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ABSTRACT these radionuclides, and the only mode for all other
long-lived radionuclides.

Three different laboratories have performed
flowthrough dissolution tests at room temperature Performance assessment studies are needed to
on portions of the same batch of unirradiated UO 2 demonstrate the adequacy of the various repository
powder, and good agreement was achieved between designs. Essential to this performance assessment
the different test results. Dissolution rates is an understanding of the dissolution behavior of
obtained from electrochemical studies conducted the spent fuel. Since the dissolution behavior of
with UO 2 electrodes at Whiteshell Laboratories are spent fuel in an actual repository cannot be ade-
compared with the flowthrough test results, quately approximated in a laboratory, laboratory

tests and data must be used to develop a
INTRODUCTION mechanistic model that can predict long-term

behavior in a repository.
Direct disposal of spent nuclear fuel in deep

underground geologic repositories (vaults) is being The countries planning direct disposal of spent
pursued by several countries including Canada, fuel have been developing spent fuel dissolution
USA, Sweden, Germany, Spain, and Finland. models for several years at varying levels of effort.
Radionuclides within the spent fuel are expected to Two obstacles to mutual benefit of the various
be isolated from man's environment for several tens national programs have been the wide variety of
of thousands of years. Such isolation relies on dissolution, or leaching, test methods and the
multiple barriers consisting of the site geology, understandable tendency of each program to use
engineered barriers including containers to leach solutions that approximate the groundwater
surround the fuel, and the spent fuel itself. These chemistry characteristic of their respective disposal
barriers are intended to inhibit dissolution and media. These obstacles make comparison of
transport of radionuclides by groundwater, which is interlaboratory test results difficult or impossible.
virtually the only mechanism available to release An even bigger impediment to comparison of test
radionuclides from the repository. Under some results has been the failure of many researchers to
repository conditions, gaseous release of 14Cor 1291 provide an adequate measure of the surface areas
would be possible, in principle. However, water of their unirradiated UO 2 and, in particular, spent
transport would be the dominant mode even for fuel test specimens.
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To eliminate some of these obstacles, the that we consider the BET surface area
various national testing programs recently agreed measurement method to be unsuitable for some
informally to include a common leacaing solution in types of specimens. However, for the UO 2 powder
their test matrices and to carefully measure test used in these tests, the BET method gave results in
specimen surface areas. A further cooperative good agreement with those obtained from
effort between the USA and Canadian test geometric estimates. Therefore, the BET results
programs included selecting a common flowthrough were considered the most reliable for this
test method and testing a common unirradiated specimen. Portions of this batch of powder were
UO 2 test specimen to check the agreement of test tested by each of the three laboratories.
results. This paper reports the USA/Canadian test
program results from three laboratories: Pacific A dynamic flowthrough dissolution test method
Northwest Laboratory (PNL) and Lawrence was used at each laboratory wherein test specimens
Livermore National Laboratory (LLNI,) in the weighing 0.1 to 1 g were placed in test cells 2 to
USA, and Whiteshell Laboratories (WL) in 10 mL in volume (the test specimens did not
Canada. In addition, predictions of UO2 necessarily fill theentire test cell), and test solution
dissolution rates based on electrochemical studies was pumped through the cells at 5 to 50 mL/h.
performed at Whiteshell Laboratories are discussed Minor differences between test cell geometries and
and compared with the measured flowthrough solution pumping systems existed at the three
rates, laboratories. At each laboratory, flow rates and

specimen sizes were adjusted to ensure that
EXPERIMENTAL uranium concentrations were well below solubility

limits in the solution exiting the test cell. Each
The common leaching solution chosen was laboratory operated its test setup continuously over

0.01 M NaHCO 3plus 0.1 M NaCI equilibrated with a period of several months while samples of cell
air at room temperature, resulting in a solution pH effluent were collected and analyzed for uranium t
of about 9. This solution was chosen, in part, concentrations one to three times per week. The [
because it facilitated the comparison of dissolution measured concentrations were u,'ed to calculate t
rates obtained electrochemically with those normalized dissolution rates according to the
measured by flowthrough or other leach-rate tests, following equation:
Agreement, ifobtained, will provide the verification
essential before electrochemical models can be C F
applied to predict dissolution rates under a range R - (1)
of conditions. M A f

The unirradiated UO2 powder specimen used in where R = dissolution ratt. of UO 2
this work was prepared at PNL by crushing and (mg/m2/day)
screening (-140/+325 mesh;44to 105 _tm)depleted C = concentration of uranium in test
UO 2 pellets originally prepared for an in-reactor cell effluent (mg/mL)
test program. The screened powder was washed F = flow rate of test solution through
with 2 x 10.4M___.Na2CO 3 (pH about 10) to remove test cell (mL/day)
the fine particles generated during crushing, and M = mass of test specimen (mg)
was then washed with deionized water to remove A = specific surface area of test
the Na2CO3. The clean powder was heated to specimen (m2/mg)
950°C and held overnight in an atmosphere of f = concentration of uranium in test
moist (0°C dew point) Ar/8% H2 to ensure an specimen (0.881 mg/mg)
initial O/U ratio of 2.00. Following the heat
treatment, the powder was allowed to cool in dry RESULTS AND CGNCLUSIONS
helium. The BET surface area of this powder was
measured at LLNL to be 267 cm2/g and at PNL to Figure 1 shows UO 2 dissolution rates measured
be 255 to 271 cm2/g. Note in the following section at the three laboratories. The test conditions
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Figure 1. UO 2dissolution rate. Test solutions were 0.01 M NaHCO 3, 0.1 M NaCI,

pH = 9, 25°C, except as noted.
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Figure 2. UO 2dissolution rate. PNLand LLNL test solutions were 0.01 M NaHCO 3,

