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ABSTRACT 

Data from studies of the low temperature air oxidation of spent 
fuel were retrieved in order to provide a basis for comparison 
between the mechanism of oxidation in air and corrosion in water. 
U3O7 is formed by diffusion of oxygen into the UO2 lattice. A 
diffusion coefficient of oxygen in the fuel matrix was calculated 
for 2soc to be in the range of 10-23 to 10-25 m2/s. 

Reported rate data for the dissolution of UO2, uraninite and 
spent fuel where compiled as a function of environmental variables. 
Within the scatter of data, resulting from uncertainties in the 
effective surface area, the initial rates of U release from spent 
fuel and from UO2 appeared to be similar. The lowest rates (at 
2soc >l0-4 g/(m2d>> were observed under reducing conditions. 
Under oxidizing conditions the rates depend mainly on the nature 
and concentration of the oxidant and/or on carbonate. In contact 
with air, typical initial rates at room temperature were in the 
range between 0.001 and 0.1 g/(m2d). 

A study of apparent U solubility under oxic conditions was 
performed and it was suggested that the controlling factor is 
the redox potential at the UO2 surface rather than the Eh of the 
bulk solution. Electrochemical arguments were used to predict 
that at saturation, the surface potential will eventually reach a 
value given by the boundaries at either the U3O7/U3Os or the 
U3O7/schoepite stability field, and a comparison with spent fuel 
leach data showed that the solution concentration of uranium is 
close to the calculated U solubility at the U3O7/U3Os boundary. 
Nevertheless, a true thermodynamic equilibrium may never be 
achieved, because the U3O7 surface will remain unstable with 
respect to schoepite or other U(VI) phases if the concentration 
of oxidants in bulk solution is high enough. 

The difference in the cumulative Sr and U release was calculated 
from data from Studsvik laboratory. The results reveal that the 
rate of Sr release decreases with the square root of time under U­
saturated conditions. This time dependence may be rationalized 
either by grain boundary diffusion or by diffusion into the fuel 
matrix. 

Hence, there seems to be a possibility of an agreement between 
the Sr release data, structural information and data for oxygen 
diffusion in UO2. If this correlation is substantiated by com­
parison with other experimental data and by surface analytical 
techniques, the release of soluble radionuclides from spent fuel 
can in part be described as a transport process under moving 
boundary conditions. 



SUMMARY AND CONCLUSIONS 

Safe disposal of nuclear waste requires 

repository and waste package designs based 

on an understanding of long-term reaction 

scenarios in the event of waste form/ 

groundwater contact. The reaction behavior of 

spent nuclear fuel with groundwater is dif­

ficult to assess. At present only prelimnary 

models are available, which are not able to 

predict the long-term performance of the fuel. 

It is the aim of this study to evaluate and inter­

pret literature data so that they can be used in 

the development of a release model for 

radionuclides from spent fuel. 

If it could be ensured that reducing condi­

tions will prevail at the fuel-groundwater inter­

face, a model based on matrix solubility might 

be sufficient to describe the long-term release 

of fission products. If, however, due to radia­

tion or other constraints oxidative conditions 

cannot be excluded, the situation is much less 

clear because UO2 cannot approach ther­

modynamic equilibrium with an aqueous en­

vironment. Observations of the mechanism of 

oxidation of UO2 in air and results from XPS 
surface analyses of UO2 electrodes exposed to 

aqueous solutions show that the dissolving 

solid under oxic conditions is essentially 

U307. 
Data from studies of the low temperature air 

oxidation of spent fuel were retrieved in order 

to provide a basis for comparison between the 

mechanism of oxidation in air and corrosion 

in water. U3O7 is formed by diffusion of 

oxygen into the U02 lattice. A diffusion coef­

ficient of oxygen in the fuel matrix was calcu­

lated for 25°C to be in the range of 10·23 to 

10·25 m2/s. This is only slightly higher than 

the coefficient estimated for fission product 

release from the two billion year old natural 

Oklo reactor. 
Reported rate data for the dissolution of 

U02, uraninite and spent fuel where compiled 

as a function of environmental variables. 

Within the scatter of data, resulting from un­

certainties in the effective surf ace area, the ini­

tial rates of U release from spent fuel and 

from UO2 appeared to be similar. The lowest 
rates (at 25°C >10-4 g/(m2d)) were observed 

under reducing conditions. Under oxidizing 

conditions the rates depend mainly on the na­

ture and concentration of the oxidant and/or 

on carbonate. In contact with air, typical ini­

tial rates at room temperature were in the 

range between 0.001 and 0.1 g/(m2d). 
The initial reaction rates may be of limited 

use for the evaluation of the spent fuel long­

term behavior, since the solubility of uranium 

is considered to be a limiting factor for the 

release of soluble radionuclides from spent 

fuel. This is clear for reducing conditions. 

Under oxidizing conditions, the solubility-con­

trolling uranium-containing phase is not UO2 

and a high thermodynamic driving force for 

U02 dissolution remains when secondary al­

teration products such as schoepite become 

saturated. Yet even under oxidizing conditions 

the experimental data show a decrease in the 

release rate of soluble radionuclides (i.e. 
137cs, 90sr, 125Sb) which approaches the rate 

of solubility limited U release with time. 

A study of apparent U solubility under oxic 

conditions was performed and it was sug­

gested that the controlling factor is the redox 

potential at the U02 surface rather than the Eh 

of the bulk solution. If the dissolving solid 

under oxic conditions is essentially U3O7, 

saturation effects with respect to this phase 

can be of importance for the overall reaction 

rate. Electrochemical arguments were used to 

predict that at saturation, the surface potential 

will eventually reach a value given by the 

boundaries at either the U307JU3()g or the 

U3O7/schoepite stability field, and a com­

parison with spent fuel leach data showed that 

the solution concentration of uranium is close 

to the calculated U solubility at the 

U3O7/U3Og boundary. Nevertheless, a true 

thermodynamic equilibrium may never be 

achieved, because the U3O7 surface will 

remain unstable with respect to schoepite or 

other U (VI) phases if the concentration of 

oxidants in bulk solution is high enough. 



Determination of mass transfer rates for the 

conversion of U3(n to higher oxide alteration 

products are very important as U307 will most 
likely retain soluble radionuclides whereas 

higher oxides may not. 
In order to study the release of Sr under U 

saturated conditions, the difference in the 
cumulative Sr and U release was calculated 

from data from static, replenishment and se­

quential tests in deionized water and synthetic 

groundwater performed with high burnup 

BWR and PWR fuel at Studsvik laboratory 

[Forsyth, Werme 1986]. The results reveal 

that the rate of Sr release decreases with the 
square root of time under U-saturated condi­
tions. 

This time dependence may be rationalized 

either by grain boundary diffusion or by 
oxygen diffusion into the fuel matrix. An ap­

parent diffusion coefficient was calculated 

from the 90sr data after conversion to an ap­
parent depletion depth with an assumed effec­
tive surf ace area. Using the geometrical sur­

face area a D value of 4*10"21 m2/s is ob­
tained. This is to be compared to a value D = 
10·23 - 10·25 m2/s for the diffusion coefficient 

of oxygen. The diffusion coefficient calculated 

from the Sr release would comes closer to the 

oxygen diffusion coefficient when a fraction 

II 

of grain boundaries is accessible to oxygen­
containing water. This is just an effect of an 

increased surf ace area. 
There is evidence that grain boundaries of 

spent fuel are at least partly accessible to 

water, as SEM micrographs of cross sections 
of leached spent fuel surf aces show open grain 
boundaries several grain diameters in length. 

Therefore, a significant fraction of fission 

products may be released from grain boun­
daries even if no segregation of these nuclides 

at the boundary occurs. 
Hence, there seems to be a possibility of an 

agreement between the 90sr release data, struc­
tural information and data for oxygen dif­
fusion in U02. If this correlation is substan­
tiated by comparison with other experimental 

data and by surface analytical techniques, the 

release of soluble radionuclides from spent 

fuel can in part be described as a transport 
process under moving boundary conditions. 

Still, in the long run a steady state is expected, 

where the flow rate and solubility-controlled 

release rate of U equals the diffusion control­

led transformation rate of the fuel matrix. 

Then the rate of U release will control the 

release of soluble fission products even under 

oxidizing conditions . 
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I. INTRODUCTION 

Direct disposal of spent nuclear fuel is 
reproted in many countries as a feasible 

strategy to protect the human environment 
from high level nuclear reactor waste. Barriers 
for radionuclide release to the environment are 
the geologic formation, the waste package, 

backfill and the fuel itself. In order to assess 
the ability of the fuel matrix to retain 
radionuclides, its reaction behavior with 
groundwater has been studied in many 
laboratories. The reaction scenario involves 
various sources of release: the fuel/sheet gap, 
grain boundaries, segregated fission product 

phases and the fuel matrix. Understanding of 
the dissolution behavior is further complicated 
by the fact that uranium has one of the most 
complex oxide systems in the periodic table. 

The solution and surface chemistry of U02 is 
quite complicated, a large variety of solid reac­
tion products with different redox states can 
be formed with and without water contact and 
the radioactivity of the material makes experi­
mental work very time consuming. Studies of 
the dissolution behavior of "non-radioactive" 

simulants (i.e. U02) must leave many ques­
tions open, such as the mass transfer rates 
under U-saturated conditions, the effect of 

grain boundaries and the interaction between 
groundwater and the various phases present in 
the fuel (fission products and actinides in 
solid solution, metallic and gaseous in­

clusions). 
The ultimate goal of any study of the long­

term performance of spent fuel as an in­
dividual barrier is a description of the rate of 

release of significant radionuclides as a func­
tion of environmental constraints at any time 

after final disposal. However, only in a few 

cases will the rates in a repository be the same 
as those obtained in the laboratory. The reason 
is that the water contact scenario and the sorp­
tion characteristics are different, and in the 
case of spent fuel the effect of radiation is not 

yet clear. In order to use laboratory data to 
predict behavior in a repository it is important 
to develop a model. At present, only prelim­
nary models are described in the literature. 

It is the aim of this study to evaluate and to 
interpret literature data on U02, uraninite and 

spent fuel oxidation/dissolution in such a way 
that these data can provide a basis which 
would at some later time allow realistic model­
ing of the reaction path and the dissolution 

kinetics of the fuel matrix and radionuclide 
release in a repository. Currently the work is 
focussed on oxidizing conditions. 

As oxidation of U02 may play an important 
role in the dissolution process, low- and high­
temperature studies of fuel oxidation were 
briefly reviewed and a diffusion coefficient 

for oxygen in U02 was estimated for room 
temperature. For the dissolution of U02 and 
uraninite the effects of environmental vari­

ables on the initial reaction rates were con­
sidered following the description in the litera­
ture. An attempt is made to match contradic­
ting views of various authors with the dif­

ferent experimental conditions studied. Reac­
tion rate data were compiled for various condi­
tions and were compared quantitatively with 
the initial rates observed in spent fuel leach 
tests. Corrosion data for spent fuel obtained at 
Studsvik laboratory were evaluated with 
respect to the mass transfer of radionuclides 

under U-saturated conditions. It is discussed 
whether saturation of U has any influence on 
the release rates of radionuclides, i.e. whether 

the solutions are saturated with respect to the 
dissolving solid or to an alteration product. An 
interesting result is that the mass transfer of 
soluble radionuclides under U-saturated condi­

tions seems to follow a square root depend­
ence on time. Correlation of fission product 
release with oxygen diffusion data was ob­
tained. 



II. EFFECT OF EN'\'IRONMENTAL VARIABLES ON THE DISSOLUTION 
RATES OF UO2 AND NATURAL URANINITE · A STUDY OF 

LITERATURE DATA 

The reaction kinetics of unirradiated or 
natural U02 with aqueous solutions have been 
studied for more than 30 years. Important re­
search subjects have been acid or carbonate 
leaching of uranium from ores or conditions 
for nuclear reprocessing. Only a few studies 
(for example: Wang [1981], Ollila [1988]) ad­

dress the question of mass transfer rates under 
conditions where uranium is saturated with 

respect to a secondary alteration product. 
These mass transfer rates are of course dif­
ficult to infer from studies of unirradiated 
U02 and may require the use of spent fuel or 
experimentally prepared solid solutions of 
U02 with soluble elements (see for example 
co-dissolution studies by Bruno and Sandino 
[1987]). 

Important variables studied in the literature 
are pH, temperature, the nature and amount of 
oxidant, the concentration of carbonate and 
others. Yet no clear picture has emerged as to 
how the behavior of the various materials 
(U02, uraninite, spent fuel) can be compared. 
Moreover, quite contradictory effects of cer­

tain environmental variables are described. 
For example most authors [Thomas, Till 1984, 
Ollila 1988, Johnson 1988] believe that the de­
gree of oxidation of the U02 surface has an 
important impact on the measured rates. In 
contrast, Grandstaff [1976] who performed 
one of the most elaborate studies of the rates 
of uraninite dissolution showed that at least 
for this already oxidized material, the degree 
of oxidation of the solid is only of minor im­

portance in controlling reaction rates. Natural 
uraninite samples are in general much more 
oxidized than irradiated or unirradiated U02 
pellets. A comparison of U02 dissolution data 

with corresponding uraninite data may help to 
evaluate the effect of surface oxidation. 

Also the pH dependence of the reaction rate 
is not yet clear. Grandstaff [ 197 6] reports for 
acid to neutral conditions a linear decrease of 
the rate with pH. In contrast, data from 
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Thomas and Till [ 1982] show a decrease of 
reaction rate by only a factor of five between 

pH 1 and 4. Theories are reported that 
describe why there should [Grandstaff 1976] 
or should not be [Habashi, Thursten 1967] a 
pH dependence of the rate in the acid regime. 

In general the oxidative nature of the pH-con­
trolling anion seems to be more important 
than the hydrogen ion concentration [Amell 

and Langmuir 1979]. 
For a quantitative representation of the ob­

served effects of environmental variables, rate 
equations are described in the literature 
[Grandstaff 1976, Schortman, DeSea 1958, 
Pearson, Wadsworth 1958 and Habashi, 
Thursten 1967]. There is considerable dis­
agreement in the rate laws if general ap­

plicability of the laws at various Eh, pH or car­
bonate concentrations is assumed. One may 
conclude that the equations are only ap­

plicable for the limited range of experimental 
conditions from which they were derived. 

II. 1 Description of literature results 

In the following a short critical account is 
given, author by author, of experimental condi­
tions and major results of each of the studies 

considered. 
Scbortmann and DeSea (1958] studied the kinetics 

of dissolution of powdered uranium dioxide in car­
bonate/bicarbonate solutions (0 - 0.5 M) between 60 
and 100°C. 99% of U was in the tetravalent state. The 
surface area of the sample was not reported but a linear 
dependence of the release of uranium on surface area 
was demonstrated by varying the powders' particle size 
and the ratio of solution volume to the amount of 
uranium dioxide present The oxygen partial pressure 
was varied between 1 and 10 atm and the dissolution 
rate was found to be directly proportional to the square 
root of the oxygen partial pressure. The effect of 
temperature was described by an Arrhenius dependence 
with an activation energy of 13.4 kcal per mol of UCn. 
The reaction rate was independent on the bicar­
bonate/carbonate ratio and dependent only on the total 
carbonate present At "low" total carbonate concentra­
tions of about 0.02 - 0.2 M the rate was found to be 



proportional to the square of the carbonate content, 
whereas at higher carbonate concentrations a maximum 
rate is achieved. If one whishes to estimate reaction 
rates per surface area from geometric considerations of 
powder mesh sizes, the reaction rates observed by the 
authors would represent rates in the range of 104 

g/(m2d) equivalent to 1 mm/d. These rates are about 5 
orders of magnitude higher than the rates obtained by 
Grandstaff (1976, see below), the effect being due to 
higher temperatures, oxygen partial pressure and car­
bonate content. 

Pearson and Wadsworth [1958] studied the dissolu­
tion kinetics in carbonate solutions of sintered UC>i 
disks of 99.94 % purity and 89 % of the theoretical den­
sity. The temperature was varied between 123 and 
203°C and the oxygen partial pressure between 1 and 
100 aun. The effect of carbonate was studied up to a 
concentration of 1.4 M. A maximum rate was observed 
at 1 M total carbonate and a carbonate/bicarbonate ratio 
of 3. At lower concentrations of total carbonate there 
was a pronounced dependence of the reaction rate on 
the stirring speed indicating rate control by transport of 
carbonate in the aqueous phase. This effect is not 
surprising as the maximum rates observed were extreme­
ly high i.e. in the range of 3*104 g/(m2d). With such 
high rates, transport processes can easily become the 
limiting factor. At very high carbonate concentration, 
the reaction rate decreases again. This was explained by 
the competition of sorption oxygen and H2C0:3. The 
rate was found to be inversely proportional to the con­
centration of undissociated carbonic acid. The authors 
did not discuss the possible interference with their 
results of the formation of uranium carbonate 
precipitates. 

