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DISSOLUTIONRATESOF AS-RECEIVEDAND PARTIALLYOXIDIZEDSPENTFUEL

by

W. J. Gray, L. E. Thomas, and R. E. Einziger
Pacific Northwest Laboratory, Richland, Washington a

ABSTRACT

Dissolution rates have been measured for spent fuel in both unoxidized

and partially air-oxidized conditions (oxygen-to-metal ratio of 2.4 with U409

crystallographic structure), as well as for unirradiated UO2 and UO2 that was

partially oxidized to U307. Ali measurements were taken in flow-through tests

where uranium concentrations were maintained well below solubility limits to

avoid suppression of the measured dissolution rates by solubility constraints.

No significant differences in dissolution behavior were found between the

oxidized and unoxidized spent fuel or between unirradiated UOz and U307.

INTRODUCTION

Spent fuel is being evaluated as a waste form for disposal in a geologic

repository. Dissolution and transport of radionuclides from the fuel as a

result of contact with groundwater are generally accepted as the primary

i
mechanisms by which the radionuclides could be released from a repository.

The potential repository site at Yucca Mountain Nevada is in the unsaturated

zone; that is, the amount of groundwater is limited so the rocks and soil are

not saturated with water, and atmospheric air has access to the zone. Should

a waste container and the fuel cladding both fail in such a repository, the

spent fuel may be contacted by air and be partially oxidized before it is

contacted by water.

a Pacific Northwest Laboratory is operated for the U.S. Department of
Energy by Battelle Memorial Institute under Contract DE-ACO6-76RLO1830.
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Electrochemicalstudies performedwith unirradiatedUO2 indicatethat the

dissolutionmechanism is one in which the surfacemust First oxidizeto a

stoichiometryof approximatelyUOz33,or higher,prior to dissolutionof

uranium atoms in the +6 oxidation state from the surface.2'3 Other studies4

have shown that the dissolution rate of UO2 has a first order dependenceon

dissolvedoxygen concentration. These resu,tsindicatethat oxidationis

involved in a rate-limitingportion of the dissolutionprocess. Becausethe

presumed rate-limitingoxidation step has alreadyoccurred in air-oxidized

specimens, it has been commonly assumedthat pre-oxidizedUO2 (and spent fuel

as weil) will dissolve at a faster rate than unoxidizedUO2. However,this

assumptionhas not been carefully tested,even with unirradiatedUO2. Also,

U.S. light water reactor (LWR) spent fuel oxidizesdifferentlyfrom

unirradiatedUOz, as described below, which could lead to differencesin

dissolutionmechanisms.

UnirradiatedUO2 initially oxidizes in air at temperaturesup to about

250°C by forming thin surface layers with a stoichiometryof approximately

UO2.33and a crystal structure of tetragonalor lower symmetry based on the

original UOz structure. 5'6 These phases are often simply identified as U307.

Further oxidation of the unirradiated material produces friable U308that

usually degrades to powder. In contrast, oxidation studies with U.S. LWR

spent fuel 7 indicate that at temperatures up to about 200°C in air, the fuel

oxidizes rapidly along grain boundaries and forms cubic U409with an oxygen-

to-metal (O/M) ratio of 2.4 rather than the expected ratio of 2.25. The

observed phase can be written as U409+X. In laboratory tests up to 195°C, the

spent fuel oxidation effectively ceased at the O/M ratio of 2.4 and the U409

crystal structure, and formed no detectable higher oxides in thousands of
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hours at temperature. 7 Given enough time at temperatures below 200°C, spent

fuel may oxidize past the U02.4 stage, but the requisite time/temperature

relationship is not presently kno'._,_.
i

To test the assumption that pre-oxidized fuel will dissolve faster than

unoxidized fuel, dissolution tests were performed with spent fuel oxidized to

U4OB+×. More highly oxidized fuel should also be tested because of the

possibility that U409+X may not be the highest oxidation state that could

eventually develop under repository conditions. However, the next oxidation

state has not been determined. Because U307may eventually develop in some

types of spent fuel, tests were conducted using unirradiated U_O7 as a stand-

in for the fuel, which is not presently available in U307form. Also,

dissolution rate tests with unirradiated U307would be useful for comparison
2

with the ongoing Canadian electrochemical studies.

