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ABSTRACT

Leaching of high burnup BWR fuel for up to 3 years showed

that both U and Pu attain saturation rapidly at pH 8.1, giving
values of 1-2 mg/1 and 1 ug/1 respect1ve1y The 1each1ng rate for
Sr-90 decreased from about 107 /d to 107 7/d but was always higher
than the rates for U, Pu, Cm, Ce, Eu and Ru. Congruent
dissolution was only attained at pH values of about 4.

When reducing conditions were inposed on the pH 8.1 ground-
water by means of H,/Ar in the presence of a Pd catalyst,
significantly lower leach rateswere attained.

The hypothesis that alpha radiolytic decomposition of water
is a driving force for U0, corrosion even under reducing
conditions has been examined in leaching tests on low burnup
(Tow alpha dose-rate) fuel. No significant effect of alpha
radiolysis under the experimental conditions was detected.
Thermodynamically the calculated uranium solubilities in th
pH range 4-8.2 generally agreed, well with the measured ones,
although assumptions made for certain parameters in the
calculations limit the validity of the results.

INTRODUCTION

Common to all proposed methods for the safe, permanent disposal
of spent reactor fuel is the concept of multiple barriers to
radionuclide release to the environment. One of these barriers is
the Timited solubility in groundwater of the U, fuel itself, and
over the past few years a number of investigations have been
published /1-6/ which have been directed to the study of the
dissolution mechanism and dissolution rates of fuel of various
burnups and heat ratings under a range of experimental
conditions.



ratings under a range of experimental conditions.

The experiments described here have been performed using
spent BWR fuel with a burnup ( 42 MWd/kgU) higher than the
current average for discharged fuel, but of the same order
as that projected for the near future.

In addition to these experiments, a series of experiments
using low burnup fuel (~ 0.5 MWd/kgU) was also performed in
order to study the possible influences of K-radiolysis on
the dissolution of U0, in groundwater.

For both high and low burnup fuel. experiments were also
performed where reducing conditions were imposed during one
contact period after peleaching under oxidizing conditions.

HIGH BURNUP FUEL: SEQUENTIAL AND STATIC LEACH TESTS

Experimental

A1l specimens used in these experiments consisted of 20 mm
long segments of fuel and clad cut out from a
well-characterized BWR fuel rod irradiated to a burnup (rod
maximum) of 42 MWd/kg U.

Each fuel specimen, containing about 16 g U0p., was suspended
in a spiral of platinum wire in 200 ml of the leachant in a
250 ml Pyrex flask. A1l leach tests were performed at
20-25°C, the ambient temperature of the hot cell.

On compietion of the planned contact period, the specimen
was removed from the flask and transferred to a new flask
with new leachant in the case of sequential leaching, or
discarded in the case of the static tests (or exposed to low
pH leachant).

After removal of the leachant from the flask the pH was
measured on one aliquot and then two 10 ml aliquots were
centrifuged through membrane filters (Aminco Corp, USA) with
apertures of 1.5-2 nm). The material retained on these
membranes has been defined arbitrarily here as “colloidal".
Both centrifugate and membrane were subjected to radiometric
and radiochemical analysis. The empty flask, after a rapid
rinse with deionized water, was exposed for a few days to
200 m1 of 5M HNO2/0.5M HF to desorb any activity on the
vessel walls. This rinse solution was also analyzed.

The experiments discussed in this section, three series each
with a fuel/clad specimen exposed to sequential leaching and
two series of static tests - each with 8 fuel/clad
specimens, were all performed under so-called oxidizing
conditions. Other test parameters are given in TABLE 1.



TABLE 1
Summary of leach test conditions

Series reachant Procedure Contact period (days)

3.1 DIW SEQU 7,7,14,63,91,83,182.159,218.,174

3.2 GW SEQU e

3.3 " SEQU 7,7,14,63,91,182,182.159.218,174

3.4 ! STAT 14d Preleach. 14:77:168:350:532:909
3.5 " STAT ! " 14:77:168:350:691:1083

The Teachant used for Series 3.1 was deionized water while a
synthetic groundwater whose composition is shown in Table II
was used for the other tests. The deionized water, which was
also used in preparation of the groundwater, was de-aerated
by bubbling with nitrogen prior to use. However, as
mentioned above, each leachant was in contact with about 50
ml of air during leaching.

TABLE I
Composition of the synthetic groundwater

Species  HCO3 Si0, 5027, C1™ Ca?* Mg2* K*  Na*

ppm 123 12 9.6 70 18 4.3 3.9 65

pH: 8.0 - 8.2 Ionic strength: 0.0085.

