

Gimenez J., Baraj, E., Torrero M.E., Casas I. and de Pablo J. 1996. Effect of H,O2,

NaCIO and Fe on the dissolution of unirradiated UO2 in NaCl 5 mol-kg"1.

Comparison with spent fuel dissolution experiments. J. Nucl. Mater. 238, 64-69.

Grambow B. 1989. Spent fuel dissolution and oxidation. An evaluation of

literature data. SKB Technical Report 89-13.

Grandstaff D.E. 1976. A kinetic study of the dissolution of uraninite. Econ. Geol.,

71(8), 1493-1506.

Grenthe L, Fuger J., Konings R.J.M., Lemire R.J., Muller A.B., Nguyen-Trung C,

Wanner, H. 1992. Chemical Thermodynamics Vol.1. Chemical Thermodynamics

of Uranium (eds. H. Wanner and I. Forest). NEA-OECD, Elsevier Sci. Publishers,

Amsterdam.

Hostetler P.B. and Garrels R.M. 1962. Transportation and precipitation of

uranium and vanadium at low temperatures, with special reference to sandstone-

type uranium deposits. Econ. Geol., 57 (2), 137-167.

Lasaga A.C. 1981. Rate laws of chemical reactions, in: Kinetics of geochemical

processes (eds. A.C. Lasaga and rJ. Kirkpatrick) Reviews in Mineralogy,

Mineralogical Society of America, Vol. 8, 1-68.

Loida A., Grambow B., Geckeis H. and Dressier P. 1995. Processes controlling

radionuclide release from spent fuel. Mater. Res. Soc. Symp. Proc. Vol. 353 Part

1.577-584.

Muurinen A., Vuorinen U., Lehikoinen J. and Aalto H. 1998. Development of

saline near-field reference water. POSIVA Working Report 98-03 (in Finnish).

Nguyen S.N., Silva R.J., Weed H.C. andi Andrews J.E.Jr. 1992. Standard Gibbs

free energies of formation at the temperature 303.15°K of four uranyl silicates:

soddyite, uranophane, sodium boltwoodite and sodium weeksite. J. Chem.

Thermodynamics, 24, 359-376.



49

Ollila K. 1995. Solubility of unirradiated UO2 fuel in aqueous solutions -

comparison between experimental and calculated (EQ3/6) data. YJT Report 95-

14.

Ollila K. 1999. Dissolution of unirradiated UO2 fuel in synthetic groundwater -

Final Report (1996-1998). POSIVA 99-24.

Ollila K. and Leino-Forsman H. 1993. The dissolution of unirradiated UO2 fuel

pellets under simulated disposal conditions. YJT Report 93-04.

Parkhurst D.L. and Appelo C.A.J. 1999. User's guide to PHREEQC (Version 2)-

A computer program for speciation. batch-reaction, one-dimensional transport and

inverse geochemical calculations. Water Resources Investigations Report 99-

4259. U.S. Geological Survey.

Posey-Dowty J., Axtmann E., Crerar D., Borcsik M., Ronk A. and Woods W.

1987. Dissolution rate of uraninite and uranium roll-front ores. Econ. Geol., 82,

184-194.

Schortmann W.E. and DeSesa M.A. 1958. Kinetics of the dissolution of uranium

dioxide in carbonate-bicarbonate solutions. Second United Nations International

Conference on the Peaceful Uses of Atomic Energy, Geneva, Proc.Vol. 3, 333-

341.

Stroes-Gascoyne S., Johnson L.H., Beeley P.A. and Sellinger D.M. 1985.

Dissolution of used CANDU fuel at various temperatures and redox conditions.

Mater.Res. Soc. Symp. Proc, 50, 317-326.

Stumm, W. (1990). Aquatic chemical kinetics. Reaction Rates of Processes in

Natural Waters. John Wiley&Sons, Inc. N.Y.

Thomas G.F. and Till G. 1984. The dissolution of unirradiated UO2 fuel pellets

under simulated disposal conditions. Nucl. Waste Management, 5, 141.

Torrero, M.E.;Casas, L;De Pablo, J.;Sandino, M.C.A.;Grambow, B. 1994. A

comparison between unirradiated UO2(s) and schoepite solubilities in 1 M NaCl

medium. Radiochimica Acta, 66/67, 29-35

Vuorinen U., Ollila K. and Snellman M. 1997. Olkiluoto reference waters for

brackish and saline groundwater. Posiva Working Report 97-25.

Vuorinen U. and Snellman M. 1998. Finnish reference waters for solubility,

sorption and diffusion studies. Posiva Working Report 98-61.



50

Wang R. 1981. Spent fuel special studies progress report: Probable mechanisms

for oxidation and dissolution of single-crystal UO2 surfaces. PNL-3566, UC-70,

Pacific Nortwest Laboratory.

Wang R. and Katayama Y.B. 1981. Electrochemical methods for leaching of spent

fuel. Nucl. and Chem. Wast. Manag., 2, 147.

Wang R. and Katayama Y.B. 1982. Dissolution mechanisms for UO2 and spent

fuel. Nucl. and Chem. Wast. Manag., 3, 83-90.



LIST OF REPORTS KD

POSIVA REPORTS 2001, situation 2/2001

POSIVA 2001-01 Geochemical modelling of groundwater evolution and residence time
at the Hastholmen site
Petteri Pitkdnen, An Luukkonen
VTT Communities and Infrastructure
Paula Ruotsalainen
Fintact Oy
Hilkka Leino-Forsman, Ulla Vuorinen
VTT Chemical Technology
January 2001
ISBN 951-652-102-9

POSIVA 2001-02 Modelling gas migration in compacted bentonite:
GAMBIT Club Phase 2 Finat report
- A report produced for the members of the GAMBIT Club
B.T. Swift, A.R. Hoch, W.R. Rodwell
AEA Technology, United Kingdom
January 2001
ISBN 951-652-103-7

POSIVA 2001-03 Modelling of the UO2 dissolution mechanisms in synthetic
groundwater solutions - Dissolution experiments carried out under oxic
conditions
Esther Cera, Mireia Grive, Jordi Bruno
EnvirosQuantiSci, Spain
Kaija Ollila
VTT Chemical Technology
February 2001
ISBN 951-652-104-5


