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ABSTRACT 

Dissolution and corrosion of (Th,U)O, fuel was investigated in near neutral and slightly acidic 
water (pH 3) at room temperature and near 100°C. X-ray photoelectron spectroscopy and X-ray 
diffraction were used to study oxidation of (Th,U)O, fuel during corrosion experiments. The 
uranium in the surface of (Th,U)O, fuel undergoes oxidation similar to that observed in UO, he1 
under similar conditions. Nevertheless, the dissolution rate of uranium from (Th,U)02 fuel in 
aerated solutions is much lower than that from UO, fuel under similar conditions. These studies 
suggest that used (Th,U)O, fbel should be an acceptable waste form for direct geological 
disposal. 

INTRODUCTION 

Thoria-based nuclear fuels are being considered for use in CANDU reactors [I]. One reason 
for the resurgence of interest in thoria as a nuclear he1 is the potential of burning weapons' 
plutonium in a thoria-based matrix [2]. Also, the high relative abundance of thorium minerals 
compared with uranium minerals in certain countries makes the thorium fuel cycle attractive to 
such countries. The CANDU reactor has the capability to use a thorium fuel cycle because of its 
excellent neutron economy, channel design and on-power refueling, that results in an 
unsurpassed fuel-cycle flexibility. 

As the thermal conductivity of Tho, is higher than that of UO, over a wide temperature range, 
Tho, fuel operating temperatures will be lower than those for UO, fuel [I]. Hence, the thermally 
activated processes in the fuel, such as diffusion of fission gas from the fuel, will occur at lower 
rates leading to lower fission gas releases from Tho, fuel than that from UO, fuel operating 
under similar ratings. 

Natural thorium does not have a fissile isotope. Therefore, thoria is generally mixed with 
another actinide oxide, containing a fissile isotope (e.g., t15U02 or 239P~0,), for its use as a fuel in 
a nuclear reactor. The majority of the 235U or 2 3 9 P ~  isotopes present in the thoria fuel are "burned- 
out" during its stay in the reactor. The fissile component(')of used thoria fbel mainly consists of 
233U formed by the transformation of 233Th. Therefore, if thoria fbel is to be used as a nuclear fuel 
one needs to know the behaviour of (Th,U)O, in contact with water - the used fuel may come in 
contact with water during storage andlor disposal conditions (see below). Thoria (Tho,) is very 

t13U is formed by an absorption of a neutron by t12Th, the main isotope of thorium, and 
subsequent beta-decay of 235Th and 233Pa. Although D3U is a fissile isotope, its strong gamma 
activity makes it less amenable to recovery or diversion than plutonium [3]. 



insoluble in water and does not undergo oxidation beyond its +4 oxidation state. UO,, however, 
does undergo oxidation beyond its +4 oxidation state, and uranium oxides with U in the higher 
(+6) oxidation state have higher solubility than UO, [4,5]. Although there are several studies on 
the dissolution of (Th,U)02 fuel in strongly acidic solutions [6] very few experimental results are 
available on the behaviour of (Th,U)O, fuel in near neutral conditions expected during used 
nuclear fuel storage (in a water pool) or disposal (in a geologic vault) [3]. Here, we describe the 
results of our experiments on the dissolution of (Th,U)O, he1 in pure water and in slightly acidic 
water (pH 3). Changes in the surface oxidation of (Th,U)O, samples used in these tests were 
investigated using X-ray Photoelectron Spectroscopy (XPS) and X-ray Diffraction (XRD). 

EXPERIMENTAL 

Two kinds of (Th,U)O, samples were used in this study - one fiom archived fuel pellets stored 
at the Whiteshell Laboratories of AECL (WL pellets) and the second fiom a recent production at 
the Chalk River Laboratories of AECL (CRL pellets) [7]. The WL pellets contained 2.4% natural 
UO, (0.7% 235U) in Tho,. The WL pellets were made by mixing Tho, and UO, powders, 
followed by cold pressing and sintering at 1 700°C [5]. These pellets had density -9.64 g cm4, 
diameter -14.5 mm, height -14.5 rnrn, average weight -22.5 g, and were beige-gray in colour. 
The CRL pellets contained 1.5% UO, (93% 23SU) in Tho,. The CRL pellets were also beige-gray 
in colour with flecks of darker gray and white matter. UO, pellets used in reference experiments 
were obtained from an unused CANDU fuel bundle and were uniformly dark gray in colour. 