0.1 M NaCI, pH = 9, 25°C, except as noted (same as Figure 1). LLNL-2
test solution was 0.02 M NaHCO 3, no NaCI, pH = 8.



remained constant throughout the entire testing the method used to estimate the geometric area

period at LLNL and WL. At PNL, a 0.01 M should be provided bythe researcher, alongwith an
NaHCO 3 solution containing no NaCI was tested estimate for an appropriate surface roughness
between 80 and 92 days. Then, after 124 days, the factor.
NaHCO 3 concentration was doubled, the NaCI was

removed, and the pH was decreased slightly. These The dissolution rates reported here for
changes did not significantly affect the observed flowthrough tests are over an order of magnitude
dissolution rates, lower than the electrochemically predicted rate of

48 mg/m2/day. 1 This rate was based on the
Figure 2 is a replot of the LLNL and PNL data extrapolation of an electrochemical calibration

in Figure 1; LLNL-2 data is for a test solution curve to the corrosion potential measured on the

containing 0.02 __MNaHCO3, no NaCl, pH --8, just same UO 2 specimen in 0.01 mol/L NaHCO 3 plus
as with the PNL data after 124 days. This plot 0.1 mol/L NaCIO 4 (pH 9.5). This calibration curve
further shows that dissolution rates changed only was determined by measuring currents for the
slightly with these modest changes in test solution oxidative dissolution of UO 2 as a function of
chemistry, applied potential in the same solution degassed

with an argon purge. However, the use of a

In units of mg/m2/day _+2o, steady-state NaCIO 4 solution as opposed to NaCI solution has
dissolution rates averaged 2.2_+0.5, 1.5 +0.9, and been shown to make little difference to the

5.5 -+2.7 at PNL, WL, and LLNL, respectively, electrochemical behavior of UO2 .2 Moreover,
The PNL average was calculated from day 52 to 80 NaCl has been shown to be relatively inert in
and from day 94 to 124 to eliminate the initial flowthrough tests. Two of the laboratories (PNL
transient period and the time periods when the test and LLNL) performed tests with and without NaCI
solution was other than 0.01 M NaHCO3, 0.1 M present in the test solution, and the results differed

NaCl, and pH 9. The initial point from the WL by a factor of less than two (see Figure 2).

data was eliminated from the average; all of the [LLNL data were included in the average for that The reliability of this electrochemically •
laboratory. The results obtained at the three determined value remains uncertain since it was _

laboratories agreed reasonably well indicating that based on a single corrosion potential measurement.

this flowthrough method produces suitably Subsequent measurements on different UO 2 and
reproducible results for direct comparison with spent fuel specimens have yielded more negative
similar data obtained from other laboratories. Use corrosion potential values, suggesting that the
of this test method would allow researchers to dissolution rate could be lower than previously
better assess differences in dissolution rates caused measured by more than an order of magnitude.
by various laboratories'different test specimens and Since these experiments are still in progress, a

test solutions, definitive value for the dissolution rate is not yet
available. It is tempting to accept the results of

Besides using comparable test methods, this re-evaluation, since it would yield quite close
comparing results from different test specimens is agreement with the measured values presented in
critically depender.t on uncertainties in measured this paper. However, such a conclusion would be
surface areas, and there is no unambiguous method premature since it is not yet clear why such
for measuring surface areas. For example, the BET different values of corrosion potential were
method may overestimate the effective surface obtained.

areas of some types of specimens because the

measuring gas may penetrate cracks thatwould not Neither flowthrough dissolution tests nor
be penetrated by the test solution. Some type of corrosion potential measurements involve any
geometric surface area estimate is probably attempt to control the dissolution process.
preferable to the BET method for specimens, such Consequently, unless transport processes in solution
as spent fuel, with numerous grain boundaries or are rate-determining, which is unlikely, the state of
other small cracks. In those cases, a description of the fuel surface should be similar in the two
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experiments. However, the differences in measured dissolution process in which the enhanced
corrosion potential suggest that all specimens of dissolution of the grain boundaries is inhibited by
UO 2 do not behave identically. Recent results, small amouhts of secondary phase formation. For
some obtained with spent fuel electrodes, suggest c ar b o n a t e- co n t a i n i n g s o Iu t i o n s, t h e
that enhanced oxidation, particularly in grain electrochemically predicted rate may represent
boundaries, leads to significant differences in unimpeded grain boundary dissolution and, hence,
corrosion potential? It is possible that this may overestimate the rate from a flowthrough test,
enhanced process is the formation of secondary which is measured under conditions where grain
phases (UO 3.2H20 ). That such an enhanced boundary dissolution is partially blocked. Further
oxidation process occurs is confirmed by x-ray experimentation is required if this explanation is to
photoelectron spectroscopic evidence in the be justified.
absence of carbonate, 3 and electrochemical
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