Analysis

A1l samples were analysed for a) uranium (neutron
activation) b)Sr-90 c)x-emitting fission products
d)&~-emitting nuclides (X-spectrometry).

In some samples, the cesium activities were so intense that
an ion exchange separation procedure was required prior to
analysis of the other constituents.

Radionuclides retained on the membrane filters were removed
by treatment with warm 6M HC1 for 5-6 hours. This solution
was then subjected to the normal analysis scheme.



Adsorption on the vessel walls

It had been anticipated that adsorption effects would be
significant in these solutions with very low concentrations
of highly-charged species. It had aiso been expected that
small fuel fragments could be lost from the suspended fuel
specimens and later be dissolved during the desorption
treatment. The analytical results for the rinse solutions
were therefore evaluated very carefully.

Small quantities of uranium were detected in all the rinse
solutions but in a few cases quantities of 100-300 ug were
found, of the same order of magnitude as those found in the
other fractions, i e, the centrifugate and the membrane
filter. No correlation with any parameter of the leaching
experiments was observed.

It was found, however, that the ratios of the amounts of
Sr-90, Ce-144, Eu-154 and the actinides also found in the
rinse solutions to the amounts of detected uranium, agreed
reasonably well with the ratios in the spent fuel,
suggesting that dissolution of small particles lost from the
fuel was the major contribution to activity in the rinse
solutions, and that no significant absorption effects could
be observed.

Reporting units

Because of the difficulty in defining the surface area of
highly-cracked spent UO, fuel, the experimental results are
expressed as fractions of the initial inventories of each
radionuciide. Also, since what is actually measured - the
amount of the nuclide in the leaching flask at the
conclusion of the contact period - is the resultant of such
processes as selective leaching, dissolution, colloid
formation, and precipitation and adsorption, the neutral
term Fraction of Inventory in Aqueous Phase (FIAP) is used
here. The term Apparent Leach Rate (ALR), in units of
F1AP/day, is used as the corresponding definition of rate.

Since no significant quantities of radionuclides could be
unequivocally detected in the flask rinse solutions (see
preceding section), each FIAP value reported here is the sum
of the corresponding fractions in the centrifugate and
retained on the membrane filter.

Results and discussion

As was shown in TABLE I, data for contact times ranging from
7 to 1083 days have been accumulated. Since the behaivour of
the radionuclides are very different between themselves,
they will in the following be treated individually.



Uranium

The concentrations of uranium in the groundwater leachant
centrifugates at pH 8.1 in the experimental Series 3.2 - 3.5
are shown in Figure 1. The results show appreciable scatter
but concentrations can be seen to ievel out rapidly and
attain saturation at a level of 1-2 mg/1. The concentration
levels in deionized water - Series 3.1 - were around or
below the detection 1imit of about 50wg/1. Although the
experiments were not primarily designed to determine
solubility limits, the rapidity with which the final
concentrations was reached as well as the lack of a long
term evolution of the uranium concentrations in solution
lead to a tentative description of the uranium leaching in
terms of thermodynamical equilibria. This will be discussed
further elsewhere in this paper.

Plutonium

The concentrations of plutonium in the groundwater presented
in Figure 2 also show the rapid attainment of saturation at
the level of a few parts per billion but here, the results
show a decreasing trend after about 100 days of contact.

Cesium and strontium

The migration of fission product cesium in operating U0,
reactor fuel from the warmer central regions to the
neighbourhood of the fuel/clad gap is weli-established, and
results for Cs-134 and Cs-137 in this program confirm
previous work.

Cumulative FIAP values for Cs-137 in groundwater of pH
8.0-8.2 in both sequential leaching and static tests as a
function of contact time are shown in Figure 3. The
similarity in results between the two test methods
demonstrates the absence so far of saturation effects.

It can be seen that about 1% of the initial Cs-137 inventory
is leached out rapidly, most during the first 10 days, and
in good agreement with the reported value of 0.7% for the
release of fission gases from the whoie fuel column. The
results for the 3.1 series in deionized water, which are not
plotted in Figure 3, lie towards the middle of the range.

After the inital phase, corresponding to dissolution of
cesium compounds, probably cesium uranates in the neighbour-
hood of the_fuel/clad gap, and characterized by ALR values
of over 1073 FIAP/d, the dissolution rate decreased
substantially for longer contact periods, as can be seen in
Figure 4.