This paper reports results of four dissolution rate tests with partially

oxidized spent fuel and unirradiated UOz. Spent fuel oxidized to nearly 100%

U409+X was tested along with unoxidized specimens of the same fuel. Results

are also reported for unirradiated UO2 and U307.

EXPERIMENTAL

A method ha_sbeen developed for removing the soluble radionuclides

concentrated within the fuel/cladding gap and grain boundaries of spent fuel

during the preparation of specimens for dissolution testing. 8 The dissolution

rate of the UO2 matrix of the fuel can thus be tested separately without any

contribution from the gap and grain boundary regions. The method involves

crushing the fuel, which fractures preferentially along the grain boundaries,

and passing the crushed fuel through screens with small openings (20 to 32 _m)

to remove multigrain particles (grain sizes of the fuels tested have ranged

I_ llr



from 15 to 25 _m). Small subgrain particles are removed by washing the

screened fuel grains in dilute carbonate solution with the aid of vigorous

stirring and ultrasonic agitation. The fine particles then separate from the

larger particles and remain suspended in solution as the larger particles

settle to the bottom. The small particles remain in suspension long enough to

be decanted along with the solution. A few repetitions of this washing

procedure, followed by washing with deionized water to remove the carbonate,

produce clean fuel grains with few, if any, small subgrain particles

remaining, as shown in Figure I. Also, because the crushing and screening

process exposes virtually all of the grain boundaries to the solution, the

soluble gap and grain boundary elements are also dissolved by the washing

procedure. Dissolution rates of the clean spent fuel grain specimens are then

measured in a dynamic Flow-through system9 where U concentrations are kept

well below the solubility limit so that true forward kinetic rate constants

can be determined.

Specimens of ATM-lO5 BWRspent fuel, a which were oxidized to the U409+X

state in long-term tests at 175°C,7 were prepared along with unoxidized

specimens of the same fuel. Both materials were crushed, screened, and washed

as described above to prepare clean fuel grains for dissolution testing

(Figure I shows a portion of the oxidized fuel specimen). In addition, the

137Cs 99Tcwash solutionswere analyzed to determinethe amountsof U, , , and

9°Srthat dissolvedduring the washing process. Flow-throughtests with both

specimenswere conducted in 2 x 10.3_MNa2CO3/NaHCO3 solution,pH = 9.0 to 9.2,

a Boiling water reactorospent fuel dischargedin 1982 from the Cooper
Nuclear Power Plant. The specimensused in this work were f:_omRod
ADD2974, which had a peak burnupof 31 MWd/kgM and a fissiongas release
of 0.6%.

4
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at 50°C. This particularset of test conditions_waschosen becausethe same

conditions have been used for testingother spent fuel specimensat PNL and it

will thus be possible to compare results.

Specimens of unirradiatedUO2 and U307were preparedby first crushingUO2

pellets and screening(-140/+325mesh U.S. Standard Series)to produce

particles in the nominal size range of 44 to 105 /_m. These particleswere

then washed as describedfor the fuel grains to eliminatethe very fine powder

that adhered to the coarser particles. A portionof these clean particleswas

then oxidized in air at 225% for 94 h, resulting in an averageO/M ratio of

2.047 as determinedby weight-gainmeasurements. X-ray diffraction(XRD)

measurementsof the as-preparedparticlesindicatedthe presenceof a U307

surfacelayer and no detectable U30B. In this case, a low-symmetryU307

variant similar to _-U307 (U8019)6was produced insteadof the more common l]-

U307. A scanningelectron micrograph in Figure 2 shows the U307 phase around

the periphery of the particles and indicatesthat the thicknessof the

oxidized layer is -I /_n_.For dissolutionrate tests, oxidizingthe particle

surface to U307is just as good as oxidizingthe entire particle,since the

test solutioncontacts only (or least predominantly)the outside surfaceof

the particle. Flow-throughtests with both the UO2 and U307 partic_leswere

conducted in 2 x 10.2M NaHCO3 solution,pH = 8.0 to 8.2, at ambient

temperature (-25°C).

To compare dissolutionrate measurementsfor differenttest specimens,

the data must be normalized on the basis of the surfacearea of the specimens.

