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ABSTRACT

Segments of fuel and clad have been leached in
deionized water and in groundwater. The leachants
were centrifuged through membrane filters. Both
centrifugate and the filters were analysed for U,
Sr-90, a- and Y~emitters. The results are discus-
sed in terms of preferential leaching, solubility
limitations and adsorption effects. For U an
apparent saturation at about 800 ppb was observed.
Pu also appeared to attain saturation at a few
ppb. For Sr the leach rate was 3«10~ /d after
ca 400 days. Attempts to impose reducing condi-
tions showed decreased leach rates.

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 limited solubility in groundwater of the
UO fuel itself, and over the past few years a number of in-
vestigations have been published (1-4) which have been directed
to the study of the dissolution mechanism and dissolution rates
of fuel of various ournups and heat ratings under a range of
experimental conditions.

The experiments described here, as part of the current KBS
program on spent fuel corrosion, have been performed using
spent BWR fuel with a burnup CM1 MWd/kgU) higher than the
current average for discharged fuel, but of the same order as
that projected for the near future.

EXPERIMENTAL

Fuel
Following the same procedure used in a previous program (1),

20 mm long segments of fuel and clad were cut from fuel rod A6
of fuel assembly 418 from the initial loading of the Oskars-
hamn I BWR. This rod had been well-characterized in an earlier
PIE program, giving values of 42 MWd/kgU for the maximum burn-
up, and 0.7% for the fission gas release during operation. The
radionuclide inventories for each specimen were calculated
using the BEGAFIP code (5).

The specimens were cut from different zones along the rod,
but with about the same burnup, and in the leaching experi-
ments, duplicate tests were always performed using fuel from
different zones.

Leachants
One sequential leaching test was performed in deionized
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water (pH 7.0), while all other tests employed the so-called
KBS groundwater (pH 8.0-8.2) whose composition is shown in
Table I. The deionized water, which was also used in prepara-
tion of the groundwater, was de-aerated by bubbling with nitro-
gen prior to use. A new groundwater batch was prepared for
each new leaching period.

TABLE I
Composition of the synthetic groundwater

Species

ppm

pH: 8.0

Program

HCO~

123

- 8.2.

sio2

12

Ionic

so4
2" ci"

9.6 70

strength: 0.

Ca2 +

18

0085.

2 +
Mg

4.3

K

3.9

Na

65

Most of the experiments reported here were performed under
oxidizing conditions in order to provide benchmarking data and
to permit comparison with other published results. Some experi-
ments, however, were performed where an attempt was made to
impose reducing conditions (which are expected to obtain in the
deep repository projected in the KBS program) on the leachant by
bubbling with H /Ar gas in the presence of a palladium catalyst.

As shown in the table below, five experimental series have
been performed under oxidizing conditions, three (Series 3.1-
3.3) where •> ?. fuel/clad specimen was exposed to sequential
leaching wi > lew batches of deionized water or groundwater in a
modified I * . test, and two (Series 3.4 and 3.5) where indi-
vidual fuf . : .ad specimens were contacted statically with
groundwate •: f>r different periods of time. Series 3.4 and 3.5
each consil. jf 8 fuel specimens.

Two ex-;- :«r: mental series (3.6 and 3.7), with reducing condi-
tions impo*4 i during the last contact period, each consisting of
three ir.d\ ldual fuel specimens, have been performed. Here, two
pre-leach* • under oxidizing conditions for 91 and 27 days re-
spectivej j were carried out on each specimen in order to remove
the apprei lable cesium activities which rapidly leach out from
the fuel/clad gap and which complicate subsequent analysis, and
to avoid »lie initial high leach rates possibly caused by local
oxidation ->f the fuel surface during cutting. Following these
pre-leachf. ; , the specimens were contacted with fresh groundwater
which had --een treated with H /Ar gas in the presence of palla-
dium catalyst, subjected to a further reduction treatment in the
leaching flask, and then sealed for 28 or 56 days.

TABLE II
Summary of leach test conditions

Series Leachant Conditions

3.1 Deionized water Oxidizing: Sequential leaching
3.2 Groundwater " : " "

3.4 " " : Static leaching

3.6 " Oxidizing/reducing: Two pre-leaches
3.7 " Final reducing conditions



Procedure
All leach tests were performed in 250 ml Pyrex flasks, the

fuel specimens, which contained about 16 g U0 , being suspended
almost vertically in a platinum wire spiral xn 200 ml of the
leachant. All tests were carried out at the ambient temperature
of the hot cell, in the range 20-25°C.