Habasbi and Thurston [1967] studied the dissolu­
tion kinetics of UOi.04 in acid (H2SO4) and in car­
bonate media at a temperature of 100°C. The oxygen 
partial pressure was varied between 1 and 10 aon and 
the content of total carbonate between 0 and 0.5 M. Not 
very much data were presented, and due to a lack of ex­
perimental details it is not possible to derive quantita­
tive information useful for comparing with other 
people's data sets. Still the described trends are very in­
teresting. Their data indicate that in acid media the rate 
is proportional to the partial pressure of oxygen while in 
carbonate media the rate is proportional to the square 
root of the oxygen partial pressure. The latter finding 
agrees with that found by Pearson and Wadsworth 
[1958] and Shortmann and DeSea [1958]. In acid solu­
tions (about pH 2) the rate was independent on pH, 
whereas at higher pH values the rate did not depend on 
oxygen but decreased linearly with the pH. The authors 
interpreted their results, similar to the dissolution of me­
tals, as an electrochemical process. Like a metal, under 
oxidizing conditions UOi takes up electrons at one part 
of its surface (cathodic reaction: reduction of 02) while 
it releases electrons at another part (anodic reaction: for­
mation of uranyl ions from U(IV)). A low soluble 
U(VI) hydroxide is assumed to be formed at the sur­
face. The cathodic reaction rate is assumed to be propor­
tional to the oxygen partial pressure, whereas the rate of 
the anodic reaction is assumed to be proportional to the 
H+ concentration. At steady state anodic and cathodic 
reaction rates must be equal. This imposes constraints 

on the relative importance of the effect of pH and log 
(pOi). At pH values lower than (4.7-log(pOi)) there is 
no dependence of the reaction rate on pH and the sur­
face hydroxide phase may readily dissolve. At higher 
pH values there is no dependence of the reaction rate on 
02 and a the surface hydroxide may be considered as in­
soluble. The value of 4.7 is given by the ratio between 
the rate constants for anodic and cathodic reaction. It is 
of course not possible to extrapolate this relationship to 

other temperatures as long as the respective rate con­
stants are not known. 

Nicol and Needs [1975, 1977] performed dissolu­
tion experiments with UOi+x electrodes (x=0.01,0.03 
and 0.14) (potentiostatic measurements, cyclic voltam­
mograms and tests with a ring disc electrode) in 
perchlorate and carbonate solutions at a temperature of 
25°C. To describe their results the authors derived an 
equation for the current under steady-state potentiostatic 
conditions which is consistent with a mechanism that in­
volves (1) successive electron transfers to one or more 
surface intermediates, (2) the formation of U(Vl) films 
and (3) the formation of U(Vl) as the only soluble 
product. The latter condition may be questioned, as the 
dissolution of U(IV) surface species does not involve 
electron transfer, hence its dissolution cannot be ex­
cluded. The following limiting conditions are discussed. 
At low current density and/or acid conditions, surface 
film formation is slower than the dissolution reaction 
and two cases can be distinguished. (1) At pH < 2 and 
low anodic potentials the anodic current increases linear­
ly with pH. (2) At higher potentials, the current is inde­
pendent of pH up to pH 5. This is similar to the con­
clusions and data from the work of Habashi and 
Thurston (1967). At high current densities and high pH 
values (pH 9-13) the formation of surface films be­
comes important and a potential-independent current 
would be given by the pH dependence of the dissolution 
rate of that film. In carbonate solutions of low con­
centrations, the authors report a linear dependence of 
the rate of dissolution on the carbonate content. At high 
carbonate concentration and long anodization time 
U02C0:3 (rutherfordine) was formed on the electrode. 

In a kinetic study of the dissolution of various 
natural uraninite samples (powders), Grandstaff [1976] 
studied the effect of pH (4-9), surffce area, temperature 
(2 and 23°C), total carbonate (10- - 10-1 M), dissolved 
oxygen (log pO:z = -0.7 to - 2.7), organic retardation 
(natural waters versus laboratory make-ups), and the ef­
fect of non-uranium cations in the uraninite. The surface 
area of the uraninite powder was measured by means of 
stereological analyses. The different uraninite samples 
contained between 10 and 50 wt% of uranium trioxide. 
Surprisingly, no dependence of reaction rate on oxida­
tion state was observed. Amell and Langmuir (1979] 
pointed out that this may be a result of predominant dis­
solution of edges and other active sites. As has already 
been mentioned, at pH values below 6 the rate of few 
experimental data points was proportional to the con­
centration of hydronium ions. The author explained this 
behavior by reference to the surface dissociation equi­
libria. Grandstaff assumed that in principe this depend­
ence would also hold true for higher pH values, but the 
rate does not decrease further with increasing pH be­
cause the effect of pH is compensated for by the rate-ac-
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celerating effect of total carbonate. Similar to the find­
ings of Shortman and DeSea (1958) Grandstaff found 
that the rate depends on total carbonate rather than on 
c03-- or HCO3- alone. As shown by the work of Nicol 
and Needs (1977] at low carbonate concentration the 
reaction rate increased linearly with the carbonate con­
tent, whereas a slower increase of reaction rate was ob­
served at higher carbonate concentrations (0.05 M). The 
author observed a linear relationship between the dis­
solved oxygen content in solution and the reaction rate. 

The dissolution rate of narural uraninite samples has 
also been studied by Posey-Dowty et aL [1987]. The 
authors tried to simulate conditions of uranium roll­
front ores using bicarbonate solutions in the narrow pH 
range of 7.0 to 8.2 at variable oxygen partial pressure. 
Far away from uranium saturation in solution, the rate 
was linearly dependent on the square root of the oxygen 
partial pressure. It was concluded that the rate limiting 
step is the cleavage of an oxygen-oxygen bond in ad­
sorbed oxygen. On aproaching saturation the reaction 
rate decreased with a rate law which is first order with 
respect to uranium in solution. No attempt was made to 
identify the solubility controlling phase. The initial reac­
tion rate was independent on the carbonate content of 
the solution, but the extent of dissolution was much 
higher in the presence of carbonate because the satura­
tion concentration of U in solution was higher. The 
authors presumed that the effect of carbonate observed 
in other studies is an artifact which resulted from the ef­
fect of carbonate on the saturation concentration. 

In a study of potential fluids for solution mining of 
sedimentary uranium deposits Amell and Langmuir 
[1979] studied the dissolution of U02.01 at temperatures 
between 15 and 45 C using Fe(IID and or sulfate as 
oxidants. Between pH 1 and 2.4 no pH and no clear Eh 
dependence of the reaction rate was observed. The data 
showed that the rate was almost linearly dependent on 
the total concentration of ferric iron in solution. With l 
mM Fe(III) at pH 2 the dissolution rate was about 500 
times higher than in the absence of iron, confirming that 
some oxidant other than oxygen is needed for sig­
nificant U02 dissolution to occur. 

An electrochemical surface reaction model was used 
by Hiskey [1979, 1980] for interpretation of the dissolu­
tion behavior of UO2. Leach data in carbonate or 
hydrogen peroxide media agreed well with a model, in 
which oxidation of U02 at anodic surface sites is 
coupled with reduction of an oxidant at cathodic sites. 
At anodic sites the formation of intermediate U(V) 
hydroxide or bicarbonate surface complexes occurs 
whereas the number of cathodic sites is given by the sur­
face coverage of adsorbed 02, which is related to the 
partial pressure of 02 by Henry's law and by sorption 
equilibria A mixed electrochemical potential is estab­
lished at the U02 surface which is governed by the con­
straint that without external electromotive driving force 
anodic and cathodic currents must be equal. The mixed 
potential depends on the relative rates of anodic and 
cathodic reaction and this condition also imposes con­
straints on the reaction order with respect to the con­
centration of reactants such as oxygen or carbonate. For 
example, the author assumed that at a fixed (i.e. ap­
plied) surface potential, the rate of anodic oxidation of 
U02 would be linearly dependent on the solution con-
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centration of bicarbonate. Without applied potential the 
reaction order with respect to carbonate is lower be­
cause the mixed potential will decrease with increasing 
carbonate content. Such a decrease was experimentally 
observed by Shoesmith et al. [1983) (see below). The 
decrease of the mixed potential implies that the cathodic 
reduction of oxygen is accelerated and the anodic dis­
solution rate of U02 is reduced. The result is that the 
dissolution reaction at a fixed pH is proportional to the 
square root of the bicarbonate concentration. In a 
similar way, the author showed that with a fixed bicar­
bonate content in solution, the reaction rate depends on 
the square root of the oxygen partial pressure. At high 
partial pressures of oxygen the reaction rate does not 
depend on oxygen because surface sites are occupied. 

In deionized water, synthetic groundwater and in a 
sodium chloride rich brine, the dissolution of single 
crystal U02 surfaces and of spent fuel at oxygen pres­
sures of about 6 atrn was studied by Wang [1981] and 
Wang and Katayama [1982] using autoclave techni­
ques at 75 and 150°C and electrochemical measure­
ments at 25 and 75°C. Saturation was reached in all 
autoclave tests in less than 20 days. The reaction rate ap­
pears to be controlled by the availability of oxygen at 
the U02 surface. As long as an unlimited supply of 
oxygen exists the dissolution will continue even if the 
surface region of the solution has been supersaturated. 
Des~te the fact that the solution concentration of 
U02 + decreased with increasing temperature (due to 
the retrograde temperature dependence of the solubility 
of UO3*2H2O), the total dissolution of U02 was much 
higher at higher temperature, as evidenced by the high 
amounts of U0:3*2H2O (deionized water) or sodium 
polyuranite (synthetic groundwater) formed. In contrast 
to deionized water in salt brine, only a small surface 
film was formed which seemed to passivate the surface 
from further oxidative dissolution. In all three solutions 
the open circuit potential varied between -60 to -20 m V 
and the respective anodic dissolution currents cor­
responded in all cases to about 1 g/(m2d) at 25°C. At 
75°C the rate was about three times higher. The 
electrochemical work confirmed the protective nature of 
the film formed in the brine solution and showed that 
under alkaline conditions a slightly protective 
U03*H2O film can be formed from reaction with H202. 
despite the fact that this surface film is a surface 
precipitate which can easily be peeled off. Auger 
analyses of the surface composition profile (0 and U 
data) have shown that in the surface beneath the 
precipitate {which has a O/U ratio of 4) the O/U ratio 
gradually decreased from 3 to 2. Wang [1980) ex­
plained this by the formation of a mixture of UO3 
hydrate and U02+x but it is important to state that such 
profiles are indicative for oxygen (and/or water) dif­
fusion processes. The dissolution rates of spent fuel, 
determined from electrochemical measurements, were 
nearly an order of magnitude lower than on single crys­
tal U02 .. The open circuit potential was also higher. No 
clear passivating effect of brine solutions was observed. 

A detailed study of the surface reaction products of 
U02 has been performed by McIntyre et al. [1981], 
Shoesmith et al. [1983, 1984, 1985] and Sunder et al. 
[1981, 1983] using electrochemical (potentiostatic and 
cyclic voltammetric) techniques and XPS. An electrode 



was produced from a polycrystalline unirradiated fuel 
pellet. The U(IV)/U(VI) ratio at the electrode surface 
after the experiments was deduced from the shape of 
the U(4f7/2) peak in the photoelectron spectra. The se­
quence of reaction products is interpreted as UO:z+x, 
U30-,, U2Os, U3Os and UO3*xHiO. As evidenced by 
comparing anodic (dissolution + oxide film formation) 
and cathodic (reduction of oxide films) charge transfers 
on U0:2 electrodes, dissolution can occur when the 
oxygen content of the surface film is higher than given 
by the stoichiometry of U30-,. Dissolution occurs via a 
U0:22+ surface intermediate, which may either be still 
part of the oxidized surface layer or may be a sorbed 
species. Depending of the relative rates of dissolution 
and film formation, the composition of the outermost 
surface plane may be that of U30-,, U2Os or U3Os. The 
authors measured an open circuit potential ("corrosion 
potential","mixed potential") which was about 50 to 100 
mV (slightly higher than the values measured on single 
crystals by Wang [1980]) and between pH 3 and 9 al­
most independent of pH. At this potential anodic and 
cathodic currents are equal, which means that also in 
non-electrochemical dissolution studies surface poten­
tials of similar magnitude will be established provided 
that U0:2 dissolves even if the bulk solution Eh is much 
higher. At high potentials UO3*xH2O formed as a 
precipitate in the absence of stirring. Results [Johnson 
et al. 1981] from Jong-term experiments (60 days) per­
formed at constant current suggest that this precipitate 
is non-protective. In carbonate solutions a variable reac­
tion order with respect to carbonate was found. At low 
potentials (100 mV) and low carbonate concentrations 
the reaction was independent on carbonate. At higher 
carbonate concentrations the reaction was first order 
with respect to carbonate. At high potentials (200 m V) 
and high carbonate concentrations (0.001M) the rate 
depends on the square root of the carbonate concentra­
tion. Due to complexation in solution (U0:2(C03)3 4J 
U◊3*xH2O did not form, and at carbonate concentra­
tions higher than 1 mM oxides higher than U30-, were 
not formed. Instead a U0:2C03 surface phase was ob­
served. 

The dependence of the dissolution rate of U0:2 fuel 
pellets on pH, the carbonate concentration and p0:2 has 
been studied by Thomas and Till [1984]. The results 
were widely quoted and plots for the pH dependence of 
the reaction rate at 40°C were reproduced by Johnson et 
al. [1988), Ollila [1986) and Reimus et al. [1988). From 
pH 1 to 4 the rate decreased from 0.005 g/(m2d) at pH 
I by only a factor of 5. The lowest rate was measured 
at pH 8 ( 10-4 g/(m2d)). Although the observed effects 
are quite interesting, the data are difficult to interpret 
quantitatively because of inconsistency in the reported 
behavior. Units at figures sometimes do match neither 
the figure captions nor their reference in the text (Fig. 1 
and 2 et.). The reported dissolution rate at 40°C in 
deionized water was 0.003 g/m2d when the data were 
plotted in the frame of a temperature dependence study 
and the rate reported for neutral pH in the frame of the 
pH dependence study was more than 30 times lower for 
the same temperature. A possible explanation is that 
some error in the unit conversions occurred, because in 
the same paper 3 different units for rates were used 
(mg/(m2d), g/(cm2d), kg/(m2d)). 

The dissolution of unirradiated U0:2 as a function of 
environmental variables was studied by Ollila [1985, 
1986, 1988]. Leach solutions were deionized water and 
various synthetic groundwater compositions under oxic 
and anoxic conditions. Dissolution rates were derived 
[Ollila 1985) from tests with periodical replacement of 
the leachant following the ISO standard method 1982 
(1, 3, 7 day, then weekly and after 6 weeks monthly), 
but since the solution concentrations of U seemed to be 
independent of the solution residence time, it can be 
concluded that saturation has been achieved from the 
first day and the measured rates are therefore controlled 
by the quotient of saturation concentration and 
residence time. An item of information important for 
the kinetics of the dissolution process is that the rate 
was high enough to saturate the solution within one day. 
Using goometric sample surface area and solution 
volume, the initial rate under oxidizing conditions at 
25°C can be calculated to be higher than about 0.02 
g/(m2d). The author showed that the mass transfer 
under U-saturated conditions can be strongly influenced 
by the formation of precipitates, coprecipitates or ad­

sorbed materials. 
The kinetics of dissolution of U0:2 under reducing 

conditions was first studied by Bruno et al. [1987, 
1988] under a constant H2(g) atmosphere using a Pd 
catalyst. In static and dynamic experiments the 
measured solution concentrations were higher than the 
solubility limit of U0:2 indicating that the rate of dissolu­
tion of an oxidized surface was studied. In dynamic cor­
rosion tests at high flow rates the solution concentra­
tions decreased after a maximum value had been 
reached, approaching U0:2 solubility in the long-term. 
This decrease was interpreted as a dissolution of the ini­
tially oxidized surface material. Although the closeness 
of the data to saturation may not allow an unambiguous 
interpretation of the data in terms of absolute forward 
reaction rates, the experimental results contain impor­
tant information on the kinetics of dissolution under 
reducing conditions, because for the first time it was 
shown that oxidation of the U0:2 is not a necessary step 
for dissolution. The reaction rates are high enough to 
saturate fast flowing solutions. If dissolution under 
oxidizing conditions occurs with oxidation as the rate­
limiting step, this only means that oxidation is faster 
than dissolution of U(IV). A pH-dependent lower limit 
for the reaction rate under reducing conditions can be 
obtained from the surface area of the samples and the 
pH dependence of the observed final solution concentra­
tion. 