As there was no capabilityfor measuringthe surfaceareas of spent fuel

specimensusing the BET method, a method of estimatingthe specificsurface

areas of fuel grain specimensbased on particle-sizedistributionmeasurements
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was used instead. Specific surface areas were calculatedfrom the particle-

size distributionmeasured by a Brinkman particlesize analyzer assumingthat

the particleswere sphericalin shape. Specificsurfaceareas of the oxidized

and unoxidized spent fuel specimens used in this study were calculatedto be

304 cm2/g and 328 cm2/g,respectively. These valueswere multipliedby the

same "surface roughnessfactor" of three found for the UO2 powder described

below. The resultingestimates, 912 cm2/g and 984 cm2/g, were used to

normalizethe data presented in Figure 3. Althoughthese estimatesmay not be

absolutelyaccurate,the relative errors for the two specimenswould be about

the same because of their similar morphologiesand particle sizes. Therefore,

comparison of dissolutionrate data from the two specimensshould be strictly

valid even though the absolute values remain somewhatuncertain.

The specific surfacearea of the unirradiatedUOz specimenused in this

study was calculated from a particle-sizedistributionmeasurementto be

88.3 cm2/g. A portion of the same batch of unirradiatedUO2 had a BET surface

area of 267 cmZ/g as measured at Lawrence LivermoreNational Laboratory. This

factor o_ three difference can be attributedto surfaceroughness. The

specific surface area of the unirradiatedU307 used in this study was assumed

to be the same as the U02, 267 cm2/g,becausethe light oxidationwas,expected

to have a negligibleeffect on the surfacearea.

RESULTS

The screened and washed grains of unoxidizedand partiallyoxidized

spent fuel were placed in separate flow-throughcolumnsand tested with

2 x I0-3 M NazCO3/NaHCO3 solution,pH = 9.0 to 9.2, at 50°C. Figure 3 shows

the resultingdissolutionrates for the two specimens. The uranium

dissolutionrates that were normalizedon the basis of surfacearea (left hand
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scale in Figures 3 and 4) were nearly identical for the two specimens. This

shows that pre-oxidation of spent fuel in air to the U409+X state does not lead

to a higher uranium dissolution rate, as would have been expected on the basis

of the argument presented in the introduction.

Using the right hand scale of Figure 3, the same fractional dissolution

rates would be observed for all four elements if the fuel dissolved

congruently. In fact, after the first few days, differences between the

results for uranium and the other three elements were quite small. The slight

excess of Cs compared to U was consistent with results reported earlier, where

the slight excess was attributed to a Cs concentration gradient within the

fuel grains. _ The present Tc results were equal to or slightly above the U

results; earlier data 8 showed a smaller fractional dissolution rate of Tc

compared with U. The same fuel was involved in both the present and earlier

tests. The discrepancy may have been due to the difference in test solutions

(2 x 10.3 M Na2CO3/NaHC03solution, pH = 9.0 to 9.2 in the present tests, 0.01

M HCl in the previous test). In any case, no significant difference was found

in dissolution rates of the four elements between unoxidized and pre-oxidized

spent _fuel.

Figure 4 compares U dissolution rates for unirradiated UO2 and U307 . The

latter were somewhat higher, but the difference was relatively small and

simple variation from sample to sample cannot be entirely ruled out. Most

importantly, the difference seems much smaller than expected based on the kind

of argument presented in the introduction. Two things potentially could

influence the results obtained with the U307 used in this study. One is that

U30B below the detection limit of the XRD analysis could have formed on the

surface. The other is that the surface _rea may have changed due to the

7



oxidation. In fact, the formation of U30B would, in itself,increasethe

surface area. This is because U308 has a much lower densitythan UO2 or U307

and its formationcould have caused crackingof the surface. However, because

the dissolutionrate measured for this specimenwas essentiallythe same as

for the UO2 specimen,these are moot points;the oxidizedmaterial (no matter

what its stoichiometryor surface area) was shown to dissolveno faster than

UO2. That is, if the U30 7 surface area were greater than assumed,then the

true surface area normalized dissolutionrate would be even lower than shown

in Figure 4.