On completion 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 the sequential leaching tests, or dis-
carded in the case of the static tests.

After removal of the leachant from the flask the pH was
measured on one aliquot and then two 10 ml aliquots were centri-
fuged 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
filter (denoted Samples A and C -espectively) were subjected to
analysis. Finally the empty flask, after a rapid rinse with
deionized water, was exposed for a few days to 200 ml of
5M HNO /0.5M HF to desorb any activity adsorbed on the vessel
walls. This rinse solution (Sample B) was also analysed.

Analysis
All samples were analysed for a) uranium (neutron activation)

b) Sr-90 c) Y emitting fission products d) a emitting nuclides
(a 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.

RESULTS AND DISCUSSION

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 also 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 \tg 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 dis-
solution 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 a- fractions of the initial inventories of each
radionuc I ide. 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 precip-
itation and adsorption, the neutral term Fraction of Inventory
in Aqueous Phase (FIAP) is used here. The term Apparent Leach
Rate (ALR), in units of FIAP/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 pre-
ceding section), each FIAP value reported here is the sum of the
corresponding fractions in the centrifugate and retained on the
membrane filter.

Exposure at low pH
A contamination incident, still not satisfactorily explained,

occurred during the program which perturbed the pattern of
results but which, in retrospect, was fortunate for their evalu-
ation. On removal of the leachants from the 91-182 day contact
periods of the 3.1-3.3 series, and from the initial 91 day
preleaches of the 3.6-3.7 series, it. was found that the pH had
apparently decreased to about 5 in seven of the leachants, and
as low as 2.3 in the groundwater from the 3.2 series. Even the
deionized water sample (Series 3.1) showed a low pH of 3.9. Not
unexpectedly, the ALR values for all radionuclides in these
leachants were markedly higher than those measured for the
preceding contact periods at normal pH values.

Formation of nitric acid by radiolysis was first suspected
but thought unlikely in view of the fact that the leachants from
the static tests removed at the same time showed no pH decrease
in spite of larger radiation doses. All the low pH leachants
belonged to the same deionized water/groundwater batch and
analysis of the three leachants with the lowest pH values indi-
cated that they had been contaminated with traces of the
5M HNO /0.5M HF desorption solution.

Subsequent leachant samples have shown no significant pH
decrease and the ALR values for the contact periods immediately
after the low pH exposure returned to the levels obtained pre-
viously, indicating the absence of memory effects. However, an
interesting feature of the low pH exposure results was that the
substantial differences in ALR values for the various nuclides
observed earlier at high pH, and which could be caused by either
preferential dissolution or by saturation/readsorption con-
straints, almost disappeared, indicating congruent dissolution
and the retention of most species in solution.

If adsorption of dissolved species at the fuel/clad surfaces
was a major contributor to the differences in ALR values, this
could be tested by a low pH exposure following a long exposure
at high pH.

Higher ALR values for the actinides than for Sr-90, which is
not expected to be significantly adsorbed, would then suggest
desorption of previously adsorbed species. To effect such a
test, the fuel/clad specimens from the subsequent static tests
were immediately afterwards subjected to 20 day exposures at
various low pH values. The results from these experiments will
be discussed below.

Dissolution
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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 1. 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 whole fuel column. The results for
the 3.1 series in deionized water, which are not plotted in
figure 1, lie towards the middle of the range.

After the initial phase, corresponding to dissolution of
cesium compounds, probably cesium uranates in the neighbourhood
of the fuel/clad gap, and characterized by ALR values of over
10 FIAP/d, the dissolution rate decreased substantially and
at th£ end of the contact period ALR values in the range
4*10 - 10 were obtained.

Fig. 1. Comparison of re-
sults from sequential and
static leaching in ground-
water (pH 8.2-8.2)

A 3.2-series
A 3.5 "
# 3.3 "
O 3.4 "

Open symbols: static tests.

10 100

Cumulative contact lima (days)

Strontium. Figure 1 also presents the cumulative FIAP results
for Sr-90 for the experimental series using groundwater (pH
8.0-8.2). Even here the ALR values show a steady decrease as a
function of contact time (a slope of +1 would indicate a con-
stant dissolution rate), approaching a value of 2*10 FIAP/d
after 450 days. The agreement between the sequential leaching
and static test results suggest the absence so far of saturation
effects.