II. 2 Summary of the current under­
standing of the effect of environ­
mental parameters on the dissolu­
tion kinetics of U02 and uraninite 

The majority of authors seems to agree that 

the dissolution reaction is a surface reaction, 

which means that under diluted conditions the 
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rate is constant with time and proportional to 
surface area. However, in explaining the effect 
of environmental variables on the reaction 
rate, two lines of interpretation of U02 dissolu­
tion data can be distinguished in the literature: 
an electrochemical and a chemical explana­
tion. The difference is that in an electrochemi­
cal dissolution model the reactions at two reac­
tive sites (anodic oxidation, cathodic reduc­
tion) are coupled by charge conductance in the 
low-resistance dissolving material, whereas in 
a chemical model oxidation of U02 and reduc­
tion of the oxidant occur in the same reaction 
(possibly through different reaction steps). 
The effects observed and the interpretations of­
fered can be summarized as follows: 

Effect of partial pressure of oxygen and ef­
fect of other oxidative agents: 

6 

• under strongly reducing conditions the 
rate is low but higher than 10-4 g/(m2d) 

• in espite of the different models used for 
interpretation, there seems to be general 
agreement that in acid media the rate 
depends linearly on the partial pressure 
of oxygen (between 0.01 and 100 atrn 
02), since the oxidation of U02 is rate 
limiting. 

• at low pH the rate is also proportional to 
the concentration of other oxidative 
agents (Fe(III), H202) and the rates can 
be much higher than in the presence of 
oxygen. What is important is not the sys­
tem's Eh, but the nature of the agent. 

• in carbonate media at high oxygen par­
tial pressures, the dissolution rate 
depends on the square root of the oxygen 
potential, due to sorption and either 
decomposition of oxygen molecules at 
the surface or coupling of anodic and 
cathodic reactions. At low oxygen partial 
pressures (0.2 atm 02), the rate may 
depend linearly on the oxygen content of 
the solution [Grandstaff 1976) when the 
adsorption rate is limiting. 

Effect of carbonate under oxic conditions 

• the effect of carbonate on the initial reac­
tion rate of U02 is not very well under­
stood. If one follows the interesting work 
of Posey-Dowty et al. [1987), there is no 
effect of carbonate on the forward rate of 
reaction and only the saturation con­
centration is depending on carbonate. 

• most proposed mechanisms for the effect 
of carbonate describe only a small range 
of experimental conditions. The effect of 
saturation is usually not considered. Ex­
trapolation to other conditions is dif­
ficult. For example, none of the reported 
rate laws can be used to extrapolate rates 
from a carbonate-containing system to a 
carbonate free environment. 

• at low carbonate content (.001 M) the 
rate of U02 dissolution is proportional to 
total carbonate, when the rate of sorption 
of carbonate at the surf ace is the slow 
step in the reaction mechanism 
[Grandstaff 1976). 

• at higher concentrations (.5 M) of car­
bonate the rate depends on the square 
root of the total carbonate concentration, 
because the rates are becoming so large 
that solution transport of carbonate to the 
surface [Pearson and Wadsworth 1958] 
or dissolution of an initially formed 
U02C03 film [Shoesmith et al. 1983] 
may control the overall rate . 

• at even higher carbonate concentration 
(lM at 100°C) the dissolution rate 
reaches a maximum value. Thereafter, 
the reaction rate decreases either because 
there is a competition for surface sites be­
tween oxygen and carbonate [Pearson 
and Wadsworth 1958] or because the for­
mation of surface films (U02C03) limits 
the rate [Nicol and Needs, 1977]. 



Effect of surface films 

• films of U03*xH20 seem in some cases 
to be non-protective, whereas in other 

case a passivating effect was observed 

• sodium uranate films also seem to have 
no effect on the rate 

• films formed by interaction with NaCl 

brines or high concentrations of H202 

seem to passivate the U02 surface in 
some cases 

• U OiC0:3( c) formation is sometimes as­
sociated with a decrease in the anodic 

current in electrochemical dissolution 

tests 

Effect of pH 

• at pH values between O and 4 under 

oxidizing conditions only a slight depend­
ence of the reaction rate on pH was ob­

served. This was attributed to the 

electrochemical nature of the U02 sur­
face reaction 

• between pH 4 and 6 a linear dependence 

of the reaction rate on pH was observed 
[ Grandstaff 197 6). This would still be in 

agreement with the electrochemical 

mechanism [Habashi and Thursten 1967). 

• at alkaline pH values, the reaction rate 

law depends both on the hydroxyl ion 

concentration and on carbonate, the rate 

being inversely proportional to the 
square root [Hiskey 1980] or the con­

centration [Grandstaff 1976] of hydroxyl 

ions. 

II. 3 Quantitative comparison of reac­
tion rate data 

In this section an attempt is made to com­

pare various rate data quantitatively. Included 

are rate data calculated from the initial U 

release measured in a spent fuel dissolution 

test. A more detailed examination of spent 

fuel data is presented in chapter IV. 

In order to permit quantitative comparison 

of rate data from different research groups, the 

published rate values were normalized to sur­

face area and expressed in units of g/(m2d). 

Only data from those authors who report per­

tinent experimental details to allow unit con­

version were included. The data used are sum­

marized in Table 1. The duration of the experi­

ments is noted in the table. An explanation of 

how surf ace areas are calculated is given 

below. As far as possible, only data where U 

saturation could be excluded were used (rate 

data not derived from the quotient of satura­

tion concentration and experimental time). Ex­

ceptions were made from the data from experi­

ments performed under reducing conditions 

and for the initial release data from spent fuel 

tests.In the latter case, only data where there 

was some indication that the solution con­

centration of U increases with time were used 

(for example in low burnup fuel "SFLB" in 
Tab. I) but the possibility cannot be excluded 

that solubility limits are already attained. In 

this sense the data for the experiments per­

formed under reducing conditions and the 

spent fuel data give a lower limit of the actual 

rate. 

Methods and problems in estimation of 

sample surfaces areas 

An important unknown is often the surf ace 

area. Assumptions had to be made which limit 

the accuracy of the comparison. No com­

parison would be possible if those assump­

tions were not made because, the dissolution 

of UOi in diluted solutions is proportional to 

surface area (see above). The methods used 

for estimation of surf ace area are described 

below. For estimation of the surface area of 

powdered samples, three methods were used: 

• as far as data from stereological analyses 
were available, these were used 

• as far as only BET surface measurements 

were available, these data were used for 

powdered samples 

• for other experiments with powders, the 

rate was calculated from the mesh size of 
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No Author Material Experiment time [d] T[C] pH pCO2p02 Rate Sat SA_met 

I Bruno U02 stat/ox 5 25 3 -3.5 -0.68 0.04 N BET 
2 Bruno U02 fl/red 25 4 -15 -15 0.0032? BET 
3 Bruno UO2 fl/red 25 4.5 -15 -15 0.0013? BET 
4 Bruno U02 fl/red 25 6 -15 -15 0.0002? BET 
5 Bruno U02 fl/red 25 6.7 -15 -15 0.00032 ? BET 
6 Bruno U02 fl/red 25 6.8 -15 -15 0.00008 ? BET 
7 Bruno U02 fl/red 25 7.8 -15 -15 0. 000064 ? BET 
8 Bruno U02 fl/red 25 8.1 -15 -15 0.00006 ? BET 
9 Bruno U02 fl/red 25 9.8 -15 -15 0.0002? BET 

JO Bruno U02 fl/red 25 II -15 -15 0.00013? BET 
11 Bruno U02 stat/red 0.5 25 3 -15 -15 0.00025 ? BET 
12 Bruno U02 stat/red 0.5 25 5 -15 -15 0.0011 ? BET 
13 Bruno U02 stat/red 0.1 25 12 -15 -15 0.0025 ? BET 
14 Brodda HTR stat/ox • 100 20 5 -3.5 -0.68 0.085 N geom 
15 Brodda HTR stat/ox • 250 20 5 -3.5 1.48 1.8 N geom 
16 Grandsta Uraninit stat/ox I 23 6.2 -3.5 -0.68 0.2 N stereo 
17 Grandsta Uraninit stat/red 4 23 5.6 -3.5 -1.68 0.02 N stereo 
18 Grandsta Uraninit Stal/red 7 23 5.6 -3.5 -2.68 0.002 N stereo 
19 Grandsta Uraninit stat/ox 3 23 6 -3.5 -0.68 0.042 N stereo 
20 Grandsta Uraninit stat/red 4 23 5.6 -3.5 -1.68 0.0042 N stereo 
21 Grandsta Uraninit Stal/red 7 23 5.6 -3.5 -2.68 0.0006 N stereo 
22 Grandsta Uraninit stat/ox I 23 4.9 -3.5 -0.68 0.19 N stereo 
23 Grandsta Uraninit stat/ox I 23 3.9 -3.5 -0.68 3N stereo 
24 Grandsta Uraninit stat/ox 0.5 23 7 -3.5 -0.68 0.01 N stereo 
25 Grandsta Uraninit stat/ox 23 8.5 -3.5 -0.68 0.01 N stereo 
26 Fors/Wer SF.LB seq/ox 55 25 8.1 -3.5 -0.68 0.02 N geom 
27 Fors/Wer SF.LB seq/red 55 25 8.1 -15 -15 0.00015 N geom 
28 Fors/Wer SFHBWR repl/ox 47 25 8.2 -3.5 -0.68 0.01 ? geom 
29 Fors/Wer SFHBWR seq/ox 20 25 2 -3.5 -0.68 0.16 N geom 
30 Fors/Wer SFHBWR seq/ox 20 25 3.2 -3.5 -0.68 0.07 N geom 
31 Fors/Wer SFHBWR seq/ox 20 25 3.4 -3.5 -0.68 0.12 N geom 
32 Fors/Wer SFHBWR seq/ox 20 25 4 -3.5 -0.68 0.054 N geom 
33 Fors/Wer SFHBWR seq/ox 20 25 4.1 -3.5 -0.68 0.026 N geom 
34 Fors/Wer SFHBWR seq/ox 20 25 5.5 -3.5 -0.68 0.0025? geom 
35 Grandsta Uraninit stat/ox I 23 8.3 -3.5 -0.68 0.01 N stereo 
36 Grandsta Uraninit stat/ox I 23 8.3 -3.2 -0.68 0.02 N stereo 
37 Grandsta Uraninit stat/ox I 23 8.3 -3 -0.68 0.038 N stereo 
38 Grandsta Uraninit stat/ox I 23 8.3 -2.6 -0.68 0.08 N stereo 
39 Grandsta Uraninit stat/ox 0.5 23 8.3 -2.5 -0.68 0.11 N stereo 
40 Grandsta Uraninit stat/ox 0.5 23 8.3 -2.2 -0.68 0.22 N stereo 
41 Grandsta Uraninit stat/ox 0.5 23 8.3 -2 -0.68 0.35 N stereo 
42 Grandsta Uraninit stat/ox 0.25 23 8.3 -1.5 -0.68 0.64 N stereo 
43 Grandsta Uraninit stat/ox 0.25 23 8.3 -1.2 -0.68 0.72 N stereo 
44 Grandsta Uraninit stat/red I 23 4.7 -1.5 -2.68 0.45 N stereo 
45 Grandsta Uraninit stat/ox I 23 5.2 -2.4 -1.68 0.13 N stereo 
46 Wang** U02 Elek/ox 25 9.3 -3.1 0.7 I N geom 
47 Wang•• U02 Elek/ox 25 6.6 -3.5 0.7 I N geom 
48 Schortma UO2 stat/ox 25 JO -2.8 0.5 200 N mesh 
49 Preez UO2 stat/ox 25 JO -2.8 -0.68 180 N mesh 
50 Hiskey U02 stat/ox 25 9.8 -2.4 0 0.96N disk 
51 Hiskey U02 stat/ox 25 9.8 -2.4 0.43 1.57 N disk 
52 Hiskey U02 stat/ox 25 9.8 -2.4 0.87 2.6 N disk 
53 Hiskey U02 stat/ox 25 9.8 -2.4 1.16 3.3 N disk 
54 Fors/Wer SFHBWR bent/ox 27 25 8.7 -3.5 -0.68 0.00055? geom 
55 Fors/Wer SFHBWR bent/ox 266 25 8.7 -3.5 -0.68 0.00035? geom 
57 Fors/Wer SFHBWR seq/ox 20 25 8.2 -3.J -0.68 0.0018? geom 
58 Ollila U02 stat/ox 50 25 5.7 -3.5 -0.68 0.0006? geom 
59 Ollila U02 stat/ox so 25 8.2 -3.5 -0.68 0.0003? geom 
60 Ollila U02 stat/ox 50 25 8.3 -3.2 -0.68 0.002? geom 
61 Ollila U02 stat/ox 50 25 8.3 -2.5 -0.68 0.02? geom 
62 Bruno U02 stat/red 0.1 25 6.9 -2 -15 ? BET 
63 Bruno U02 stat/red 0.1 25 6.4 -1.3 -15 ? BET 
64 Bruno U02 stat/red 0.1 25 6.9 -1.3 -15 ? BET 
65 Bruno UO2 stat/red 0.1 25 8 -1.3 -15 ? BET 

Table 1: Compilation of apparent initial dissolution rates for U02, spent fuel and uraninite. Units: time [d], rate [g/(m2d)], temp 
[°C], notations: aJ.llb.m Brodda et al. [1987), Bruno et al. [1987,1988), Forsyth and Werme [1986], Grandstaff [1976), Hiskey 
[1980), du Preez et al. [1980), Posey-Dowty et al. [1987], Schortrnan and de Sea [1958], Wang [1981). materials IITR = high 
temperarure reactor fuel, SFHB = high bumup BWR fuel, SFLB = low bumup fuel, UOi = UOi .. with O<x<0.1, uraninite Mand 
NC = narurally occuring uraninite with U(IV)/U(Vl) = 6.1 (M) and= 0.49. experiment Elek/ox= electrochemical study, fl/red = 
flow test H2/Pd condiL, repl/ox = replenishment test oxidizing, seq/ox = sequential test oxidizing, stat/ox and stat/oxc = static test 
oxidizing, stat/red = static tests reducing; pCOi. pOi = logarithmic values, log pOi and pCOi data value of -15 arbitrarily used 
for H2/Pd tesL * Test performed in high concentrated MgC12 rich brines with a single 500 µm sphere. ** There are other data 
with lower release rates, but saruration is likely. SAT=saturation state of the solution: N = no saturation. SA_met: method for 
estimation of surface area. geom.= SA estimated by average panicle size, stereo= SA from stereological evaluation, disk= 
geometrical SA of a disk sample. 
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the sieves used in preparation of the pow­
der fractions ("mesh" in Tab. 1) 

• The magnitude of the error associated 
with either BET or grain size measure­
ment of powder surf ace area was not 
known, but an example may serve to il­
lustrate the uncertainty: The BET 
specific surf ace area of the samples used 
in the work of Bruno et al. [1988] was 
0.2 m2/g. This would correspond to a cal­
culated mean particle size of between 1 
and 3 µm. The reported particle size of 
the material used was 50 µm, correspond­
ing to a ten times smaller specific sur­
face area. It could well be that fines con­
tribute to the high BET surf ace area, but 
it is also possible that the BET measure­
ments do not give accurate absolute sur­
face area values. 

• In the case of larger samples (fuel pel­
lets, single crystal, spent fuel fragments) 
the geometrical surf ace area was used 
("geom" in Tab.I). 

Certain comments concerning the surface 
area of spent fuel are offered here which may 
also be of relevance in the evaluation of spent 
fuel data given below. 

• in cases where the geometrical surf ace 
area is estimated from fuel segment 
samples errors can be introduced by sta­
tistical variations in the shape and size of 
fragments. The error in surf ace area and 
hence its contribution to the error is the 
derived rates would not be higher than a 
factor of two. 