Figure 3 also presents the cumulative FIAP results for Sr-90
for the experimental series using groundwater (pH 8.0-8.2).
Even here the ALR vaiues (Figure 5) show a steady decrease
as a function of contact time (a slope of +1 would indicate



a cgnstant dissolution rate), approaching a value of about
107/ FIAP/d at the end of the period. The agreement between
the sequential leaching and static test results suggest the
absence so far of saturation effects.

The results presented in Figure 3 also show a clear
difference in the early leaching behaviour of Sr-90 of fuel
from different zones of the rod, since the specimens for
Series 3.2 and 3.5 were taken from the upper middle of the
fuel rod, and for Series 3.3 and 3.4 from the lower middle.
The burnup and Sr-90 inventories of the fuel in these zones
were very similar: only their irradiation histories
differed, reflecting control rod movements.

For both nuclides, after the first 2 weeks, the apparent
leach rates were nearly inversely proportional to the
contact time over the next 3 years. The values of Cs-137
were always higher than the corresponding values for Sr-90
by a factor of 3-5, suggesting perhaps grain boundary
attack. This effect has also been observed by Vandergraaf
and Johnson /4,5/.

It is also of interest to note that the leaching behaviour
of Cs-137 and Sr-90 in deionized water was very similar to
that in the groundwater, aithough the measured uranium

solubility in DIW was found to be very low (about 50 ppb).

Other fission products

Al1 specimens have also been analysed for such fission
products as Ru-106. Sb-125. Ce-144 and Eu-154 during the
course of this program, but analytical detection 1imits have
prevented collection of a complete set of results. However
the resuits obtained indicate values of ALR for Cm-244,
Ce-144 and tu-154 were apparently two orders of magnitude
Tower than those for Sr-90, but since these nuclides were
usually only measurable on the membrane filters, and
contamination with small fuel particles can be suspected,
it is possible that their real ALR values are an order of
magnitude lower,

Actinides

The actinides Cm and Am were also analyzed for and ALR
values generally two orders of magnitude lower than those
for Sr-90 were found. However, even the actinides were
strongly retain on the membrane filters and contamination
with small fuel particies cannot be excluded. resulting in
too high ALR values as mentioned above.

HIGH BURNUP FUEL: LOW pH TESTS

In order to explain the marked differences in the leaching
behaviour of the various nuclides reported above. two main
hypotheses can be advanced:



1) that in the groundwater used here (pH 8.1, 123 ppm
HCO™ ), uranium saturation is attained rapidly (1-2
mg/1). Other actinides and lanthanides are released
congruently to the solution but are precipitated and/or
adsorbed on available surfaces. Cs and Sr are
preferentially leached from the fuel: cesium partly as
an instant release fraction comparable in size to the
release of fission gases from the fuel during reactor
operation, and then, as for strontium, from enriched
inclusions or zones in the fuel matrix, perhaps from
grain boundaries.

2) that Cs is leached as in the first hypothesis above,
but the leaching rate for Sr represents the dissolution
rate of the fuel matrix, and although dissolution
occurs congruently, the amounts in solution of the
actinides and lanthanides are determined by solubility
limitations.

The second hypothesis implies that after long exposures to
grondwater, as in the static tests in Series 3.4 and 3.5,
significant guantities of U, Pu and lanthanides would have
entered and then left the solution by precipitation or
adsorption. or been retained on the fuel surfaces as
alteration products.

Analysis of the more than 100 flask rinse solutions examined
has indicated that this material does not appear to have
deposited on the flask walls, since their contents
correspond to the dissolution of small fragments of fuel
which have been lost during handling.

Experimental

As a practical check on the second hypothesis, the 6
fuel/clad specimens from the 3.4 and 3.5 series with the
Tongest contact times in the pH 8.1 groundwater (350-1083
days) were subsequently contacted for 20 days with 200 ml of
new groundwater which had pH values adjusted to lower values
by means of HCI.

It was expected, of course, that the dissolution of the
matrix would increase at low pH, but if the redeposited
material or alteration prducts were also soluble, then the
ratios of actinides and lanthanides to strontium in the
leachants would be enhanced compared with those in the fuel
itself.

Results

Since the apparent leaching rate for Sr-90 decreases with
increasing contact time as shown in Figure 5, the results
are expressed (in Table III) as rounded ratios to the Sr-90
values.