The results also show a clear difference in the early leach-
ing behaviour c£ 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: ?nly their irradiation histo-
ries differed, reflecting control .rod movements, but according
to calculations, at no time did the linear heat rating reach as
high as even 30 kW/m.

The cumulative FIAP results for the deionized water Series
3.1 (the fuel specimen was taken from adjacent to 3.2) were



I

initially somewhat lower than those for Series 3.2, but attained
the same value after 6 months. It is also noteworthy that
although the total release of Sr-90 was similar in both ground-
water and deionized water after this period, its fate after
entering solution was different: as can be seen from Table ill,
the Sr-90 in the deionized water leachants was predominantly in
the colloidal form.

TABLE III
Average values of colloidal fraction (% FIAP retained on mem-
brane filter).

Leachant

Deionized water
Groundwater

pH

7.0
8.0-8 .2

Cs

15
5

Sr

65
12

U

<50
23

Pu

25
30

Cm

95
90

Other fission products. All specimens have also been ana-
lysed for such fission products as Ru-106, Sb-125, Ce-144 and
Eu-154 during the course of this program, but analytical detec-
tion limits have prevented collection of a complete set of
results. Because of this, and lack of space, these results will
not be presented here. The results, however, are not in contra-
diction to any conclusions drawn from data on other radionu-
clides.

Uranium, Plutonium, Curium. These radionuclides are best
considered together since there are interesting similarities and
differences between them. Figure 2 presents their cumulative
FIAP values as a function of contact time for the sequential
groundwater leaching Series 3.2 and 3.3 which were near-dupli-
cate specimens (see above).

1OO

10 100

Cumulative contact tint* (daya)

10 1OO

Cumulatlv* oent'aet (lm« (day*)

a) 3.2 series b) 3.3 series

Fig. 2. Sequential leaching results for ground water (pH
8-0-8.2)
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The uranium curves should be considered as maximum values

since the analytical results were sometimes quoted as detection
limits: these values have been treated conservatively at their
limit values.

The plutonium curves represent Pu-239/-240 together, while
the curium curves are the average of the Cm-242 and Cm-244
values. The Sr-90 curves are also shown in the figure.

Inspection of Figure 2 shows that the results for uranium lie
about one order of magnitude, and for plutonium and curium about
two orders of magnitude, lower than the corresponding Sr-90
results, but for all species the ALR values fall sharply over
the contact period for which analytical results are available.

Values for the initial contact period, when the freshly-cut
UO surfaces were first exposed to the groundwater, were for
uranium, plutonium and curium about 1.3*10 , 3*10 and
2*10 FIAPZd respectively, and for the latest contact period
about 7«10~ , 3*10 and 3*10 FIAP/d. These last results
are in good agreement with the values reported by Johnson (4) on
Candu fuel leached in KBS groundwater for contact times between
400-600 days.

The results for leaching in deionized water (3.1 series) were
quantitatively similar, but were significantly lower for uranium
and somewhat higher for plutonium and curium than those for
groundwater discussed above.

Possible reasons for the large differences in apparent
leaching behaviour between the various radionuclides, in both
deionized water and groundwater, include preferential dissolu-
tion, solubility limitations, and adsorption processes either
directly from solution or after the formation of colloids or
pseudocolloids.

Preferential dissolution
For the cesium nucliies, there is some evidence for prefer-

ential leaching even after the rapid initial leaching of cesium
compounds from the fuel/clad gap: both Vandergraaf and Johnson
(3, 4) observed that Cs-137 leaching rates were higher than
other species even after 1000 days of contact time, and in the
present work, the ALR values for Cs-137 were higher by a factor
of 3-4 than those for Sr-90 after about 400 days.

For Sr-90 the evidence for preferential leaching is less
substantial: as mentioned above, differences in the ALR values
over the first 100 days of leaching for fuel specimens from
different parts of the rod were observed (Figure 1), suggesting
some correlation with fuel properties. Even after about
400 days of contact the ALR values for Sr-90 were higher than
those for uranium by a factor of 3-4, but it is very uncertain
to what extent this represents preferential leaching of Sr-90,
rather than other restrictions on the amounts of uranium and the
actinides entering and retained in the leachants.