• fines were neglected, which could mean 
that the effective surface area is higher 
than the geometric surface area 

• if water can penetrate the open grain 
boundary porosity of used fuel then the 
effective surface area may be much 
higher than the geometrical. A maximum 
value for the surface area would be that 
of separated grains. This is about a factor 
of 200 higher than the geometrical sur­
face area. 

• the porosity of as-fabricated U02 pellets 
is a design criteria and may vary be-

tween 1 and 5%. Assuming that this 
would mean open porosity a maximum 
increase in surface area of only 14% was 
calculated (spherical model pores). There­
fore, this effect is of minor importance. 

Graphic comparison of the literature data 

Rate data obtained at 25°C are compared in 
this section. To give a general overview of all 
data considered in Fig 1 a-c, the rates are 
plotted as a function of pH. These three 
figures are essentially one: each plot gives dif­
ferent information on the same data, and a 
proper understanding of the plots requires 
comparison between them. Figure (a) shows 
the authors and the material studied, Figure 
(b) describes the experiment and Figure (c) 
gives log p02. The rate obtained from the 
work of du Preez et al. [1980] may be too 
high, as the geometric surf ace area was es­
timated from the mesh size of the sieves used 
to prepare the powder fractions, and fines 
were not taken into account. Data from 
Thomas and Till [1984] were not considered, 
due to the difficulties in their quantitative in­
terpretation (see above). 

As can be seen, the reaction rates of U02 
may vary by as much as 6 orders of mag­
nitude. Comparison of oxidizing and reducing 
tests shows that the effect of oxygen partial 
pressure seems to be more pronounced at high 
than at low pH. However, as the data under 
reducing conditions represent lower limiting 
values only, the observed effect may be 
caused by low U solubility under reducing 
conditions. It may be noted that if the reported 
units in the paper by Thomas and Till [1984] 
are correct, their data (rates between 0.001 
and 0.0001 g/(m2d)) for pH values between 3 
and 12 under oxidizing conditions at 40°C are 
much lower than the rates reported for oxidiz­
ing conditions by all other authors and would 
be very close to the rates under reducing con­
ditions (data of Bruno et al. [1988]). This is 
another reason for not using their data in this 
comparison. 

The data from tests performed under air 
saturated conditions (log pCOi = -3.52, log 

9 



1000 

100 • 
10 

◊ ,6. X 
Rate 

1 
~ ◊- & 

_/, 
/' 

0.1 0ra o g/(m2d) 
0.01 ◊ ◊ 

0.001 ••• rB IP 0.0001 ■ <11 ■ ■ ■ ■ 
0.00001 

2 4 6 8 10 

pH 

1000 

□ 
10 

Rate 
0.1 

g/(m2d) 

0.001 

□ □ ◊ 

i 
◊~ 

II c:j-•11~8 
■ ,6. □ 

Xx/1,\ X 0 
,6. 

)<~ 
X 

X 
0.00001 

2 4 6 8 10 

pH 

1000 

10 
◊ 

Rate 

~ X) ~ .◊◊ 
A 

! 0.1 
g/(m2d) ◊ 

0.001 •■■ i ~6 
■ ■ ■ ■ .i 

0.00001 

2 4 6 8 

pH 

II 

12 

a) authors and materials 

■ Bruno (UO2) 

D ForsythiWerme (used BWR fuel) 

♦ Preez (UO2) 

◊ Grandstaff (nat. Uraninite) 

A Schortman/deSea (UO2) 

,6. Brodda (used HTR fuel) 

X Hiskey (UO2) 

)K Ollila (UO2) 

•Wang (UO2) 

b) test methods 

■ sequential, oxidizing 

D static, oxidizing 

X 

♦ replenishment, oxic 

◊ electrochemical, oxic 

A sequential, reducing 

,6. static, reducing 

X flow test, reducing 

12 

* 
c) log pO2 

■ <-2.68 

A • D<-1.se 

♦ <-0.68 

◊<O 
II 

A <1 

■ ■ 

10 12 

Figure !:Comparison of initial dissolution rate data [g/(m2d)) of used and unused UO;_ fuel and of natural uraninite. a) references 

and materials studied: Brodda et al. [1987), Bruno et al. (1987,1988), Forsyth and Werme [1986), Grandstaff (1976), Hiskey 

[1980], du Preez et al. [1980), Schortrnan and de Sea [1958), Wang [1981), Ollila [1988]. b) used tests, c) log p0;_ data 

10 



10 

1 

Rate 0.1 

g/(m2d) 0.01 

0.001 

0.0001 
2 4 6 8 10 

pH 

air saturated tests: 

■ Forsyth,Werme (used BWR fuel} 

D Brodda (used HTR fuel) 

♦ Bruno (U02} 

◊Ollila(U02} 

.A. Grandstaff (Uraninite} 

Figure 2: Initial dissolution rates [g/rn2d] of UOi, spent fuel and uraninite under air saturated conditions Oog pCOz = -3.52, log 

pOz = -0.68). Notations as in Fig. 1 
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Figure 3: Dissolution rates [g/(rn2d)] as a function of total carbonate concentration [rnol/l]. Only data with pH higher than 6 are 

plotted. Key to Symbols as in Figures 1 

p02 = -0.68) are given as a function of pH in 

Figure 2. It is important to note that unir­

radiated U02 and high-burnup BWR fuel 
("SFHBR") react at about the same rate. An in­

teresting result is that the majority of rate 

values obtained for either unirradiated or used 

U02 fuel are 1 to 2 orders of magnitude lower 

than the rates for natural uraninite. This indi­

cates that the oxidation state of the dissolving 

material is an important factor. Yet the rate 

law seems to be the same for both classes of 

material. The scatter in the data is too high to 

determine a reaction order with respect to the 

pH and the two plotted curves with a slope of -

0.5 serve only as a guide for the eyes. Yet it 

appears to be clear that the reaction order is 

much less the value of -1 that was proposed 

by Grandstaff [1976] from very few data 

points. The data allow interpretation either by 

a square root dependence over the whole pH 

range considered, or according to Habashi and 

Thurston [1967] in terms of a pH-independent 

rate at low pH values and a pH-dependent rate 

at high pH. 
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The rates as a function of total carbonate 
under oxidizing conditions are given in Fig. 3. 
Due to a lack of reported experimental details 
it was not possible to compare the data of the 
various authors who studied the dissolution be­
havior of U02 in a carbonate environment. 
Again the value of du Preez [1980] seems to 
be too high. The plot show a clear increase in 
the rates with increasing total carbonate con­
tent of the solutions as long as the reaction 
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rate is higher than 0.001 g/(m2d). The linear 
dependence on total carbonate seems to be 
most reasonable. This must, however, be 
treated with caution as the plot is dominated 
by the data of Grandstaff [ 197 6] (natural 
uraninite). Due to a lack of comparable data it 
is not possible to evaluate the results in terms 
of the above-described dependence of the reac­
tion mechanism on total carbonate. 



III. OXIDATION STUDIES OF U02 AND SPENT FUEL- AN ATTEMPT 
TO DERIVE A DIFFUSION COEFFICIENT FOR OXYGEN AT 25°C FROM 

LITERATURE DAT A 

Why study the kinetics of U02 oxidation in 
a paper on spent fuel dissolution? It has long 
been recognized that oxidation of U02 under 
water and in air follow different mechanisms 
[Aronson 1958]. The activation energy for a 
weight gain in water (87-200°C) is only about 
5-10 kcaJ/mol, while in air it is about 26 
kcaJ/mol. The final reaction product in contact 
with water may be in stoichiometry 
U0:3*0.8H2O [Aronson 1961], whereas air 

oxidation first produces l3-U307 (possibly 
preceded by the formation of U02+x, and 
eventually U3Og. However, recent results of 
XPS surface analysis have shown (see above, 
[Sunder et al. 1981]) that the corrosion of 
U02 in contact with oxygen-containing water 
also may proceed via the formation of U02+x 
and U3O7. Therefore, the initial reaction steps 
of UO2 in air and in water may be quite 
similar, and it is useful to investigate whether 
the results of low-temperature oxidation 
studies of UO2 might contribute to an under­
standing of the corrosion mechanism for U02 
in oxidizing aqueous solutions. 

111.1 Mechanistic considerations 

The overall oxidation mechanisms for spent 
fuel and U02 are quite different. The rate of 
oxidation is much higher in irradiated fuel 
than in nonirradiated materials [Hastings et al. 
1985]. In the case of oxidation of spent fuel, 
the segregation of fission products, and par­
ticularly the formation of closely packed fis­
sion gas bubbles along grain boundaries, 
creates easy pathways for penetration of 
oxygen and internal oxidation [Woodley et al. 
1988]. The overall rate of oxidation of spent 
fuel is therefore given by a combination of 
matrix and grain boundary oxidation [Einziger 
and Woodley 1985]. Initially the oxidation 
rate is low because only the geometric surface 
area is available for oxidation. With time the 

reaction rate increases considerably to a maxi­
mum value which is achieved when all grain 
boundaries are oxidized, i.e. the total grain sur­
face area is accessible to the oxidation process 
[Einziger and Woodley 1985, 1987]. During 
the course of the oxidation process, the degree 
of attack may be quite inhomogeneous. There 
are sometimes high-density regions in the fuel 
where grain boundary oxidation is slow, and a 
situation could arrise where certain grains at 
some places in the fuel are completely 
oxidized, while grain boundaries at other 
places are not yet oxidized at all [Woodley et 
al. 1988]. 

The degree of matrix oxidation depends on 
temperature, time, and surf ace area, and below 
0.007 atm 02 on the partial pressure of 
oxygen as well. Even at temperatures as low 
as 25°C the reaction may proceed to the stage 
of UO3*xH2O [Hoekstra et al. 1961, Wadsten 
1977] provided that the specific surf ace area is 
high enough, as it is the case with "active" 
U02 which has a specific surface area of 
about 30 m2/g. However, when the oxidation 
of fuel pellets below 160°C is studied, the for­
mation of l3-U3O7 appears to be the final 
product formed within in reasonable time inter­
vals [Hoekstra et al. 1961]. Above 200°c y­
U3O7 and then U3Og will be formed 
[Kuz'micheva et al. 1971]. The formation of 
U409 was suggested as an intermediate step at 
low oxidation rates prior to the formation of 
tetragonal U30] [Anderson et al. 1955]. 
However, a phase diagram given by Hoekstra 
et al. [1961] indicates that U409 may not form 
below 150°C, and in the oxidation studies of 
Kuz'micheva et al. [1971] the formation of 
U409 was never observed at low tempera­
tures. In contrast, recent observations indicate 
that at 140 to 225°C, U409 is the major initial 
reaction product, at least in grain boundaries 
[Woodley et al. 1988]. 

The first oxidation step is the adsorption of 
an oxygen monolayer [Anderson 1953]. The 
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adsorption is fast and proceeds with an activa­
tion energy of 12.8 kcal/mol. The rate is 

linearly dependent on the partial pressure of 
oxygen [Smith 1960]. The further oxidation of 

UOi to f3-U307 involves the diffusion of 
oxygen into the U()i lattice, with some distor­
tion of the structure but without major struc­

tural reorganization of the parent fluorite lat­

tice [Aronson et al. 1957, Taylor et al. 1980]. 

A superlattice will be formed, which has been 
explained in terms of long-range ordering of 

oxygen cluster chains [Allen and Tempest 

1982]. The cluster chains represent a one­

dimensional "path" of different chemical and 
physical properties within the conventional 

fluorite structure. Allen and Tempest [ 1982] 

predicted an inhomogeneous diffusion path 

with hindered diffusion along the cluster 

chains and easier diffusion between the 

chains. 
Many authors suggested that oxygen dif­

fusion controls the rate of UOi oxidation, 

either through a surface layer of U3O7 or 

within the UO2 lattice, by forming a UOi+x 
solid solution [Alberman and Anderson 1949, 
Aronson et al. 1957, Blackburn et al. 1958, 

Hoekstra et al. 1960, Walker 1965, Taylor et 
al. 1980, Einziger and Woodley 1985,1987]. 

These two mechanisms are difficult to distin­

guish by means of kinetic data [Hoekstra 

1961, Einziger and Woodley 1987] and the 

details of the oxidation mechanism are still far 
from clear. Factors that could control oxygen 

diffusion would involve the relative stability 

fields of UO2+x and U3O7, the growth kinetics 
of U307, the ratio of the diffusion coefficients 
in both phases etc. The rate law is not yet 

clear. Initial rates of UOi oxidation could be 

interpreted in terms of an exponential [Aron­
son 1957, Walker 1965, Einziger and Wood­

ley 1987], a square root [Aronson 1957, Black­

burn 1958, Walker 1965, Einziger and Wood­

ley 1985] or a linear dependence on time 
[Tempest et al. 1988]. If film diffusion were 
involved, even a linear rate law would not con­

tradict diffusion control. 
The growth of a U3O7 surface layer on UOi 

may proceed to several microns of depth 

[Taylor et al. 1980, Simpson and Wood 1983, 
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Tempest et al. 1988] into the UO2 grains and 

result in stresses that cause intergranular and 

transgranular cracking but do not appear to 
cause gross disruption of the surf ace or spalla­
tion. The surf ace cracks serve as nucleation 

sites for the formation of initially isolated 

U3Og mounds. The oxidation of U307 to 
U3Og is sometimes preceded by an induction 

period which was explained by low rates of 
nucleation and growth of U30g. Eventually 
spallation will occur in which whole grains be­
come dislodged, leaving behind clean, un­

oxidized grains [Tempest et al. 1988]. Spalla­
tion and the production of particulate is a 

result of an increase in molar volume by 30% 
in connection with the transition from U3O7 to 

U3Og. One result of this process is that the 

specific surf ace area increases as a function of 
the degree of UOi oxidation [Blackburn et al. 

1958, Smith 1960]. Results of Simpson and 

Wood [1983] indicate that once U3Og is 
formed, the extent of oxidation is linearly de­

pendent on time. 
In order to evaluate the quantitative correla­

tion between rates of oxidation in air and reac­

tion rates of UO2 in water, it is important to 

derive a diffusion coefficient for oxygen at 

room temperature from studies that are typical­

ly performed at temperatures of about 200°c 
(still called "low" temperature studies) or even 

at temperatures above 700°C. A general 

review of diffusion processes in UOi is 
provided by Matzke [1986, 1987] and D. Vol­

lath [ 1986]. In the following literature data 

from both high- and low-temperature oxida­
tion studies are compared and extrapolated to 

obtain a diffusion coefficient at room tempera­

ture. 

111.2 Low-temperature oxidation data 
for UOi and spent fuel 

Weight change results and rate constants 

from low temperature oxidation studies (120 

to 300°C) of UO2 and spent fuel were often 
used to describe the diffusion of oxygen quan­

titatively. The numerical value of a diffusion 
coefficient will depend on whether diffusion 



through a surface layer of U3O7 or bulk dif­
fusion is assumed. Since more than 30 years it 
is clear that weight gain data are not sufficient 

to distinguish between the two mechanism 
[Aronson et al. 1957, Einziger and Woodley 

1987] and it is still uncertain which 
mechanism dominates. From X-ray evidence, 

Aronson proposed the matrix diffusion 

mechanism as the most likely case. Recent ob­
servations by Tempest, Tucker and Tyler 

(1988] clearly show the formation of a U307 
layer. Still this does not exclude the matrix dif­

fusion mechanism from being the rate control­
ling step. 