TABLE I11
Normalised apparent leaching rates in low pH tests.

pH 2.0 3.2 3.4 4.0 4.1 5.5
Initial contact (d) 532 1083 909 350 691 350
Sr-90: ALR (x 108) 25.8 14.0 16.4 9.6 10.7 10.3
Sr-90 100 100 100 10C 100 100
U 100 80 120 90 40 4
Pu 80 130 12 100 60 40
Cm 260 90 230 170 140 60
Ce-144 150 120 110 180 100 65
Eu-154 110 80 100 130 100 65
Cs-137 70 S0 80 80 60 70

Although the results for Cm appear to show some enhancement,
this is thougnt to be a combination of experimental error
and variation in local Cm inventories, and it can be
concluded that the experiments give no support to the
hypothesis of appreciable adsorption or precipitation of
actinides and lanthanides on the fuel/clad surface.

However, the results do show that congruent dissolution is
attained at pH 4 and below, although significant fractions
of several leached species were retained on the membrane
filters. Another interesting feature is that at low pH, the
Sr-90 dissolution rate exceeded the Cs-137 rate, indicating,
perhaps, different attack sites on the fuel surface than
those at high pH. In addition to these findings, the
measured U concentrations at different pH also supported the
interpretation of U release as controlled by thermodynamical
equilibria, as discussed later in this paper.

HIGH BURNUP FUEL: REPLENISHMENT EXPERIMENT
The experimental finding that uranium saturation at 1-2 mg/1
was attained rapidly in the groundwater is, of course, of

significance for safety analysis, and it was decided to
check the finding in a further experiment series.

Experimental

The 6 experiments were all performed under the same
oxidizing conditions used in the main program, i.e., there
was 50 ml of air in contact with the 200 ml of the synthetic
groundwater leachant (pH 8.1). Polypropylene flasks were
also compared with Pyrex flasks. The fuel fragments were



suspended in the leachant on Pt trays. Details of the
experiments are given in Table IV.

TABLE IV
Replenishment experiment: Summary of test conditions

Experiment Flask Fuel Specimen Wt
U0, (g)
3.13 Polypropylene Fuel/clad segment 16.6
3.14 ! Fuel fragments >4 mm 5.7
3.15 " " 3.15-4 mm 5.7
3.16 Pyrex Fuel/clad segment 16.6
3.17 “ Fuel fragments >4 mm 5.8
3.18 ! " 2-3.15 mm 3.9

After initial filling, the flasks were allowed to stand for

27 days in the hot-cell at ambient temperature, following which 40
ml of the leachants were removed {(and subjected to the same
procedures as previously) and immediately replaced by 40 ml of
fresh groundwater. This was repeated four times after different
contact periods. On the basis of the previous results, all
solutions should have shown uranium saturation at the 1-2 mg/]l

Tevel.

Results

The measured uranium concentrations in the centrifugate samples
from the various replenishment tests are presented in TABLE V.

TABLE V
Uranium concentrations (ppb) as a function of total contact

time.

Contact time (d) 27 47 91 117 145 211

3.13 4 950 11 500 10 000 9 000 8 000 2 450
3.14 650 1300 1900 1600 1450 340
3.15 800 1100 1600 1450 1 700 875
3.16 4 150 6 000 7 500 5500 3900 2400
3.17 600 950 900 1250 1000 700
3.18 900 2050 1750 1900 1050 850

The results for the fuel fragment experiments show fairly
good agreement with the previously established saturation
concentration but the high (4-5 mg/1) inital U concen-
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trations found for the fuel/clad segment experiments,
increasing over the first few months and then decreasing
approximately at the same rate as dilution, were unexpected.

Figure 6 presents the FIAP values for Cs, Sr, U and Pu for
the experimental series. Note that the abscissa represents
the number of replenishment stages, although the time for
each contact period is also given.

To simplify the figure, the results have been averaged for
the 3 groups shown in the legend, and the dashed line
represents the slope of successive 20% dilutions.

The Cs curves display, as expected, the inital release
fraction of about 1% of inventory during the first 27 day
contact period. The concentrations then almost follow the
20% successive-dilution curve, but show some further Cs
leaching, particularly for the fuel/clad segments. FIAP
values for fuel/clad segments and fuel fragments are very
similar suggesting that only a minor part of the cesium
released from the fuel during reactor operation was
deposited on the inner surface of the clad.

The Sr results also show good agreement with the eariier
results from the program. During the initial contact
periods, the ALR values were higher for fuel fragments than
for fuel/clad segments, probably reflecting easier access of
the Teachant to the fuel surface, but calculation of the
cumulative leach fractions at 211 days showed all specimens
to have released about the same fraction ( 8-107%) of
inventory. (The derived values for ALR for the two fuel/clad
segments are plotted in Figure 5).