In experiments with simulated fission products, Koizumi et
al (6) have reported the formation of both (Ba,Sr)ZrO and
(Ba,Sr)U0 at 1500°C, and phases containing both barium and
strontium have been found at a radial position corresponding to
this temperature in UO irradiated to a heat rating of about
70 kW/m (7). Data on such inclusions, which could be prefer-
entially leached, in commercial LWR fuel is, however, very
limited. Hopefully more information will become available from
the fuel characterization task of the KBS program, where empha-
sis will be placed on segregation, and on possible grain-bound-
ary enrichment.
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Solubility limitations
The data so far presented has been in the form of FIAP values

which, in the absence of significant adsorption on the vessel
walls, have represented the sums of the amounts of each radio-
nuclide in the centrifugate and on the membrane filter. Thus,
comparison can b*» made with the results of the Canadian workers
(3, 4) who, after removing the fuel specimens trots the leaching
vessels, acidified the leachants immediately. Subsequent anal-
ysis then gave the sum of all fractions.

Inspection of the results for the centrifugates in the KBS
program, however, reveals another picture. Figures 3a and 3b
show the concentrations of uranium and plutonium respectively as
a function of the contact time for all centrifugates with the
exception of those arising from the first contact of the fuel
specimens with the leachants. -
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a) Uranium
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b) Plutonium

Fig. 3. Concentrations found in leach solution centrifugates
(Open symbols: groundwater pH 8.0-8.2.
Filled symbols: deionized water pH 7.)

For uranium it can be seen that saturation of the groundwater
occurs after about 10 days at a level of about 800 ppb which is
in good agreement with the value calculated by Johnson (4),
based on data published by Paquette and Lemire (8). The results
for the deionized water centrifugates, with the exception of a
high result after 7 days of contact time, are much lower than
those for groundwater but indicate saturation at a level of
20-30 ppb. Strong complexing of ••lie uranium by the carbonate
present in the groundwater is the probable reason for these
differences in solubility.

The plutonium concentrations in the groundwater centrifugates
presented in Figure 3b also show the rapid attainment of satura-
tion at the level of a faw parts per billion but here, the
results show a decreasing trend after about 100 days of contact
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time suggesting instability and the formation of colloids
and/or adsorption effects.

No comparable results for the curium nuclides can be pres-
ented here since they were found to be almost completely re-
tained on the membrane filter.

Adsorption effects
The average values for the percentages of several leached

nuclides retained on the membrane filter - and defined as the
colloidal fraction - for deionized water and groundwater of
pH 8.0-8.2 were presented in Table III. (It should be noted
that values of up to 5% probably represent the small amount of
liquid retained in the pores of the filter.) The most marked
difference between the two leachants was the behaviour of Sr-90
which gave high retention values for deionized water samples.
For uranium and plutonium the individual values showed appreci-
able scatter, but no clear correlation of colloid fraction with
contact time was observed.

If, then, the concentrations of uranium in the centrifugates,
and the colloidal fractions are independent of contact time, the
question again arises whether the higher ALR values for Cs-137
and Sr-90 after long contact times represent preferential leach-
ing of these nuclides, or adsorption of dissolved or colloidal
uranium on the fuel/clad surfaces. This situation also applies
to plutonium and curium.

To test the latter hypothesis, 3 of the fuel specimens from
static leach tests were subsequently exposed to a new 20 days
contact period with groundwater adjusted to lower than normal
pH. If adsorption effects had been significant during the long
static leaching test, and if the adsorption process is revers-
ible, ALR values for the adsorbed species higher than those for
Sr-90 could be expected during the low pH exposure. The ALR
values for these experiments, together with values for experi-
ments with groundwater at pH 8.0-8.2 and comparable leaching
periods are presented in Table IV.

TABLE IV
The effect of pH on apparent leach rate.

Specimen

3.3.6
3.2.6
3.2.7
3.3.7

3.5.6.
3.4.6.
3.4.7.

,5
.3
,2

Leach
Period(d)

182-364
266-364
364-546
364-546

365-384
365-384
547-566

pH

8.0-8.
n
if

n

5.0
3.0
2.0

Sr-90

2 0.61
0.25
0.22
0.27

10.3
9.6

25

ALR (FIAP/d x 10
U

0.10
0.07
0.05
0.08

0.45
8.2
25

Pu

0.009
0.006
0.002
0.004

3.9
9. 1

21

cm
0.014
0.0014
0.0014
0.004

5.4
16
76

The first observation made on inspection of Table IV is the
striking increase in ALR of all the radionuclides as a function
of decreasing pH, at least over a 20 day contact time before new
equilibrium conditions have been established. For Sr-90, the
ALR value at pH 2 was about 300 times larger than the value at
pH 8, and for uranium and the actinides the increases are even
larger.