Blackburn et al. (1958), Walker (1965) for 

U02 and Einziger and Woodley (1985) for 

low gas release spent PWR fuel interpreted 
the time dependence of weight gain in terms 

of a diffusion mechanism through a product 

layer of U3O7 using an equation of the form 

1-(1-C)l/3 = ✓k't 
or 

ro - r = ✓2kt (1) 

where C is the fraction of UO2 converted to 
U307, ro is the radius of the unoxidized U02 

solids, ro-r is the thickness of the U307 layer 

and k or k' are rate constants which are re­

lated by k'=2k/r/ 
The rate constants are closely related to the 

diffusion coefficients in the U307 layer. A dif­

fusion coefficient can be calculated by making 
an analogy with the growth of a film of tar­

nish on metal by rapid reaction with a gas 

[Crank 1955 p.117]. In application to U02 

oxidation this would mean that the reaction 
proceeds by diffusion of dissolved oxygen 

through the U 307 film to the surf ace of non­

oxidized U02, where the concentration of ex­
cess oxygen is assumed to be zero. This is a 

moving-boundary problem in which the rate 

of movement of the U02/U307 interface is 

governed by the rate of oxygen diffusion in 

U307 and all diffused oxygen is consumed by 

the formation of U307. The position of the in­

terface is given by 

ro - r = 2a✓Dt (2) 

where a is given by the equation 

Co/W*p = ✓n aexp(a2) erf(a) (3) 

where Co is the concentration of dissolved 
oxygen in the outer surface, W is the mass 

fraction of excess stuctural oxygen in U3Q7 

and p is the density of U307. The product Wp 
gives the stoichiometrically constrained con­
centration of excess oxygen in U3O7. A dif­
fusion coefficient can be calculated from the 
rate constants k or k' by combining Eqs.1 and 

2 when the concentration Co is known. If it is 
assumed that the concentration of oxygen free 

to migrate is given by the stoichiometry of 

U307, then Co/Wp=l and a can be calculated 
to be 0.6 according to procedures given by 

Crank [ 1955]. Using this value, the combina­
tion of Eqs.1 and 2 yields a relation of a dif­
fusion coefficient and a rate constant given by 

D = k'ra2/1.44 (4) 

In the spent fuel oxidation studies of Ein­
ziger and Woodley (1985) ro is the radius of 

individual grains, because the authors deter­
mined k' for the situation where all grain 

boundaries are oxidized. In contrast in the 

studies of UO2 oxidation [Blackburn 1958, 

Walker 1965] the grain boundary attack was 

neglected and ro is equal to the sample radius. 
As an alternative to layer diffusion, the 

matrix diffusion mechanism - involving forma­
tion of a solid solution of U02+x - has been 

used to interpret oxidation weight gain data by 
various authors (for spent fuel by Einziger and 

Woodley [1987] for U02 by Anderson et al. 

(1955], Aronson et al. [1957] and Walker 

[1965]). The time dependence of weight gain 
is usually [Aronson 1957] described by the for­

mula 

C = 1 - 6/1t2 l(l/n2)exp(-n2n2Dt/r02) (5) 

where C is the fraction of U02 converted to 
U3O7, and D is the diffusion coefficient. Ein­

ziger and Woodley [1987] used the same equa­

tion but expressed the product D1t2/ro 2 with 

the rate constant k. Conversion to a diffusion 
coefficient can be done directly. 

Temperature dependent diffusion coeffi­
cients measured by the various authors are 
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Figure 4: Compilation of diffusion coefficients for oxygen obtained from low-temperature oxidation studies of UOi or spent fuel 
performed at various temperatures 

shown in Fig.4. Data interpreted by means of 
the layer mechanism are indicated by 'L' and 
those by the bulk diffusion mechanism by 'B '. 

Coefficients for the bulk and layer diffusion 
mechanisms are identical within the uncertain­
ty of the data. With only minor deviation from 
a straight line, all data for oxidation of U02 
follow the temperature with an Arrhenius-type 
dependence. The activation energy is about 25 
kcal/mol. Spent fuel oxidation seems to occur 
slightly faster than U02 oxidation, with a 
higher activation energy of 32 kcal/mol. With 
decreasing temperature, U02 and spent fuel 
oxidation become identical. Due to the high 
concentrations of defects, it is unlikely that 
oxidation rate of spent fuel will be lower than 
that of U02, so the activation energy of 32 
kcal/mol should not be used for further ex­
trapolation of the spent fuel curve to room 
temperature. 

Ill. 3 Extrapolation of diffusion coeffi­
cients from high temperature 
data 

In order to obtain a better understanding of 
the temperature dependence of U02 oxidation, 
the above-described bulk or layer diffusion 
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coefficients for temperatures <350°C can be 
compared with results obtained at tempera­
tures >500°C both for vapor oxidation [Bittel 
et al. 1969] of unirradiated U02+x and for 
reduction [Lay 1970] of U02+x in a hydrogen 
stream. The latter two experimental results 
can be mathematical represented by the 
general analytical expression for the diffusion 
coefficient of oxygen in a chemical gradient 
given by Breitung [1978] 

log D = A + 104 * B/f 

for a temperature range between 500 and 
about 2500°C. The coefficients A and B used 
in the equation depend slightly (not as much 
as oxygen self-diffusion) on the stoichiometry 
of U02+x. For 0.0001 < x < 0.01 the coeffi­
cients are A = -1.509 and B = -0.5227 and 
for x=0.16 A = -0.886 and B = -0.5409. The 
B values correspond to an activation energy of 
23.8 kcal/mol or 24.6 respectively. 

The activation energy for oxidation of 
U02.t6 is very close to that obtained from low 
temperature oxidation studies, i.e. for dif­
fusion in U3(n. A comparison of extrapolated 
high and low temperature data is given in 
Fig.5. Low temperature data are the same as 
those given in Fig.4. The extrapolated high 
temperature data are about two orders of mag-
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Figure 5: Comparison and extrapolation to room temperature of diffusion coefficients of oxygen in a chemical gradient o~tained 

in low and high temperature studies . Data for fission product diffusion in the natural Ok.lo reactor are included for companson 

nitude higher than the diffusion coefficients 

obtained at low temperature. The discrepancy 

may be caused by the different stoichiometries 

(U02+x, x < 0.16 for T > 50()°C and U307 for 

T < 350°C). Such a decrease in the diffusion 

coefficient with an increasing value of x is the 

inverse dependence to what is known for 

lower deviations from stiochiometry (x < 
0.16). A similar decrease was observed for 

oxygen self-diffusion when the oxidation state 

of the U40J field (x=0.25) was approached 

[Contamin et al. 1972, Murch et al. 1975]. 

In comparing the results from low and high 

temperature data, it may be concluded that an 

activation energy of about 25 kcal/mol can be 

used for extrapolation to room temperature. 

However, in order to accurately extrapolate 

the observed temperature dependence of the 

diffusion coefficients, a better understanding 

of the discrepancy between the high and low 

temperature data would be necessarry. In this 

regard it would be useful to study diffusion 

coefficients of oxygen in U307. At present, 

diffusion coefficients at room temperature can 

only be estimated with large uncertainties. An 

upper limit can be estimated from values ex-

trapolated from high-temperature data as 

D = 10·23 m2/s 

and a value of 

D = 10·25 m2/s 

can be estimated as a lower limit from the 

low temperature data. 

Ill. 4 Diffusion coefficient of oxygen in 
grain boundaries of spent fuel 

The above derived coefficients for bulk or 

layer diffusion describe the measured weight 

gain of the spent fuel grain matrix (T between 

140 and 225°C, data from Einziger and Wood­

ley [1985, 1987]). Penetration of oxygen into 

grain boundaries is much faster. It is likely 

that grain boundary oxidation can also be 

described as a diffusion process. If an easy ac­

cess of oxygen to spent fuel grain boundary 

surfaces can be attributed to the presence of 

closely spaced fission gas bubbles along the 

boundaries, then the diffusion coefficient of 

oxygen and the rate of grain boundary oxida-
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tion should depend significantly on the linear 
power rating of the fuel and the burn up. 

For PWR fuel (27 MWd/kg U, 0.3% 
average gas release) Einziger and Woodley 
[1985, 1987] tried to quantify the grain bound­
ary diffusion process based on data on the 
transient initial process, where the weight gain 
is lower than given by equation (1) or (5). Ein­
ziger and Woodley derived rate constants for 
this process. They assumed that the overall 
surf ace area for bulk matrix diffusion is 
proportional to the amount of oxidized grain 
boundaries. This hypothesis seems reasonable, 
as TEM work of Thomas et al. [1986] has 
shown that on spent fuel oxidation, grain boun­
daries are associated with multiple crack for­
mation which may provide easy pathways for 
further oxidation. 

The diffusion coefficient in grain boundaries 

is usually very difficult to assess because the 
grain boundary width, a, is generally un­
known, and only the product D*2a is obtained 
from typical diffusion measurements [D. Vol­
lath 1986, Olander 1986]. However, as the 
penetration depth of oxygen for a given dif­
fusion coefficient does not depend on the 
width of the boundary, the study of the data of 
Einziger and Woodley may provide a unique 
opportunity to estimate a diffusion coefficient 
for oxygen in grain boundaries. 

For grain boundary oxidation, Einziger and 
Woodley also used equation (5), but with a 
higher rate constant. Conversion of rate con­
stants to diffusion coefficients can be per­
formed again with k=D1t2/ri, considering that 
the radius r0 of interest is no longer given by 
the grain size but by the fragment size (size of 
sample used is not reported but it may be es­
timated from its weight (200 mg) to about 2.7 
mm, radius 1.3 mm). With these data the dif­
fusion coefficient D for oxygen in grain boun­
daries is given within a factor of two of uncer­
tainty 

for 200°c 

According to Woodley et al. [1988] the activa­
tion energy for grain boundary oxidation is 
similar to that for matrix oxidation. With a 
value of 25 kcal/mol the diffusion coefficient 
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is 

for 25°C 

The value for the diffusion coefficient for 
grain boundary oxidation depends of course 
on the assumed transport mechanism. An alter­
native mechanism would be that diffusion of 
oxygen controls the rate only for the length of 
the boundary between two single grains. 
When oxygen has penetrated all the way along 
this grain boundary, the two adjacent grains 
may split from each other, due to the change 
in molecular volume of substrate and oxidized 
product, allowing easy oxygen access to the 
grain boundaries beneath. Such a process may 
in a first approximation be considered as 
repeated linearly with time as long as a large 
fraction of grain surfaces is not oxidized. In 
general, the diffusion coefficient for this 
mechanism would be expected to be smaller if 
used to interpret the same experimental data. 

A diffusion coefficient for the diffusion/dis­
ruption mechanism may be calculated as fol­
lows. Einziger and Woodley [1985] reported 
the time at which grain boundary diffusion 
was completed as the time when grain matrix 
oxidation starts to follow a diffusional law. If 
that time (ea. 36 -100 h at 200°C) is devided 
by the number of grains (average grain size 0 

= 25 µm) within half the diameter of the fuel 
fragment sample (1.3 mm) then, with the as­
sumption of a constant rate law, the time for 
oxidation of one boundary of adjacent grains 
can be calculated as tg - 1.3 h +- a factor of 
2. Using this time a diffusion coefficient can 
be estimated with D = 1t * ~2/4tg for 200°c 
as 

+/- factor of 2 

and using again an activation energy of 25 
kcal/mol the value for 25°C would be 

D = 1.7 * 10-20 m2/s 

This means that within the uncertainty of 
the data, the dependence of the calculated dif­
fusion coefficients on the transport mechanism 
may be neglected. If the values for the dif­
fusion coefficient of oxygen in spent fuel 
grain boundaries are compared with the bulk 



or layer diffusion coefficient in s~ent fuel at 

200°C of about (Fig.4) D = 5*10- m2/s, it is 

found that diffusion in spent fuel grain boun­

daries is about four to five orders of magni­

tude faster than bulk diffusion. This difference 

is similar to that reported by Yajima [1966] 

and Hawkins et al. [1968]. The time, tg, of 

oxidation of a spent fuel grain boundary to a 

depth of the length of one grain diameter ~ 

can be estimated at tg = 1t *~2/4D 
If oxygen diffusion were governed by the 

coefficient, it would take about 800 years to 

penetrate into the fuel the distance of one 

grain diameter of 25 µm. Hence, grain bound­

ary oxidation should be an extremely slow 

process at room temperature. Its effect would 

not be observable in any experiment. 

However, whether this is valid or not depends 

to a significant degree on the activation ener­

gies used for extrapolation, and since the ac­

tual activation energy for grain boundary 

oxidation is still not known, any extrapolation 

to room temperature remains highly specula­

tive. 

Ill. 5 Diffusion coefficients calculated 
from the release of soluble fission 
products from the natural Oklo 
reactor 

Uraniferous rocks in the Oklo mines in the 

Republic of Gabon in equatorial Africa con­

tain the wastes of natural fission reactors that 

were critical two billion years ago (Curtis 

[1985]). The natural reactor products were 

formed in-situ within the grains of uraninite, 

the promary host mineral for the natural 

waste. Grains of uraninite are dispersed in a 

clay matrix and are embedded in sandstone. 

More than 90% of the 'fuel' had remained at 

the same place it had been during criticality, 

showing the remarkable stability of uraninite 

under appropriate conditions. Actinides and 

rare earth elements stayed also largely in 

place, whereas Tc, alkali and alkali earth ele­

ments were released to the environment.. 

The principal mechanism for loss of fission 

products from the uraninite grains in the reac­

tor core appears to have been very slow solid 

state diffusion. Diffusion coefficients for fis­

sion products in the uraninite grains were es­

timated acording to Cowan [1978] from the de­

gree of retention of radionuclides in grains of 

known average radii. Johnson and Shoesmith 

[1988] used this method and estimated for Cs, 

Xe, Rb, Kr, Mo and Tc a diffusion coefficient 

of 1-4 * 10-26 m2/s. A comparison with the 

data of Cowen [ 1978] shows that Sr and Ba 

have similar coefficients. 
From the chemist's point of view it is rather 

surprising to find the diffusion coefficients of 

such chemically disparate elements so close 

together. A reasonable assumption is that the 

mobility of the various nuclides is governed 

by a common mechanism. In the light of the 

above discussions, oxygen diffusion seems to 

be the controlling process. The estimated dif­

fusion coefficients for radionuclides can, there­

fore, be interpreted as diffusion coefficients 

for oxygen. The data have been plotted for 

comparision in Fig. 5. As can be seen, fair 

agreement is obtained between the extrapo­

lated diffusion coefficient and the data from 

the Oklo reactor. 
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IV. EVALUATION OF CORROSION DATA FOR SPENT BWR AND PWR 
FUEL OBTAINED AT THE STUDSVIK LABORATORY 

The data evaluation presented in this chapter 
focusses on the relationship between U-satura­
tion in solutions obtained from spent nuclear 
fuel tests and the release of soluble 
radionuclides. 

The corrosion of spent nuclear fuel has been 
studied at the Studsvik laboratory since 1977 
[Eklund and Forsyth 1978]. Data were col­
lected from tests with well characterized [i.e. 
Forsyth 1987] high burnup BWR (42 MWd/k:g 
U) and PWR fuel (41.3 MWd/k:g U) and with 
low burnup fuel (0.5 MWd /kg U) [Forsyth, 
Svanberg, Werme 1984; Forsyth, Werme, 
Bruno 1986; Forsyth and Werme 1985; 
1987]. 

Briefly the experimental conditions can be 
summarized as follows: The test methods in­
clude static tests of almost three years' dura­
tion and two dynamic tests. Sequential tests 
(periodic renewal of leachants) are still in 
progress, the cumulative exposure time now 
being 6 years. Replenishment tests (periodical 
replacement of 20% of the leachant) were per­
formed within a test period of less than a year. 
Most test specimens were 20 mm long seg­
ments (ea. 16 g U02) of fuel and clad cut out 
of the fuel rods at various positions. In some 
cases, various size fractions of fuel fragments 
were leached without the cladding present. 
Tests were performed in 250 ml pyrex flasks 
with 200 ml leachant at 20 to 25°C under 
oxidizing and reducing conditions. In the 
present evaluation only data from oxic condi­
tions are considered. The leachants were 
either de-aerated deionized water or Allard 
water (for composition see Forsyth, Werme, 
Bruno [1986]). The contact volume of air was 
50 ml. After the experiments, three parameters 
were analyzed: the soluble fraction of released 
radionuclides (1.8 nm filtrate), the material 
sorbed on or adhering to the vessel walls, and 
the material remaining on the filters. The 
analyzed radionuclides for high burnup fuel 

134 13 7 144 106- 1 S4.-. were U, Cs, Cs, Ce, --Ku, - ·1:..u, 
90Sr, 125S b, 239/240pu, 241 Arul38Pu, 242cm, 
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and 244cm. In the following evaluation only 
the data for 137Cs, 90sr (or '89Sr for low bur­
nup fuel), 125Sb, U and 2391240i>u are con­
sidered. 

The main results can be described as fol­
lows: 

• U and Pu very rapidly reached saturation 
at neutral to slightly alkaline pH (1-2 
mg/1 and 1 ug/1 respectively) 

• the release rate of 90sr decreased with 
time but remained higher than the rate of 
U release 

• the release of 90sr was similar in 
dynamic and static corrosion tests, 
hence, it was almost independent of the 
water "flow rate". 