As mentioned above, the U results are somewhat surprising.
For fuel fragment leaching, the leach fractions agree well
with previous work, being an order of magnitude lower than
those for Sr-90. and the measured uranium concentraitons
were in the range 1-2 mg/1. Leaching of the 2 fuel/clad
segments, however, showed increasing dissolution of U over
the first 91 days, attaining U concentrations of the order
of 10 mg/1, which then decreased roughly folloving the 20%
successive dilution curve. This suggests the same effect of
supersaturation and precipitation observed by Johnson /5/. A
tentative explanation for the initial high concentrations
is that the cut fuel surfaces of the two segment specimens
had experienced some oxidation during the two years of

air storage prior to leaching.

The Pu results also show a somewhat high initial concen-
tration, but appear to attain saturation after about 91 davs
at a level of a few ug/l.
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HIGH BURNUP FUEL: DISSOLUTION UNDER REDUCING CONDITIONS

A1l the experiments reported above were performed under
oxidizing conditions. In the deep repository projected in
the KBS program, however, extremely reducing conditions -
unfavourable to oxidative dissolution of the U0y matrix -
are expected to obtain. Such reducing conditions are
difficult to establish and maintain in a laboratory, and in
particular a hot-cell, environment.

Norris /7/ has reported experiments at Los Alamos where
hydrogen gas in the presence of a palladium catalyst was
used to impose reducing conditions on the fuel/leachant
system. Six experiments have been performed in this program
where the fuel/clad specimens were first subjected to two
pre-leaches in groundwater under oxidizing conditions
followed by a 28 or 56 day exposure under reducing
conditions using the Los Alamos method. Although the
leaching flasks were sealed immediately after a final in
situ reduction process, the possibility of the entry through
minor leaks of the hot-cell air atmosphere during the
subsequent 4 or 8 weeks could, of course, not be excluded.
After re-opening the flasks, the same experimental and
anlytical procedures were applied as for the previous
experiments. Table V presents the apparent leach rate values
for the most significant nuclides for both the reduction
stages and the immediately preceding 27 day pre-leach under
oxidizing conditions.

TABLE VI
Comparison of apparent leach rate values under oxidizing and

reducing conditions.

ALR (FIAP/d x 106)

Experiment 3.6.1 3.6.2 3.6.3 3.7.1 3.7.2 3.7.3

Contact time (d)

(Reducing) 28 28 56 28 56 56
Sr=-90

Pre-leach 3.0 2.7 2.7 2.2 2.4 2.0

Red. conditions 0.13 0.10 4.9 0.73 0.11 0.09
1]

Pre-leach 0.53 0.47 0.62 0.49 0.80 0.54

Red.conditions  0.03 0.04 0.08 0.09 0.08 0.08
Pu

Pre-leach 0.11 0.09 0.08 0.09 0.08 0.06

Red. conditions 0.05 0.07 0.01 0.003 0.005 0.001
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Although these experiments must be regarded as preliminary
method trials, it is evident that significantly lower
apparent leach rate values were achieved under reducing
conditions.

It should be noted that for uranium, the ALR values for
preleading under oxidizing conditions correspond to
centrifugate concentrations of about 800 ppb or less, i.e.,
the solutions had attained saturation, while the values for
reducing conditions represent results at the analytical
detection 1imit and are probably too high.

THERMODYNAMICAL MODELLING

Background

As was discussed previsously, the uranium concentrations in
the groundwater leach solutions rapidly approached an
apparent saturation at about 1-2 ppm (4-8.107° M0!/1) and
stayed constant for contact times up to three years. Further
more, acid rinses of the leach vessels as well as exposure
of sample and cladding to low pH solutions gave no support
to the assumption of large scale adsorption of uranium or
actinides on the vessel wall and/or the fuel/clad surfaces.

Indeed, when the measured uranium concentrations are plotted
against pH, the resulting diagram is strikingly similar to a
solubiiity versus pH plot, as can be seen in Figure 7. This
observation further supported the assumption that the
uranium release is solubility controlled and an attempt was
made to model the experimental results using available
thermodynamical data and the SOLGASWATER code/8/. For
comparison, attempts were alsc made to model the measured
plutonium.

Method
Assumptions

For the calculation, three different leach solutions have
been considered, depending on the condition of the leach
experiments, ie deionized water, synthetic groundwater, and
synthetic groundwater with low pH, adjusted by adding the
appropiate acid.

The initial UOZ(s) solid phase was assumed to be partly
oxidized at the surface to some higher oxide phase. On spent
fuel specimens, the oxidation state has not been determined,
but U30g(s) was chosen as a reasonable hypothesis.