The solutionsused to wash the fuel grains were analyzedto determine

the effect of oxidation on the initialrelease of solubleradionuclidesfrom

gap and grain boundary regions. Table I 'liststhe percentageof inventoryof

the various radionuclidesthat dissolvedfrom the fuel specimensduring the

washing process. As expected,the 137Cs values exceededthe U values because

these wash solutionspresumablydissolveda portion of the gap inventorya and

all of the grain boundary inventoryof 137Cs from these specimens. The 9°Sr

values were roughly the same as the U values, as expected,becausea previous

study has shown that gap and grain boundary inventoriesof 9°Srare quite

small.Ii Therefore, the fractionsof 9°Srthat dissolvedshouldbe about equal

to the fractionsof U that dissolved. The 99Tcresultswere inconsistentwith

those from a previous study,11which indicatedthat gap and grain boundary

inventoriesof soluble 99Tcare quite small. Based on that study, the

fractionsof 99Tcthat dissolved in the presenttests were expectedto be

a A portion of the gap inventoryof 137Cs is locatedon cladding surfaces
and exterior surfaces of the fuel pellets,neitherof which were
included in these tests. Therefore,only that portionof the gap
inventoryass()ciatedwith open pores and crack surfaceswas availableto
be dissolved.
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TABLE I. Dissolution of Spent Fuel During Washing

% of Inventory Dissolved Gap and Grain Boundar.y contribution a
Element Oxidized Fuel Unoxidized Fuel Oxidized Fuel Unoxidized Fuel

U 0.1i 0.16 ....

137Cs 0.36 0.71 0.25 0.55

99Tc 0.80 1.06 0.69 0.90

9°Sr 0.087 O.15 -0.02 -0.01

a These values were obtained by subtracting the U values in columns 2 and
3 from the values for each of the other radionuclides.

approximately equal to the fractions of U that dissolved, jl,st as were the

g°sr fractions. Again, the difference may be due to the difference in test

solutions (carbonate solution at pH - 10 in the present case, 0.I M HCI in

the previous test).

Another feature of the data in Table I is the lack of any significant

difference between the oxidized and unoxidized fuel specimens. The observed

difference in the U results between the two specimens can be attributed to

differences between the surface areas of the specimens or differences between

the length of time the different specimens were exposed to the washing

solutions. No attempt was made to keep either of these parameters the same

for the two specimens. Therefore, only the differences between U and the

other radionuclides can be legitimately compared between the oxidized and

unoxidized specimens. Thus, the excess 137Csthat originated within the gap

and grain boundaries was 0.25% to 0.55% of inventory, which seems reasonable

compared to the fission gas release for this fuel, which was 0.6%. I_ The

, excess 99Tc was 0.69% to 0.90% of inventory, and the excess 9°Sr was

essentially zero. The observed differences between the oxidized and



A
i

'i

unoxidizedfuel are thought likely to be random sample-to-samplevariations

and not the result of oxidation.

DIscussIoN

Data presented in this paper indicate that pre-oxidation in air had

little or no effect on subsequent dissolution rate_ of unirradiated UO2 or the

spent fuel that was tested. Because dissolution rates have been reported to

vary with dissolved oxygen concentrations, and because aqueous electrochemical

studies indicate the need for oxidation to precede dissolution, the

implication of these results seems to be that the nature of the oxidation in

aqueous solution is somehowdifferent from that of the oxidation that takes

place in air. Some type of hydrated surface species may be involved in the

oxidation/dissolution process in a way that is not altered by prior air-

oxidation.

Data presented here show no significant difference in the dissolution of

U, 137Cs, 9_Tc, or 9°Sr between oxidized and unoxidized spent fuel specimens

upon initial contact by water. However, two other studies conducted with

partially oxidized spent fuel specimens indicated enhanced initial release of

99Tc compared with unoxidized specimens. One study used fuel grain specimens,

just like the present study, but the tests were conducted in dilute HCI

solution rather than carbonate solution. 8 The other study was conducted with

spent fuel fragments 2 to 5 mmin size, and the test solution was J-13 well

water, which is a dilute bicarbonate-containing groundwater, z2 Because of the

differences in the test specimens and test parameters among these three

studies, the reason for the apparently conflicting 99Tc results cannot be

explained without further testing.