• for high-burnup fuel, congruent dissolu­
tion of soluble elements and U was ob­
served only at pH values lower than 4 

• the data for low-burnup fuel show a 
higher tendency towards congruent leach­
ing behavior 

• under reducing conditions, significant 
lower leach rates were observed 

• BWR and P\VR fuel show similar be­
havior 

• no significant differences were observed 
between results from leach tests with 
fuel rod segments and with fuel frag­
ments 

IV.1 Solubility limits for the dissolving 
matrix under oxic conditions 

It is a general result from spent fuel or U02 
dissolution tests performed in the presence of 
atmospheric oxygen that the solution con­
centration of uranium reaches a constant value 
after short time periods. Although solution 
concentrations appear to be controlled by 
solubility equilibria with respect to some kind 
of oxidized phase, the solution concentration 



may vary quite substantially during a long 

term experiment by as much as a factor of 100 

[Ollila 1986]. For disposal of spent nuclear 

fuel, an important question is whether U 

saturation has any effect on the release rates 

of radionuclides. Saturation effects of silica in 

solution with respect to the dissolving solid 

play an important role in controlling the 

release of soluble radionuclides from nuclear 

waste glasses. It is important to study the 

potential of such effects in tests of spent fuel. 

A constant uranium concentration is not an un­

ambiguous indicator of saturation effects with 

respect to the dissolving solid because con­

stant uranium concentrations could also be a 

result of a steady state governed by the rates 

of dissolution and of precipitation, or could be 

controlled by the solubility of a secondary al­

teration product. Therefore, Shoesmith et al. 

[ 1988a] concluded that it is not possible to use 

a solubility-governed release model for fission 

products from spent fuel for oxic conditions. 

However, dynamic long-term experiments 

with BWR fuel [i.e. Forsyth and Werme 1985] 

seem to indicate that the release of soluble ele­

ments is affected by the solubility-limited 

release of uranium (see below). This indicates 

that uranium saturation may indeed affect the 

stability of the dissolving solid. 
Initial attempts to identify the solubility con­

trolling phase seemed to indicate that solution 

concentrations were in close agreement with 

the solubility limit of schoepite [Bruno et al. 

1984]. This would agree with results from 

long-term experiments performed at 25°C 

with spent CANDU fuel in which UO3*2H2O 

(schoepite) was identified by XRD [Stroes­

Gascoyne et al. 1985]. However, if the recent­

ly refined thermodynamic data for schoepite 

and for U (VI) hydroxo complexes at neutral to 

alkaline conditions are used it is found that 

uranium concentrations are about a factor of 

30 lower than given by the solubility of 

schoepite [Bruno and Sandino 1988] (see also 

the calculation of even larger discrepancies 

given by Ollila [1988] when using another 

data base). Considering the large scatter of 

U02 solubility data under oxic conditions and 

the dependence of solubility on particle size 

[Bruno and Sandino 1988, Bruno and Grenthe 

1988], this discrepancy may not be so surpris­

ing, but even if schoepite controlled the 

uranium release, the reason why the UO2 dis­

solution rate (and the radionuclide release 

rates) decreases when it is formed would still 

have to be explained. Radionuclide release 

would only decrease as a consequence of 

schoepite formation when it constitutes a 

protective layer on U02. On the other hand, 

results of electrochemical experiments per­

formed by Johnson et al. [1982) seem to indi­

cate that a UO3*xH2O film is nonprotective. 
Alternatively, the saturation effect with 

respect to the dissolving solid may be rational­

ized by electrochemical arguments consistent 

with the oxidative dissolution of UO2. A 

general feature of an electrochemically control­

led dissolution process is that the oxidation 

reaction (formation of UO2++) and the reduc­

tion of the oxidant occur at different sites. The 

electrochemical potential at the surface may 

differ substantially from the overall redox 

potential in solution, which means that a 

potential gradient will be established and 

solubility calculations using bulk solution Eh 

data may be of no use for inferring the satura­

tion state with respect to the dissolving solid. 

Assessment of the solubility-controlling 
U02 surface potential 

The electrochemical potential at the surf ace 

of U02 equals the open circuit potential, 

which was measured by various research 

groups for diluted conditions [Wang 1981, 

Sunder et al. 1981, 1987 Shoesmith et al. 

1985) and which is also denoted as "corrosion 

potential" or as "mixed potential". This poten­

tial is to a certain degree independent of the 

bulk solution Eh because it is governed by the 

condition that anodic (dissolution) and 

cathodic (reduction of oxidant) currents must 

be equal when no external potential is applied. 

The potential dependence of anodic and 

cathodic currents and the corrosion potential 

are illustrated (Fig. 6) in a scheme taken from 

Johnson and Shoesmith [1988]. The inter­

dependence of reduction of oxygen at cathodic 
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sites and dissolution of U02 at anodic sites 

may be described with an example given by 
the authors. If by any means (for example by 
using a catalyst) the cathodic current is in­

creased (case 2 versus case 1), then the cor­

rosion potential will shift to more positive 
values. As a consequence, the anodic current 
and hence the dissolution rate will increase. 

In order to relate the surface potential of 

U02 to solubility constraints, it is necessary to 
understand the thermodynamic and kinetic fac­
tors that govern the corrosion potential. In 
principle both the anodic and the cathodic cur­

rent can each be described by a combination 
of forward and reverse reactions, and far from 

equilibrium the reverse reaction can be 

neglected [Hiskey 1979]. A situation close to 
equilibrium is achieved when the equilibrium 

potentials of the two half reactions U02 --> 
u02++ + 2e- and 02 + 4W + 4e· --> 2H2O 

are close [Shoesmith pers. communication]. 
The equilibrium potential for the anodic reac­

tion is given by the equation [see Pourbaix] 

(Ee)a = (E0)a + 0.0295 log UO2++ [V] 

with E0 calculated by E0 = (µ0u02++ -
µ0u02)/2F from the recent data base of Bruno 

and Puigdomenech [1988] to be 0.325 V at 
25°C. If the surface is partly oxidized, the E0 

value is higher. For the cathodic reaction the 

Anodic 
current 

Cathodic 
cvrr9nt 

uo2 Oi1101'n 

equilibrium potential for 25°C is given [Pour­

baix] by the equation 

(Ee)c = 1.228 - 0.0591pH + 0.0148 log p02 

[V] 

These equations allow equilibrium effects to 
be distinguished from kinetic control of the 

corrosion potential. The equilibrium condition 

is given by ~ = 0 consistent with log p02 = 
3.99 pH+ 3.99 log (U02++) - 39.05. At 1 atm 

02 it appears to be rather unlikely that equi­
librium can be attained, but it should be men­
tioned that this equation applies to surface con­
centrations. Due to the consumption of 

oxygen at the UO2 surface the partial pressure 

of oxygen at the surface may be much lower 
than in solution, and despite disequilibrium 

with respect to the bulk solution local equi­
librium is possible at the surface. 

In order to identify the factors which control 
the corrosion potential, Fig. 7 shows the 

measured corrosion potentials from experi­

ments by Shoesmith et al. [1985] in the 

presence of dissolved 02 and by Sunder et al 

[ 1987] in presence of H202 are compared 

with the results of thermodynamic calculations 

of the stability fields of various uranium 

oxides and of schoepite using the data base 

supplied by Bruno and Puigdomenech [1988]. 

Excluded from the data base was U409 be-

C Ec.rr )z > C Ece,,>1 
. ·. (i,orr>2 > Ocorrh 

dnpitt 
AE,. l ( E,~- C E, >uo2 ,. A E2 • 1 ( c.~- ( E,>uaz ( 

where 
Ee • equilibrium potential 

E,0 ,, • corrosion Potential 

i,0 ,, • corrosion current 

Figure 6:Scheme of an electrochemical interpretation of the dissolution of UOi fuel (taken from Johnson and Shoesmith [1988]. 
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Figure 7: Comparison of the measured corrosion potential of UOi in the presence of dissolved 02 and in the presence of H:z()i 

[Shoesrnith et al. 1985, Sunder et al. 1987] and XPS surface analysis results of UC)z electrodes at certain applied potentials [Sunder 

et al. 1981, 1983] with results from thermodynamic calculations of the relative stability of various solids. ". • -" denotes the phase 

boundary U30J/lJ30s in the unlikely event that the formation rate of U3()g is fast enough and the solid line is calculated either for 

the UO,JU30J or for the U30J/schoepite boundary. XPS data give the highest oxide observed 

cause U409 would be the most stable phase 
under mildly reducing conditions [Garisto and 
Garisto 1986], whereas there are indications 
that its formation at room temperature is 
kinetically hindered. For example, solution 
concentrations of uranium under reducing con­
ditions remain oversaturated with respect to 
U409 for long periods of time [Bruno et al. 
1987] and in U()2 oxidation studies performed 
at low temperature direct transition from 
U0.2+x to U307 was observed and no U409 
was detectable [Kuz'micheva et al. 1971]. At 
the oxidizing side of the U0.2 stability field 
two alternative phase boundaries were calcu­
lated, one for the situation when the formation 
of U30g would be too slow to control the dis­
solution of U3(n. In this case, the stability 
field of U307 is limited by the schoepite field. 
In the other case, the formation of U3()g is 
fast enough to allow control at the 
U307/l]30g boundary. The latter case appears 
to be rather unlikely as U308 formation is 
favored only under dry conditions [Shoesmith, 
pers. communication]. The diagram includes 
data for the highest oxides on the electrodes 
observed by Sunder et al. [1981,1983] for con­
ditions where applied potentials were used. 
The comparison shows reasonable agreement 

between the observed surf ace oxide phases 
and the thermodynamic calculations. 

The measured corrosion potentials seem to 
be closely related to the stability field of 
U307 (Fig.7). Three ranges of behavior can be 
distinguished, two where the corrosion poten­
tial follows the phase boundaries (at low pH 
U0.2/U307 and at high pH values either 
U307/U30g or U307/schoepite) and one in the 
stability field of U307, where the potential 
remains about constant. In the case, where 
H202 is present the pH dependence of the cor­
rosion potential seems always to correlate 
with the U307/schoepite boundary. 

At low pH ( <2)the data indicate that the 
oxidation of U02 is fast enough to approach 
the stability field of U3(n. According to 
Sunder et al. [1985] the flat part of the cor­
rosion potential curve at pH >2 in the 
presence of dissolved oxygen is governed by 
the relative rates of oxygen reduction and 
oxidative u02++ dissolution. Comparison with 

the thermodynamic calculations show that this 
flat part of the curve is located completely in 
the U307 stability field. This implies that the 
dissolving solid is not U0.2 but U307. In other 
words, U307 which is formed by diffusion of 
oxygen into the U02 lattice (see last chapter) 
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does form a "protective layer" on U02. This 
agrees with the interpretation given by Sunder 
et al. [1981] that under oxidizing conditions 
dissolution of UO2 occurs from a surface 
oxidation state higher than given by the 
stoichiometry of U3O7. The protective nature 
of that film may be confirmed by surf ace 
analyses which show that U307 does not con­
tain water (Matzke, pers. communication). If 
the dissolving solid is essentially U307 the 
equilibrium potential of the anodic reaction 
(see equation above) will shift towards more 
positive values when compared to pure U02. 
The anodic reaction may be described as 

U3O7 + 2 W --> 3UO2++ + H2O + 4e-

with 

(Ee)a=0.384 + 0.0296pH + 0.0443log U02++ 

(E0 calculated with the help of the data 
base supplied by Bruno and Puigdomenech 
[1988]). As can be seen, an increase of both 
the pH and the concentration of UO2++ will 
result in more positive equilibrium potentials 
for the anodic reaction and, therefore, a 
smaller difference to the equilibrium potential 
of the cathodic reaction (oxygen reduction), 
and at high pH values an approach towards 
control of the corrosion potential by equi­
librium reactions cannot be excluded. 

At pH values higher than 9.5 the corrosion 
potential seems to follow the U307/schoepite 
boundary given by the equation 

Eh= 0.059 * (10.71 - pH). 

corresponding to a log p02 value of -40.2. 
This correlation is an indication of a local 
equilibrium situation, although kinetic control 
is also possible (see below). A partial pressure 
of oxygen of 10-4°·2 at the U02 surface indi­
cates, on the other hand, that the electrode sur­
face is not in glahal equilibrium with atmos­
pheric oxygen. Disequilibrium with respect to 
atmospheric oxygen is quite common in 
natural water systems. If the UO2-electrode 
surface is in local equilibrium with a solution 
phase at the surface, the corrosion potential 
will follow the phase boundaries in the event 
two solids are present in equilibrium with the 
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same surf ace solution phase. According to the 
Gibbs phase rule, the solution concentration at 
the surface of uranium, log p02, Eh and pH 
are then no longer independent variables. 

A univariant local equilibrium system does 
not rule out kinetic control of phase transfor­
mation. For example, if the rate of oxygen 
transport to the surf ace changes, the rate of 
phase transition will change without affecting 
the solution concentration of U and 02 at the 
surface, and the surface potential. The equi­
librium hypothesis implies a response of the 
surface oxidation state to the position with 
respect to the phase boundary. Indication of 
such behavior is provided by the XPS data of 
Sunder et al. [1981, 1983] (see Fig. 5) which 
show the presence of higher oxides at the 
oxidizing side (applied anodic potential) of the 
phase boundary and UO2.33 at the reducing 
side. Recent results [Shoesmith et al. 1988b] 
of cathodic stripping voltammetry after initial 
open-circuit corrosion of U02 in air-saturated 
water indicate that a 6 nm thick film of 
U02.33 is formed at pH 9.5, and when the cor­
rosion potential reached a value of 30 - 100 
m V a small film of less than a monolayer was 
formed, which was attributed to UO3*xH2O. 
This behavior can be compared with Fig.7 and 
it can be concluded that when the corrosion 
potential reaches the phase boundary the 
U3O7 surface is covered partly with uranly 
hydrate. The thickness of this secondary film 
remained very small even after prolonged cor­
rosion, indicating that the mass transfer rate of 
U3O7 to schoepite (UO3*2H2O) is low, as ex­
pected under saturated conditions. 

The above thermodynamic interpretation of 
the slope of -59 mV/pH for the pH depend­
ence of the corrosion potential is in conflict 
with the kinetic interpretation offered by 
Shoesmith et al. [1985] and Sunder et al. 
[1987] which suggested that this slope is con­
trolled either by the rate of formation of the 
superoxide H02- (in the presence of dissolved 
02) or in the case of peroxide being present, 
by the decomposition rate of H202. According 
to these arguments, the correlation of the cor­
rosion potential with the phase boundary 
U3O7/schoepite is merely a coincidence, as is 



the fact that the reaction rates of decomposi­
tion of peroxide and superoxide formation 
must be identical to explain the identical cor­
rosion potentials in the presence of 02 or 
H2()2 (Fig. 7). 

Additional information in favor of the local 
equilibrium hypothesis stems from the 
reported variation of the corrosion potential 
with time [Johnson et al. 1982]. Initially, the 
open- circuit potential of an electrode cleaned 
cathodically at -2.0 V rose rapidly, the rate 
depending on the stirring of the solution. Then 
a plateau was reached and no further rise in 
potential was observed. Only these plateau 
values are plotted in Fig. 7. Although the oc­
curence of such a plateau may still be ex­
plainable by kinetic reasoning, any such inter­
pretation would also have to explain the over­
all time dependence of the corrosion potential. 
A more simple explanation seems to be that 
the plateau is governed by the univariant state 
at the phase boundary, and the increase in cor­
rosion potential potential is governed by the 
decrease of the rate of U02 ++ detachment 
(anodic current, Fig. 6). It is revealing to com­
pare the reported [Johnson et al. 1982] time 
dependence of the change in open-circuit 
potential at various pH values. In the presence 
of dissolved oxygen, the plateau is very 
pronounced at pH>9.5, i.e. when the corrosion 
potential is close to the phase boundary 
(Fig.7), whereas the plateau is only poorly 
developed at pH 2-5, i.e. when the corrosion 
potential is much lower than the boundary. In 
the latter case a further rise in potential cannot 
be excluded, but the experiments stopped prior 
to reaching a pronounced plateau. 