No direct assessment of the oxidation state of the leach
solutions was possible during the experiments. Based on the
experimental conditions, they were therefore assumed to be
in equilibrium with oxygen in air and the pE of the
solutions was caculated under this hypothesis.
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The thermodynamic data base, uranium

The set of thermodynamic data used in the calculations is
given in Table 1 in the Appendix. The constants regarding
the solid phases mainly come from the critical compilations
by Langmuir /9/ and Lemire and Tremaine /10/. The value used
for the solubility constant is the one determined by Bruno
et al /11/ for the solubility of UOZ(S) fuel pellets in 3.0M
NaCl04 and extrapolated to zero 1on1c strength The stabili-
ty constants for U(VI), U(IV)/F", NO73. § have been
taken from Sillén and Marteil's /12/ and Hogfe]dt s /13/
compilations and extrapolated to zero ionic strength. All
extrapolations have been made using the SIT approach /14/.
The constants for the uranium-carbonate system are mostly
from Grenthe et al /15-18/. The data regarding uranijum
hydrolysis have mainly been taken from Baes and Mesmer /19/,
although for U(OH)g5™, the stability constant reported by
Ryan and Rai /20/ has been chosen as it is believed to be a
better alternative than previously proposed values.

The thermodynamic data base, plutonium

The set of thermodynamic data used in the calculations is
given in Table 2 in the Appendix. Most of the constants in
the plutonium modelling come from the compilation by Lemire
and Tremaine /10/. The plutonium hydrolysis constants have
been taken from Baes and Mesmer /19/. Due to the lack of
data, some of the Pu(IV) and Pu{VI) carbonate constants were
assumed to be similar to those for U(VI) and U(VI). The
Pu{VI) nitrate stability constants were taken from
Hogfeldt's compilation /13/. The solid phases were all taken
from Lemire and Tremaine /10/. except in the case of
Pul-(s), where the crystalline phase has been substituted
with Puly - xHy0 (amorphous) according to Rai /21/. When
extrapolations to zero ionic strength were needed, the SIT
approach /14/ was used.

Results
Uranium

The results of the calculations are summarized in Table VII
and also indicated in Figure 6.

The predicted solubilities in the acidic range show a good
agreement with the experimentally measured concentrations at
pH values h1gher than 4. The complex respons1b1e for the
solubility in the acidic range is mainly U0»C1* when HC1 was
used for acidification, although the contributions of

U0,C03 and U0251(0H)3* are relevant. As the pH increases,
the reiative concentration of the carbonate complex
(relative to the fluoride complex) gets larger, as would be
expected.

In the case of the experiments carried out in deionized
water, the predicted solubilities are 2-3 orders of



magnitude lower than the experimental ones. (The main
contributors to the uranium solubility are naturally the
hydrolysis complexes). However, the experimentally
determined uranium concentrations are near or at the
analytical detection limits and are often reported as "less
than" values. Consequently, the reported uranium
concentrations in deionized water are more to be seen as
maximum limits than actually determined concentrations.

The modelling of the experiments carried out in synthetic
groundwater at pH 8.1 is also in satisfactorily agreement
with the experimental measurements. Nevertheless, in this
range the calculations are very sensitive to variations in
both pE and “critical constants". The error stemming from
the uncertainty in the definition of the oxidation state of
the solutions accounts for a variation of approximately half
a logarithmic unit in the calculated uranium solubilities.
However, the most critical factor is the choice of
solubility constant for UO,(OH)>(s). This solid phase
determines the uranium so1ubi]i%y in this pH range.
Variations within the error limits reported in the
literature (+0.5 in log Kg,) give rise to the uncertainty
indicated in Table VII and Figure 6.

TABLE VII
Uranium solubilities. Results of the calculations.

calc exp
pH pE U (mol/1) u (mol/1)
TOT TOT
4.0 9.5 1.5 - 1074 5.3 - 1073
5.0 8.5 2.7 + 107 1.2 - 1072
7.7 - 1077
6.0 7.4
4.5 - 1079 (DI)
7.0 6.4 3.6 - 10710 (p1) 2 - 10-7° (DI)
-5
-6 +1.2 10 -6
8.1 5.3 8.4-10°8 5% jp-6 4-8-10
* - Near or at detection limit,

(DI) Calculations, deionized water
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Lanthanides

For the lanthanides, exemplified by europium in the model-
iing, the agreement was not satisfactory between the
calculated and measured concentrations in the acidic range.
For pH 4.0 and 5.0 the measured concentration were
considerably Jower than the calculated solubilities. At pH
8.1 the measured concentrations were at or most often below
the detection 1imit and no meaningful comparisons could be
made. There may be several reasons for this disagreement,
such as errors in the used thermodynimical data or in
assigning proper solid phases. However, an alternative
explanation can be deduced from the experimental observation
that at low pH, the spent fuel matrix dissolves congruently
and the release of these nuclides is therefore most likely
controlled by the dissolution of the fuel matrix and the
uranium solubility, rather than the solubility of the
nuclide itself.