Tf. r a n a l s n h o t - h a t At nH 5 . tht> v a i m f f i r n 1 ii f r» n i nr



J 10

a factor of about 20 than that for Sr-90. Only at pH 3 and
below are the same values of ALR for all radionuclides attained,
with no apparent solubility or adsorption constraints. For
curium, moreover, there is some indication of a desorption
effect. There is, however, no support from these results for
the hypothesis of large-scale adsorption of uranium or plutonium
on the fuel/clad surface. Further experiments of this type will
be performed later in the program using fuel specimens subjected
to even longer static leach tests at pH 8.0-8-2.

Dissolution under reducing conditions
All the experiments reported above were performed under

oxidizing conditions. In the deep repository p-ojected in the
KBS program, however, extremely reducing conditions - unfavour-
able to oxidative dissolution of the UO 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 (9) 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 analyti-
cal 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 condi-
tions.

TABLE V
Comparison of apparent leach rate values under oxidizing and
reducing conditions.

Experiment
Contact time (d)
(Reducing)

Pre-leach
Red. conditions

Pre-leach
Red. conditions

Pre-leach
Red. conditions

3.6.

28

3.0
0.13

0.53
0.03

0.11
0.05

ALR (FIAP/d
1 3.6.2

28

x 106)
3.6.3

56
Sr-90

2.7
0.10

U
0.17
0.04

Pu
0.09
0.07

2.7
4.9

0.62
0.08

0 .08
0 .01

3.7.1

28

2.2
0.73

0.49
0.09

0.09
0.003

3.7.2

56

2.4
0.11

0.80
0.08

0.08
0.005

3.7.3

56

2.0
0.09

0.54
0.08

0.06
0.001

Although these experiments must be regarded as preliminary
method trials, it is evident that si7nificantly lower apparent
leach rate values were achieved under reducing conditions.

It should be noted that for uranium, the ALR values corre-
spond to centrifugate concentrations of about 800 ppb, i.e., the
solutions had attained saturation, while the values for reducing
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conditions represent results at the analytical detection limit
and are probably too high.

CONCLUSIONS

The results presented for sequential and static leaching of
high burnup UO fuel in KBS groundwater and in deionized water
under oxidizing conditions lead to the following conclusions:

1. The same rapid initial leaching of cesium activities as that
reported in previous work occurred. This initial leaching,
which probably represents the dissolution of cesium com-
pounds in the neighbourhood of the fuel/clad gap, is of the
same magnitude as the release of fission gases from the fuel
during operation.

2. Fission product Sr-90 showed initial leach rates within the
range 3*10 - 2*10 /d, somewhat different rates being
obtained from fuel sampled from different parts of the fuel
rod. After 400-500 days of contact, the leach rate had
decreased to about 3*10 /d. In deionized water, about
half of the Sr-90 present in the aqueous phase was retained
on membrane filters, indicating the presence of a colloid or
pseudocolloid.

3. For uranium, the results indicated that saturation of the
leachants was rapidly attained, at a level of about 800 ppb
in groundwater at pH 8.0-8.2, and about 20-30 ppb in deion-
ized water at pH 7.O. A colloidal fraction was also present
in each leachant. Thus, the apparent leach rates for ura-
nium after the initial phase mainly reflect the length of
contact time.

4. Plutonium also appears to attain saturation in both ground-
water and deionized water at a level of a few ppb, although
there is evidence of instability in groundwater at contact
times longer than 100 days leading to lower solubility.
Colloidal fractions corresponding to about 50% of the
amounts in solution were also found.

5. Curium, which was always present predominantly in the col-
loidal form, had about the same values of apparent leach
rate as plutonium.

6. Experiments performed at low pH after long contact times at
pH 8.0-8.2, showed the expected increases in leach rates for
all nuclides, but no evidence was obtained for the possible
desorption of uranium and plutonium which may have been
precipitated or adsorbed on the fuel/clad surfaces due to
the solubility constraints mentioned above.

Attempts to impose reducing conditions on the fuel/ ground-
water system by means of H /Ar gas in the presence of a palla-
dium catalyst showed some success, and apparent leach rates for
Sr-90, uranium and the actinides were obtained which were an
order of magnitute lower than those found under oxidizing
conditions.
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