Further evidence for univariant control of 
the corrosion potential at the phase boundary 
at pH>9 is the lack of influence of solution 
chemistry on the plateau potential, provided 
that enough oxygen is available. With and 
without the presence of carbonate, about the 
same plateau value of 0.1 V was reached at a 
pH of 9.5 [Shoesmith et al. 1988b]. Only the 
rates at which the plateau is reached change. 
With H2O2 these rates are about 200 times 
faster than in the presence of only dissolved 
oxygen [Shoesmith 1985]. This acceleration 

was attributed to the presence of OH radicals 
resulting from the decomposition of H2O2. In 
the presence of carbonate it takes longer to 
reach the plateau [Johnson et al.1982], since, 
due to the formation of solution complexes, 
more U()2 must be dissolved before the phase 
boundary can be reached. The same plateau 
potential was reached in some cases even in 
N2 saturated solutions, probably because 
traces of oxygen were present. It just took 
longer to reach the plateau, indicating that 
oxygen diffusion to U02 is rate-determining 
for the initial process [Johnson et al. 1982]. 
Under more carefully controlled conditions 
the corrosion potential plateau was lower 
when the system was degassed with N2 
[Shoesmith et al 1988b]. 

IV.2 U02 solubility under oxic condi­
tions 

There are saturation effects that affect the 
reaction rate and others that do not. The 
protective nature of the U3(n film ensures 
that the dissolving solid is essentially U3O7, 
hence, when the solution becomes saturated 
with respect to this phase then the overall reac­
tion rate may be expected to slow down con­
siderably, as is the case of nuclear waste glas­
ses and in agreement with transition state 
theory [Aagaard and Helgeson 1982]. Selec­
tive release of fission products from the UO2 
matrix is not possible without oxidation of 
U02 because in the fluorite structure of UO2 
oxygen is the most mobile species [Matzke 
1986]. It is likely that for significant fission 
product release to occur, the degree of oxida­
tion must go beyond U307, which defines the 
stoichiometric limit of the fluorite structure. 

The solubility of U3O7 can be calculated if 
the Eh at the surface is known. Under air­

saturated conditions above pH 9.5, the surface 
Eh may equal the corrosion potential given by 
the U3O7/schoepite boundary. At lower pH 
the situation is less clear, because the cor­
rosion potential is much lower than the 
U3O7/schoepite boundary. Therefore, it is 
rather unlikely that schoepite will form at the 
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dissolving surf ace. Saturation effects would 
only involve U307. It is difficult to evaluate 
the effect on saturation of the disequilibrium 

situation between the solution phase at the sur­
face and the bulk solution phase. Parallel to 

the gradient in the oxidation potential there 
should be a gradient in U solubility, with a 

higher saturation concentration in bulk solu­

tion than at the surf ace. Because of the result­

ing transport gradient for U from bulk solu­
tion towards the U3O7 surface, it is rather un­

likely that saturation in the bulk solution will 

be reached (the solubility controlling phase at 
bulk Eh would be a U (VI) phase such as 

schoepite). An approach to U3O7 saturation 
may lead to a rise in the corrosion potential, 

because the equilibrium potential of the 
anodic reaction moves towards the equi­
librium potential of the cathodic reaction (see 

Fig. 6). A maximum value for the corrosion 
potential under saturated conditions may be 

given by the U3O7/schoepite or the 

U3O7/U3Og boundary. If the formation of 

U3Og is kinetically hindered, as for solutions 
with pH > 9.5 or for solutions in contact with 

H2O2, the U30]/schoepite boundary is 
favored, which is given at 25°C and 1 bar by 
the equation 

Eh = 59.2 * (10.71 - pH) [mV] 

Under saturated conditions, at the 

U3O7/schoepite boundary, the surface solution 

concentration of U is fixed and the reaction 
rate equals the mass transfer rate from U3O7 

to schoepite. An alteration product (schoepite) 

might be expected to act as a sink for U, 

which could enhance the corrosion rate of the 

dissolving solid and the release rate of soluble 

radionuclides [i.e. Garis to 1986]. However, 

such behavior is unlikely when the rate of 

phase transformation is controlled by an 

electrochemical process. Hypothetical in­
creases in the UO2++ detachment rates (in­

creasing anodic currents), in conjunction with 

an unchanged potential dependence of 

cathodic current, would move the corrosion 

potential out of the stability field of schoepite 

into the U3O7 field and disturb the condition 

of alteration product formation (see Fig.6). 
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The present interpretation of U saturation in 

solution implies that no overall ther­
modynamic equilibrium is reached, but only a 

steady state. True thermodynamic equilibrium 

under oxidizing conditions would require com­

plete converion of UO2 and U3O7 to a higher 
oxide alteration product and finally to 

schoepite. In order to assess the steady-state 

mass transfer rates, it is important to study the 

effect of various oxidants other than oxygen 
(i.e. H202 produced by alpha radiolysis). 

IV.3 Comparison of calculated U solu­
bility with experimental data 

Solution concentrations of U obtained in 
static, sequential and replenishment dissolu­

tion tests with PWR, BWR and low-burnup 

fuel in Allard water and in static tests with 

BWR fuel in deionized water [Forsyth, 

Werme 1986] were compared with the calcu­

lated saturation concentration of uranium in 

Allard water (synthetic granitic groundwater, 
composition: [Forsyth, Werme, Bruno 1986]). 
The calculations were performed using the 

geochemical computer code EQ3NR107 [Wol­

lery 1983] with the uranium data base sup­
plied by Bruno and Puigdomenech [1988] in 

conjunction with the EQ3/6 data base 
3245R53. Various hypotheses for Eh control 

where tested. (1) The Eh was assumed to be 
given by the measured corrosion potentials 

(see Fig.7). Alternatively, the Eh was assumed 

to be given by (2) the U3O7/U3Og or (3) the 

U307/schoepite boundary. 
Depending on pH, Allard water may be sub­

or supersaturated with respect to atmospheric 

C02. Hence, at the end of a long-term experi­

ment, due to access of air, the C02 content 

may have been different than at the beginning. 

Therefore, two cases were calculated: one 
with the nominal HCOf content of 123 mg/I 

and another, where the C02 content has been 

fixed by assumed equilibrium with atmos­

pheric CO2. Although calculated for Allard 

water the curve for atmospheric CO2 is also 

applicable to deionized water experiments. 

The best agreement of calculated and ex-



perimental results was obtained for assump­

tion (2). Good agreement between measure­

ments and calculations was also obtained at 

values of pH of about 8 when the measured 

corrosion potential was used, but in the low 

pH range the calculated U solubility was 

much lower than the measured values (by up 

to a factor of 1000). 
The results for the U307fU3Qg boundary are 

shown in Fig. 8. Calculations for the 

U3(n/schoepite boundary yield curves parallel 

to those described in the figure, the total con­

centration of uranium in solution always being 

about a factor of 30 higher (see also Bruno 

and Sandino [1988]). The scatter in the data is 

too great to give a final answer. 

Excluding the data at low pH, the experimen­

tally determined U concentrations are plotted 

as a function of cumulative contact time (Fig. 

9). The data are compared with the calculated 

U solubility limit (U3Q7/U3Og) for the 

nominal solution pH of Allard water of 8.2. A 

similarly good fit is obtained of U solubility 

calculated for an Eh given by the measured 

corrosion potential. As can be seen, most 

values fell in the range given by the difference 

between the solubility in the presence of at­

mospheric C02 and of the nominal CO2. This 

could mean that the typically observed scatter 
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in the U solubility data may result from a lack 

of control of the C02 content in the tests. 

In order to compare the model with another 

set of data, U solution concentrations obtained 

from tests with unirradiated U02 at various 

concentrations of NaHCO3 were used [Ollila 

1988]. Fig. 10 shows the results. Also given in 

the plot are the solubility curves calculated by 

Ollila [1988] with the help of the geochemical 

code PHREEQE [Parkhurst 1981]. At low car­

bonate concentrations there seems to be fair 

agreement between the new solubility inter­

pretation and the data. At high carbonate con­

centrations the discrepancy becomes quite 

great There are two possible explanations for 

the discrepancy. (1) The solutions at 600 mg/I 

of HCOf are about 4 times oversaturated with 

respect to atmospheric C02, so solutions may 

have lost carbonate during the long duration 

(224 days) of the test. This interpretation is 

supported by experimental evidence showing 

that the pH rose during the test from an initial 

value of 8.5 to a value of 9.1. (2) The solu­

tions with high carbonate content were not 

saturated. This is likely, because in the test at 

600 mg/I HCOf the solution concentration in­

creased by almost a factor of 2 between 112 

and 224 days. 
The above evaluation can be summarized by 

■ DIW 

D sequ 

♦ stat 

◊ acidwash 

A repl 

6 LBSF 

X PWR 

7 8 9 
◊ acidwash 

Figure 8:pH dependence of uranium concentration (µM) from corrosion tests with BWR fuel ("acid wash"= data from acid 

treatment of fuel after long-term static tests, DIW = static tests with deionized water, Allard water tests: Stat = static, rep! = 

replenishment, sequ = sequential) PWR and low bumup fuel (LBSF) Comparison with calculated U solubility at the U30,/U30s 
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time (key to symbols as in Fig.6). Comparison with calculated U solubility at the U3(h/lJ3Qs boundary at pH 8.2. Upper line: 
calculated for constant carbonate content, lower line: carbonate control by equilibrium with air. 

stating that the the dissolving solid is essential­
ly U3(n; hence, saturation effects with respect 
to this phase are important for the overall reac­
tion rate. Solution concentrations of uranium 
in leach experiments with U02 under oxidiz­
ing conditions are similar to satuation con­
centrations at either the U307/U30g field 

-.. , 
c-'-;---,.---,,---r---.---.r--...--

1 - - -_,..,, 

Figure l 0: Comparison of unirradiated UOz solubility data 
(data and plot taken from Ollila [1988), solid curves obtained 
by the author from solubility calculations with PHREEQE) at 
various bicarbonate concentrations with calculated results for 
the U3(h/1)3Qs boundary. 
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boundary or at pH 8 at the measured corrosion 
potential. It should be mentioned that in the 
electrochemical experiments of Sunder et al. 
[1981-1988], the approach of U saturation was 
not studied explicitly. Such studies would be 
necessary for a further improvement of the in­

terpretation of experimentally observed U 
saturation effects. A true thermodynamic equi­
librium may never be achieved, because the 
surface potential at the U 307 surf ace will 
remain lower than the potential given by the 
partial pressure of oxygen in the system. 
Determination of mass transfer rates for the 
conversion of U3(n to higher oxide alteration 
products is very important, as U307 will most 
likely retain soluble radionuclides whereas 
higher oxides may not. 

IV.4 Solubility limits for Pu 

The fraction of the inventory of Pu in the 
aqueous phase (FIAP) is in most cases much 
lower than that of U, indicating solution con­
trol by the solubility of a precipitating phase, 
coprecipitation or sorption processes [Forsyth, 
Werme, Bruno 1986]. The solution concentra­
tion of Pu decreased with time. This was at-
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Figure 11: Comparison of Pu solution concentrations (inferred from 239~ activities) from spent BWR fuel dissolution tests 

(key to symbols as in Fig. 6) and a curve calculated with EQ3NR107 (database 3245R53) for solution control by Pu(OH)4(am) 

with the Eh controlled by the U3{h/lJ3Qs boundary. 

tributed to the slow crystallization of an initial­

ly formed amorphous precipitate [FWB]. A 

comparison of solution data with the calcu­

lated solubility of Pu02*xH2O showed that 

the experimental data (5-8 nM; pH between 5 

and 8.1) were about 2-3 orders of magnitude 

higher than the calculated values (0.01 nM). If 

Pu02 (cryst) were used in the calculations, the 

expected solution concentrations would be a 

factor of 1000 lower. The most critical 

parameter seemed to be the solubility of the 

precipitating hydrolyzed plutonium oxide. 

Recently [Bruton, Shaw 1987), the EQ3/6 

code was used to calculate solution controls 

for Pu within a reaction path calculation for 

spent nuclear fuel. Pu02(cryst) appeared to be 

the most stable phase and, therefore, this 

phase controlled the calculated release of Pu 

from the fuel. No attempt was made to con­

sider the fact that the most stable phases are 

often also the most slowly forming phases. A 

Pu solution concentration of 0.001 nM was cal­

culated, but if this calculation is repeated it is 

found that more than 99% of the solution con­

centration of Pu is tied to the species 

Pu02(OH)2HCOf. The existence of this 

specie is rather unlikely [Grenthe, Robouch, 

Bruno, pers. commun.]. If it is excluded the 

solution concentration of Pu is more than a 

factor of 100 lower (10- 14 M), i.e. more than 

5 orders of magnitude below the experimental 

data. 
An important question is which redox state 

to use for the calculations. Bruton and Shaw 

[ 1987) assumed equilibrium with respect to at­

mospheric oxygen. This is unreasonable, be­

cause solutions typically remain in disequi­

librium with respect to oxygen for long 

periods of time. The above discussion of U 

solubility limits does show that a reasonable 

Eh is given neither by the oxygen partial pres­

sure nor by the system's Eh but by the surface 

potential of the dissolving U02. Hence, when 

saturation with respect to uranium is achieved, 

Pu solubility must be calculated for the Eh at 

the U3(n/U3Os or the U3(n/schoepite bound­

ary. There is no difference in Pu(IV) solubility 

at both boundaries, because Pu(IV) species are 

in both cases dominant. 
Using the EQ3NR107 code (data base 

3245R53) the solubility of Pu(OH)4(am) was 

calculated for the Eh at the U3(n/U3Qs bound­

ary as a function of pH, excluding the species 

Pu02(OH)2HCOf. In Fig. 11, the calculated 

values are compared with the data from the 

spent BWR fuel dissolution tests. The total 
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concentration of Pu was inferred from the ac­
tivity of 2391240ru in solution. As can be seen, 
there is reasonable agreement above pH 4. At 
lower pH values, it is likely that the solution 
concentration of Pu is controlled by kinetic 
constraints, i.e. by the dissolution rate of the 
U02 matrix. It is then, however, a contradic­
tion that even in tests at low pH the Pu release 
was lower than the release of U. 

In order to check whether the release of Pu 
could also be controlled by the release of U, 
the Pu to U ratio of the fractions of inventory 
in the aqueous phase is plotted in Fig. 12 as a 
function of cumulative exposure time. For 
tests in Allard water with low-burnup fuel and 
with high-burnup BWR and PWR fuel, the 
average ratio was 1/10, decreasing with time 
to almost 1/100. This seems to support the 
hypothesis of solubility control by crystal­
lization of an initially amorphous hydrolysed 
plutonium oxide phase [Forsyth, Werme and 
Bruno 1986). 

IV.5 Release of soluble radionuclides 
from spent nuclear fuel under U 
saturated conditions 

For the dissolution of spent fuel under condi­
tions typical for a repository, solubility control 
of the release of uranium is often considered 
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to be a limiting factor for the release of those 
radionuclides that are more soluble than U as 
well. 

An important factor is that, under oxidizing 
conditions, the spent fuel matrix is extremely 
unstable in thermodynamic terms. If the 
solubility-controlling phase for the observed U 
saturation concentration of about 1 mg/I is 
U3Q7 or a higher oxide, then with respect to 
U02 a high driving force of reaction does 
remain (according to EQ3NR calculations, 
U02 is more than 10 orders of magnitude un­
dersaturated). In principle, this would allow 
mass transfer of U from the U02 matrix to the 
higher oxide alteration products with the for­
ward rate of reaction. This does not occur due 
to the two reasons described above: (1) U307 
forms a protective layer on U02 and the dis­
solving solid is essentially U307. (2) Like 
U02, U307 retains the soluble radionuclides, 
because oxygen is by far the most mobile 
species in the fluorite structure [Matzke 1986, 
1987). In other words the release of soluble 
radionuclides depends on the dissolution of 
U307 and this dissolution process is solubility­
limited. 

The Studsvik data were used to further 
evaluate the dissolution of soluble 
radionuclides (90sr, 137 Cs, 125Sb) from spent 
fuel under U saturated conditions. In order to 
facilitate a comparison with U02 dissolution 
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Figure 12: Time dependence of the Pu/U ratio of the fractions of inventory in aqueous phase (denotations of tests and materials 
as in Fig.8). 
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data reported in the literature (see chapter II) 

the release rate data were expressed as 

uranium dioxide equivalents in units of 

g/(m2d) and not in the conventional units of 

"fraction of inventory in aqueous phase per 

day" [Forsyth, Werme, Bruno 1986]. The 

results are apparent reaction rates, and ab­

solute rate data can only be obtained if the ef­

fective surf ace area is known. The assump­

tions used to obtain surface area are described 

in chapter II.3. 
The apparent rate of release of soluble 

radionuclides generally decreases with time. 