10
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CONCLUSIONS

Air-oxidationof spent fuel to the U409+x state had no significanteffect

137Cs 99Tc 9OSron subsequent steady-statedissolutionrates of U, , , or

measured in dilute carbonate solutions.

Air-oxidalIon of unirradiatedUO2 to form U3(]7 had littleor no

significanteffect on subsequent steady-statedissolutionrates of U measured

in dilute car:)onatesolutions.

The initialdissolution of 99Tc(gap and grain boundarycontribution)

from both oxidized and unoxidized spent fuel specimensin carbonatesolutions

was greater than observed in previousmeasurementswhere the test solutions

were either deionized water or dilute HCf solution.f

REFERENCES

I. COMMISSION on GEOSCIENCES,ENVIRONMENT,and RESOURCES,NATIONALRESEARCH
COUNCIL, "RethinkingHigh-LevelRadioactiveWaste Disposal," National
Academy Press, Washington,D.C. (1990).

2. S. SUNDER, D. W. SHOESMITH, M. G. BAILEY,and G. J. WALLACE, "Mechanism
of Oxidative Dissolutionof UO. Under Waste DisposalVault Conditions,"
In Proceedinqsof Internationa_Conferenceon RadioactiveWaste
Management,September 1982, Winnipeg,Manitoba,Canada,pp. 398-405.

3. R. WANG, and Y. B. KATAYAMA, "DissolutionMechanismsfor UO2 and Spent
Fuel," Nucl. Chem. Waste Manaq. 3_,83 (1982).

4. L.H. JOHNSON and D. W. SHOESMITH,"Spent Fuel",Chapter 11 in
RadioactiveWaste Forms for the Future, edited by W. Lutze and R. C.
Ewing, North-HollandPublishers,New York, 1988.

5. P. TAYLOT, E. A. BURGESS, and D. G. OWEN, "An X-ray DiffractionStudy of

_heNF°rmati°n.ucl. Mater.°f8_iU_..... 3160on UOo(l_80).PelletSurfaces in Air at 229 to 275°C,''

6. E.F. WESTRUM,Jr. and F. GR_NVOLD,"Triuranium Heptaoxtdes' Heat
Capacities and Thermodynamic Properties of _- _nd _-U307 from 5 to
350°K, '' J. Phys. Chem. Solids 23, 39-53 (1962).

7. R.E. EINZIGER, L. E. THOMAS,and H. C. BUCHANAN,"Ceramographic
Determination of Spent Fuel Oxidation Rate." Paper submitzed for
presentation at this conference.

11



L

8. W.J. GRAY and D. M. STRACHAN, "UO Matrix DissolutionRates and Grain
Boundary Inventoriesof Cs, Sr, an_ Tc in Spent LWR Fuel," Sci. Basis
Nuc. Waste Manag. XIV 212, 205-212 (1991). Eds. T. Abrajano,Jr. and L.
H. Johnson Materials Research Society, Pittsburgh,PA.

9. C. N. WILSON and W. J. GRAY, "Effectsof Water Compositionon the
DissolutionRate of UOz Under OxidizingConditions," Hiqh Level
RadioactiveWaste Manaqement.Vol. 2, pp. 1431-1436(1990). American
Nuclear Society, Inc. La Grange Park, II.

10. R. J. GUENTHER,et al., Characterizationof Spent Fuel Approved Testing
Material - ATM-lO5, PNL-5109-105,PacificNorthwestLaboratory,
Richland,WA, 1989.

11. W. J. GRAY, D.M. STRACHAN, and C. N. WILSON, "Gap and Grain-Boundary
Inventoriesof Cs, Tc, and Sr in Spent LWR Fuel,"presentedat XV
InternationalSymposium on the ScientificBasis for NuclearWaste
Management,Strasbourg,France, November 4-7, 1991.

12. C. N. WILSON, "Results from Long Term DissolutionTests Using Oxidized
Spent Fuel," Sci. Basis Nuc. Waste Manaq. XIV 212, 197-204 (1991). Eds.
T. Abrajano,Jr. and L. H. JoilnsonMaterialsResearchSociety,
Pittsburgh,PA.

12



b

FIGURE I Scanning electron photograph of oxidized spent _uel grains after
screening and washing.

FIGURE 2. Scanning electron photograph of unirradiated UO2/U307 particles.
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