Plutonium

The Teach behaviour of plutonium for spent fuel is even more
anomalous than that of uranium. As for uranium, an apparent
solubility 1imit is rapidly reached, but as is evident from
Figure 2, the equilibrium concentration appears to decrease
with time.

Using available literature data, the modelling generally
gave plutonium solubilities much lower than the measured
values. However, the data base is very uncertain for many
species and this could well account for the observed
discrepancies. The most critical datum seems to be the
solubility of the precipitating hydrolyzed plutonium oxide.
It is reasonable to assume that initially the precipitating
phase will be amorphous. Indeed, if the solubility for
amorphous Pu0, - xHy0 (amorphous) given by Rai /20/ was
used, the fit between the calculated and measured concentra-
tions improved considerably and gave quite satisfactory
agreement as can be seen in Table VIII. The species
responsible for the plutonium solubility are in the acidic
range (pH 3-4) Pu3* and Pus0*;. In the pH range 5-8.1,
Pu(OH)4 is the main responsible species. However, very
1ittle is known about Pu(IV) carbonate species, which might
play an important role in this pH range.
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TABLE VIII
Plutonium solubilities. Results of calculations*

calc exp
pH pE Pu (mol/1) Pu {(mol1/1)
70T 70T
3.0 10.5 7.9 - 1077 6.4 - 1077
3.5 10.0 2.5 - 1079%***
2.5 - 10710 3.5 - 1077
5.0 1.7 - 10711 7.5 - 1079
8.1 1.0 - 107 11%%** 4.9 - 1079
* Solubilities calculated using PuOy. xH,0 (am)/20/.
When PuQ, (cryst) was used, the solubifities were
generally three orders of magnitude lower.
*x% Interpolated value.
falale At pH 5, two numbers were below detection limit
and have been neglected in calculating the
average' Pu-concentration.
lalakedy Calculated assuming No F~.

The long term decrease in Pu concentration in solution could
then be explained by a slow crystallization of the

PuOs - xHp0(am). It is known that the crystalline material
has a lower solubility. The timescale for this type of aging
is comparable to the experimental time scale (several years

/22/.
LOW BURNUP FUEL. ALPHA RADIOLYS EXPERIMENT

The corrosion of spent fuel in deep groundwater, which is
highly reducing, is expected to occur several orders of
magnitude more slowly than under the oxidizing conditions
employed in most leaching experiments. It has been
postulated, however, that local oxidizing conditions, caused
by alpha radiolytic decomposition of water, may be created
in a thin aqueous film adjacent to the fuel surface, and
that a continuous dissolution of the fuel matrix may
nevertheless occur in this way.

In experiments where leaching of the high burnup BWR fuel
was performed in the synthetic groundwater on which reducing
conditions had been imposed by means of H,/Ar bubbled over a

v
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Pd catalyst suspended in the leaching vessel, the leaching
rates were shown to be reduced by about a factor of 20
compared with oxidizing conditions. It is possible, of
course, that these lTower leaching rates represent fuel
dissolution by the alpha radiolysis effect, and postulated
conditions for this have been discussed in the context of
calculations of the radiolysis induced by radiations from
spent fuel /23/.

In the following section, results are presented from
Jeaching tests on fuel irradiated to a low burnup, such that
the actinide content, and hence the alpha particle dose to
the leachant, was much lower than in the fuel considered
previously in this paper.

Experimental

A short fuel rod was irradiated for one reactor cycle

(17 days) in the Studsvik R2 test reactor at a linear power
of about 22 kW/m up to a burnup of about 0,5 MWd/kg U. After
a few weeks cooling the fission product radioactive
inventories were similar in size if not in isotope to those
in the high burnup fuel, while the inventory of alpha
emitters was much less. TABLE IX compares the inventories of
the two fuels at their respective reference dates prior to
Jeaching.