The data do not allow direct study of whether 

the decrease of the release rate of soluble ele­

ments is an effect of U saturation, because 

solutions were generally saturated already 

after 14 days. A plot (Fig. 13) of the release 

rate of 90sr versus the solution concentration 

of U did not show any clear correlation. Yet 

there are some indications of an effect of U 

saturation on :he stability of the U02 matrix 

and the release of soluble elements. For ex­

ample, in a leach experiment with low-burnup 

BWR fuel U, 89Sr and 137Cs were released ap­

proximately congruently, and when U reached 

a constant concentration in solution, the rate 

of release of soluble elements decreased also 

(see Fig. 14 for 89Sr and U). It should be men-

tioned that the straight line in Fig. 14 may in­

dicate an initial corrosion rate under non -

saturated conditions. This rate corresponds to 

0.015 gU/(m2d) and was used in the com­

parison of rate data in chapter II.3. Another, 

clearer example of the effect of saturation is 

the long-term experiment (up to 8 years 

[Stroes-Gascoyne et al. 1985, Forsyth, Werme 

1985]) with periodic replacement of leach 

solutions. In these tests the rate of release of 

Sr resembles with time the rate of U release, 

and since the rate of U release is controlled by 

the U saturation concentration in solution and 

by the frequency of solution exchange, the 

similarity of Sr and U release means that U 

saturation controls the release of Sr as well, 

despite the fact that the U02 matrix is still 

very unstable thermodynamically. 
In order to understand the decrease of the ap­

parent Sr release rate for conditions where 

uranium has been saturated, the working 

hypothesis was made that Sr is distributed 

homogeneously in the U02 and U307 matrix 

(analogous to findings of Kleykamp [1985]) 

and that grain boundary segregation of Sr or 

(co-)precipitation or sorption of Sr does not 

occur. Since selective extraction of Sr out of 

the fluorite structure is not possible, the 

release data for Sr provide a lower limit for 
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Figure 13: Correlation of the release rate [mg/(m2d)] of 90Sr from spent fuel tests with the U concentrations in the same tests, key 

to symbols as in Fig.8. Surface area used to calculate surface area normalized rates: 2 cm2/g fuel 
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Figure 14: Fraction of inventory of 89Sr and U in solutions (*105) resulting from tests performed at Studsvik with low-bumup 
fuel versus the contact time. 

the degree of corrosion of the U(IV) matrix, 
i.e. the Sr data normalized to the inventory in 
the fuel equals the sum of U in solution and 
the mass of a solid alteration product (U3()g, 
schoepite). The difference between the frac­
tions of inventory in aqueous phase (FIAP) of 
90sr and U is, therefore, smaller or equal to 
the amount of U02/U307 converted to a solid 
alteration product. The total mass of alteration 
product formed was then calculated as a func­
tion of overall reaction progress from the dif­
ference between the cumulative Sr and U 
releases. Assuming that the alteration products 
remain as a surface layer on the fuel (the 
amount of U plated out is too small to account 
for the U deficit in solution) an average layer 
thickness can be calculated, provided that the 
specific surf ace area of the fuel is known. 
Since grain boundary oxidation and/or fission 
product segregation may allow water access to 
grain boundaries, the effective specific surf ace 
area will be between the geometrical surf ace 
area and the surf ace area of separated grains. 
The total surf ace area of individual grains is 
about 200 times higher than the geometrical 
surf ace area, and therefore the uncertainty in 
the calculated layer thickness is given by this 
factor 200. 
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For the experiments performed at Studsvik 
with BWR and PWR fuel under oxidizing con­
ditions (static, sequential and replenishment 
tests, [Forsyth, Werme 1986]) Fig. 15 shows a 
plot of the apparent depth of an oxidized sur­
face layer as a function of the square root of 
the total exposure time. The plot reveals a con­
sistent trend in all of the data which is best 
represented by a straight line indicative of a 
rate-controlling transport process. Between 20 
and 2000 days none of the data for high-bur­
nup PWR and BWR fuel deviated by more 
than a factor of two from the line. 

There are at least five possible explanations 
for the dependence of the growth of an ap­
parent alteration products layer on the square 
root of time. (1) It is a real layer and diffusion 
processes through this growing layer of higher 
oxide alteration products control the dissolu­
tion rate of U02'lJ307. (2) Oxygen diffusion 
through U02JU307 controls the rate. (3) The 
main transport path is not volume diffusion 
but diffusion in grain boundaries. ( 4) The as­
sumption of homogeneous distribution of Sr in 
the grains is wrong, and Sr is enriched at the 
grain surfaces with a diffusion profile that 
gradually dissolves as the U02 matrix dissol­
ves. (5) Segregation of Sr in the grain boun-
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Figure 15: Time dependence [d] of the difference of the apparent cwnulative corrosion depth [nm] of 90Sr and U as calculated 
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water (DIW) and synthetic ground- water [sequ]. Data are arbitrarily normalized to an estimated specific geometric surface area of 
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daries cannot be neglected and grain boundary 
diffusion is the controlling process. Explana­

tions (1) to (3) can be distinguished from (4) 
and (5) by studying the behavior of other 

soluble elements. Fig. 16 and 17 show plots 

similar to Fig. 15 but for 125Sb and 137Cs. For 
137 Cs the data from the first contact with the 
solution were not considered because initially 

a high amount of 137 Cs is released from the 
gap. For 125Sb the data do not show a clear 

trend. Only in one sequential test series there 

was some indication for a square root of time 

dependence. For 137 Cs the data are consistent­

ly higher than the Sr data, but in the sequen­

tial tests the square root of time dependence is 

even clearer. The offset in the curves is 

probably due to the fact that gap-release is not 
yet completed. A higher Cs release is a 

generally observed fact, and if gap release is 

completed it may be attributed to leaching of 

Cs-enriched grain boundaries. The trend in the 

data from the static tests is not clear because 

the scatter in the data is high. The large scat­

ter may be caused by different amounts of non­

completed gap-release included in the data 

after excluding the major fraction of gap-

release when preleaching the samples for 14 

days. 
If diffusion through a growing surface layer 

limits the rate of Sr release under oxidizing 

and O saturated conditions (case 1) than there 
are two further options. (la) A surface 

precipitate is forming and (1 b) higher oxides 
grow by pseudomorphic replacement of 

002/0307 and Sr release may occur through 
a growing oxidized zone. Surface precipitates 
such as rutherfordine in high-carbonate solu­

tions are often found to reduce the dissolution 

rate of unirradiated 002 or limit the anodic 

currents of 002 electrodes [Nicol and Needs 
1977, Wang 1981, Ollila 1988] with respect to 

the rate under subsaturated conditions. 
However, there are also conditions where sur­
face precipitates do not limit the reaction rate 

[Wang 1981]. Case lb would be in agreement 

with surface oxygen profiles reported by 

Wang [1981]. No information is available on 

the diffusion of Sr, water and oxygen in 

higher oxides, but the validity of cases la and 

b rests with slow transport processes. On the 

other hand, the discussion of solubility con­

trols for O (chapter IV.1) has provided indica-
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Figure 17: same as Fig. 15 but 137Cs data 

tions that U307 has direct contact with the 
aqueous phase. This would either mean that 
transport through higher oxides or schoepite is 
fast or that the phases are separated by a gap. 
If those transport rates are fast, oxygen dif­
fusion in a chemical gradient of hyperstoichio­
metric U02 (up to U307) may be the limiting 
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factor (case 2) for the formation of U30g 
and/or schoepite and for the release of soluble 
elements. 

In order to test this hypothesis, the diffusion 
coefficient of oxygen in a chemical gradient 
in U02 can be compared with a diffusion coef­
ficient obtained from the straight line in Fig. 



15. The diffusion coefficient of oxygen is 

rather uncertain at room temperature. It was 

extrapolated from available high-temperature 

data (see discussion chapter III) to obtain a 

value of 10-24 m2/s. For Sr release from spent 

fuel, the value of a diffusion coefficient can 

be calculated from Fig. 15 with the help of the 

formula D= rc/4*x2/t where x is the apparent 

depth of the oxidized layer at time t. With x 

also D depends on the assumed effective 

specific surface area. Using the geometrical 

surface area a D value of 4*10-21 m2/s is ob­

tained. If all grain surf aces are accessible to 

water, the value is 10-25 m2/s. There seems to 

be agreement with the diffusion coefficient for 

oxygen in a chemical gradient. The diffusion 

coefficient from Fig. 15 is equal to the ex­

trapolated diffusion coefficient for oxygen dif­

fusion when grain boundaries of 15 layers of 

grains, counted from the surface of a fuel frag­

ment, are accessible to oxygen-containing 

water. This seems to coincide with reported 

SEM micrographs of leached spent fuel sur­

faces which show open grain boundaries 

several grain diameters in length. Under such 

conditions, the average thickness of an 

oxidized layer would be 7 nm after 2000 days. 

There seems to be the possibility of surprising 

agreement between the Sr release data, struc­

tural information and diffusion data for 

oxygen in U02fU307. 
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V. SOME THOUGHTS WITH RESPECT TO A MODEL FOR OXYGEN 
DIFFUSION AND THE RELEASE OF SOLUBLE FISSION PRODUCTS IN 
DISSOLVING SPENT FUEL UNDER U SATURATED OXIC CONDITIONS 

In the following, some steps in developing a 
model for spent fuel dissolution under oxidiz­
ing conditions are discussed. A generally ap­
plicable model would have to consider 
seperately the chemistry of grain boundary 
oxidation/dissolution and of the dissolution of 
exposed surfaces. Some experiments with fuel 
of different surface-to-solution-volume ratio 
are needed which would determine whether 
the release of fission products is proportional 
to surf ace area or whether surf ace area is not a 
critical factor due to solubility constraints. If 
the effective surf ace area is of importance for 
the release of fission products, then the time 
dependence of the total wettable surf ace area 
may have to be considered. Due to diffusion­
controlled grain boundary oxidation/dissolu­
tion, the overall surface area will increase 
with time. The grain boundary oxidation and 
dissolution process may be quite complicated, 
since the stage of reaction progress per unit 
volume at grain boundaries may differ substan­
tially from that at exposed surfaces. This is 
due to volume restrictions, where voluminous 
high-oxide phases (U3()g, schoepite etc.) can 
only form when grain boundaries are ruptured 
or when open grain boundary porosity is 
present due to fission product segregation. 
Volume reduction by the formation of U409 
or U307 may be a necessary condition for the 
formation of small amounts of higher oxides 
in grain boundaries. In other words, the equi­
librium redox potential between U409 or 
U307 on the one hand and higher oxides on 
the other is shifted in grain boundaries 
towards more positive values (see the pressure 
dependence of the equilibrium constant as a 
function of the change in the apparent 
molecular volume of the reaction). 

Using the observed apparent correlation be­
tween the diffusion coefficient of oxygen in 
U02 and the release of fission products a 
schematic model can be outlined in which the 
release of soluble fission products is propor-
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tional to the degree of fuel oxidation. 
A model was designed similar to the descrip­

tion of alkali ion exchange on glass surfaces 
for moving boundary conditions [Doremus 
1979, Boskay 1967] for illustrative purpose. A 
development of the mathematics of the model 
is described in the quoted reference. It is as­
sumed that the solution is saturated with 
respect to a secondary alteration product and 
the fuel matrix dissolves at a constant rate, 
which is zero under static conditions and is 
given by the product of flow rate and satura­
tion concentration under dynamic conditions. 

For the outer surface of the fuel a fixed 
U0:3*xH20 composition is assumed for the 
sample calculations. No attempt is made to ac­
count for possible phase boundaries between 
various oxides that form along the diffusion 
path (U409, U3Q7, U205, U3Qg) and since no 
diffusion coefficients for oxygen and/or water 
in the higher oxides were available, no al­
lowance is made for the effect of the more 
open structure of the higher oxides on oxygen 
transport. For the release of soluble fission 
products such as 90sr, 125Sb or 137cs two 
cases were calculated. It was assumed that Sr 
is released proportionally to the oxygen up­
take of the surf ace. Hence, the depth profile of 
Sr depletion should match the inverse oxygen 
penetration profile. As this would also assume 
the unlikely release of a fraction of 
radionuclides from the U02 or U3Q7 struc­
ture, a more realistic case (not yet calculated) 
would be when fission product release is only 
allowed when the oxygen content of the sur­
face is higher than given by the composition 
of U3(n. Support for this latter case is 
provided by the electrochemical studies of 
Shoesmith et al. [1981], which show that for 
U(VI) subsaturated systems dissolution of 
U()2 starts when a surface composition of 
U205 has been reached. Under the U(VI) 
saturated conditions considered here the dis­
solution of U cannot occur, but radionuclides 



may still be released. A list of model 

parameters is given in table 2. 

Table 2: List of mcxiel parameters typical for a sequen­

tial corrosion test 

groundwater flow rate 
U(VI) saturation cone. 
density of UC>i 
molecular weight of UC>i 
atomic weight of U 
geometric surface area 
assumed number of water accessible 
grains per surface grain 

F= 1.1 mVday 
CS= 2 mg/I 

d = 10.35 g/cm3 

MG = 270 g/mol 
AG = 238 g/mol 

SG= 32 cm2 

N=5 

water accessible surface 
corrosion rate 
Oi diffusion coefficient 

S = SG * N * 6 
a= F*CS*MG/(S*d* AG) 

D = 10-24 m2/sec 

concentration of transportable oxygen 
at outer surface Co= 38 moVI 

The following equation yields the average 
valence state 'val' (between 4 and 6) of 

uranium at a distance y from the surf ace. The 
surface retreats into the fuel matrix at a rate, 

a. Using the abreviations 

s(y,t) = y-at/2✓Dt g(y,t) = y+at/2✓Dt 

the valance state is given by 

val(y,t) = 

4 + erfc(g(y,t)) + exp(-ay/D) *erfc(s(y,t)). 

A plot of the valence state of the surf ace as 
a function of depth after 3 years of oxidation 

is given in Fig. 18. 
Assuming that the release of fission 

products from the fuel is controlled by the de­

foee of surface oxidation, the rate of release of 
0sr from the fuel is given by the following 

equation. The rate is expressed in terms of 

equivalent grams of uranium release per unit 

area of the surface. 

rsr = MG*(Co*a/2*(1+1/2erfc(s(y,t))) + 

Co(D/1texp((-s(y ,t)2)) 

In Fig. 19 the time dependence of the rate of 

release of Sr is compared with the rate, ru, of 

release of U. Initially, the rate of Sr release is 

more than a factor of 100 higher than the rate 
of release of uranium, but with time the rate 
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Figure 18: Average valence state of uranium on a U02 
surface after 3 years of oxidation. 
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Figure 19:Normalized release rates of Sr (xxx) and U (+++) 

from spent fuel as a fucnction of time in a dynamic leach test 

of Sr release approaches that of uranium. 

After about 4 years of reaction, the release 

rate of Sr is only 3 times higher than that of 

uranium. 
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In Fig. 20 the release of Sr and U per sur­
face area from the fuel is expressed in terms 
of an equivalent reaction depth Dsr and Du. 
The depths Du and Dsr are given by the for­
mula 

Du= ru * t / d 

Dsr = ru*t/d + J(l +(val(y ,t)-6)/2)dy 

A total depth Do of oxidized fuel remaining 
on the surface is given by Do = Dsr - Du. 

The results of the double logarithmic plot in 
Fig. 18 show that with time the rate of Sr 
release becomes slower (due to oxygen dif­
fusion through an increasing layer thickness) 
and, for the conditions assumed, after about 
300 years a steady-state layer thickness (here 
about 50 nm) will be achieved when the rate 
of oxygen diffusion equals the rate of U02 dis­
solution. The time at which steady state is 
reached depends on the water flow rate, the 
oxygen diffusion coefficient and the effective 
surface area. Therefore, the numeric results 
calculated in the present example may be of 
no meaning in a more realistic calculation. 
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Figure 20: Average depth of Sr (xxx) and U (+++) release 
from water-accessible spent fuel surface grains (relative to the 
initial outer surface plane) and average thickness (_) of the 
oxidized surface layer as a function of time 

Nevertheless it is important to note that, as 
was found in the sequential leach tests per­
formed at Studsvik, the model states that at 
longer reaction times the release rate of Sr 
seems to resemble the release rate of U. 
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