TABLE IX
Nuclide Ba/gU

High burnup Low burnup
Sr-89 - 4.06 £ 09
Sr-90 2.46 E 09 -
Zr-95 - 3.84 £ 09
Ru~-103 2.79 £ 09
Ru-106 1.31 £ 09 -
Cs-137 4.43 E 09 5.13 £ 07
Ba-140 - 2.11 £ 09
Ce-141 - 5.12 £ 09
Ce-144 2.02 £ 09 1.53 £ 09
Nd-147 - 6.48 £ 08
Eu-154 2.14 E 08 -
Pu=-239/240 3.38 £ 07 5.33 E 05
Pu-238/Am-241 1.52 E 08 -
Cm-242 6.76 £ 07 -
Cm-244 1.52 £ 08

14 segments of fuel/clad (20 mm long) were cut out from the
rod and exposed to the synthetic groundwater (pH 8.1) for 3
weeks under oxidizing conditions as a pre-leach to remove
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the cesium instant release fraction and to dissolve up any
uranium oxidized by the cutting procedure. The leachants
were analyzed by the standard procedure. The fuel specimens
were then transfered to 14 new leaching flasks where 6 of
them, in pairs. were leached again under oxidizing
conditions for periods of 2, 4 and 8 weeks. The remaining 8
specimens were leached, under the reducing conditions
described above, for the same periods.

RESULTS

The results are summarized in TABLES VII and VIII

TABLE X
Uranium concentrations in centrifugates (ppb)

Contact time (d) 22* 15 28 55
Oxidizing conditions 6380 3700 6250 8250
Reducing conditions 34 37 21

* Pre-leach

TABLE XI
Comparison of ALR values under oxidizing and reducing

conditions

ALR (FIAP/d) (x 108)

Contact time (d) 22 15 28 55

Oxidizing conditions

U 5.1 3.8 3.7 2.5
Cs-137 23.6 6.8 4.9 3.9
Sr-89 5.2 5.6 4.1 2.6
1-131 4.1 4.1 4.1 2.6
Ba-140 3.9 4.4 2.7 1.4
Pu 1.0 1.0 1.0 1.0
Reducing conditions
U 0.04 0.03 0.04
Cs-137 1.6 0.8 0.7
Sr-89 0.36 0.24 0.21
I1-131 1.7 ND ND
Ba-140 0.53 0.39 0.22
Pu 0.05 0.02 0.07
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Inspection of the results leads to the following
conclusions:

a)

The measured U concentrations under oxidizing
conditions were much higher than wxpected and even
after 55 days had probably not attained saturation.

Cs, Sr, I and Ba appeared to dissolve congruently with
the U0, matrix, while Pu and the lanthanides (not
reported here) showed lower values of leach rate.

Although there are some differences between nuclides.
and depending on whether the values for centrifugate
concentration or FIAP are used, the decreases in
leaching rates for leaching under reducing conditions
were of the same order as those obtained with the high
burnup fuel.

It seems unlikely that the presence (or absence) of
alpha radiolytical effects can be advanced as the cause
of these observations. The explanation is probably to
be found in differences in microstructure and
stoichiometry between the high burnup and low burnup
fuel types.

CONCLUSIONS

1

The results from the Swedish program on sequential and
static leaching of high burnup BWR fuel wxtended to 3
year contact times is in general in agreement with the
earlier results from the program and with those of
other workers.

Calculated uranium solubilities agree well with the
measured ones for synthetic groundwater over the pH
range 4-8.5. However, the limited validity of the
calculation must be recognized.

Although with the high burnup fuel, uranium saturation
in the groundwater (pH 8.1) appears to be attained at a
level of 1-2 mg/1, there is some evidence that this
level can be raised if the fuel is air-stored for
prolonged periods prior to leaching.

For high burnup fuel, congruent dissolution was
attained at pH values lower than 4.

Experiments designed to test the hypotheses that the
Sr-90 leach rate represents the dissolution of the fuel
matrix, and that the concentrations of the actinides
and lanthanides are much lower due to solubility
Timitations gave indecisive results. SEM and EPMA
examination of fuel before and after leaching will
probably be needed to give pertinent data.
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No evidence that alpha radiolytic decomposition of
leachant is a significant factor for fuel leaching was
obtained in a comparison of leaching rates under
oxidizing and reduing conditions of two fuel types
which gave alpha doses to be leachant differing by a
factor of about 1000.

Differences in leaching behaviour between these two
fuel types may be due to differences in fuel morphology
and stoichiometry.
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solution centrifugates as a function of time
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-14.000
-84.486
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16.500
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21.533
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-3.367
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TABLE 1. Thermodynamic data base for the
uranium-synthetic groundwater system. The
fnput consists of a list of the components
chosen and then the species present followed
by the stability constants plus the related
stoichiometric coefficients. The solid phases
are given after the soluable complexes.
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TABLE 2. Thermodynamic data base for the
plutonium-synthetic groundwater system. The
input has the same meaning as in Table 1,
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