The electrical resistance of all the (Th,U)O, pellets obtained for this study was very high [7]. 
Therefore, we did not use electrochemical techniques, like those used in our studies on UO, 
corrosion [4,8] to study the corrosion of (Th,U)O,. The corrosion of (Th,U)O, was investigated 
by studying changes in its surface stoichiometry and by measuring the amount of uranium 
dissolved during a corrosion test. 

The pellets were cut to obtain -4.5-mm thick disks for the corrosion experiments. The sample 
disk was mechanically polished on all sides, including the rim, to expose a fiesh surface before 
all corrosion experiments. Corrosion experiments were carried out in purified water pH -5.5, 
and in slightly acidic water, pH -3, obtained by adding nitric acid to water. 

Corrosion tests were started by adding 10 mL of water (or water containing nitric acid) to the 
reaction vessel containing a polished, washed, dried and weighed disk of (Th,U)O,. Control tests 
were conducted using a UO, disk in place of a (Th,U)02 disk, and without any disk. Test 
conditions are summarized in Table 1. Additional details of test conditions and experimental 
methods are given in reference 7. All tests were carried out for a period of about 6 d. After this 
period, the reaction vessel was removed from the oven and cooled to room temperature on the 
laboratory bench. Sample disks were removed fiom the cooled solutions, and submitted for XPS 
and XRD analyses. 

The pH and volume of solution remaining in the reaction vessel were measured and the 
solution analyzed for uranium. Uranium concentration in the solution was determined by the 
standard addition method using FLURAN (a buffered inorganic complexing agent) and a 
Scintrex Fluorescence Uranium Analyzer UA-3 [7]. 

XPS spectra were recorded using a PHI-5300 ESCA system. The spectra were excited using 
Mg K a  X-rays and filtered through an A1 window. A Rigaku Rotaflex X-ray diffractometer, 
equipped with a 12-kW rotating-anode Cu Ka X-ray source and a diffracted-beam graphite 
monochromator, was used to obtain the XRD patterns. 



RESULTS AND DISCUSSION 

X-Ray Diffraction 

XRD data were obtained only for tests carried out with the WL disks. The XRD data were 
recorded for diffiaction angles (28) fiom 5" to 120". A comparison of observed XRD pattem for 
(Th,U)O, with those in the literature for Tho, showed good agreement between the observed and 
the literature patterns [7]. Nearly all of the observed peaks could be assigned to the Tho, pattern. 
Distinct peaks for uranium oxides were not seen in the XRD pattem. The information about the 
oxidation state of uranium in the test specimens was obtained using XPS. 

An analysis of all the observed diffraction peaks, with 60°<28<1200 (both Ka, and Ka,) gave 
the value of the unit-cell parameter a = 5.5941 (3) A for the WL pellet containing 2.4% UO, in 
Tho, [7]. The figure in parentheses is the estimated standard deviation in the last significant 
figure. Similar analyses were carried out on five different UO, specimens and gave values of the 
unit-cell parameter a ranging between 5.4700 and 5.4704 A. Our experimental values of unit- 
cell parameter a for UO, are in excellent agreement with the literature value of 5.4704k0.0003 A 
reported by Cohen and Berman [9]. 

Cohen and Berman also determined values of unit-cell parameter for Tho,, a = 5.5975&0.0002 
A; and for (T~,,,Uo,,o,)02,00, a = 5.5846(3) A. One obtains a value of unit cell parameter a = 
5.5944 A for (T~.,6Uo~024)0, by interpolating between the values of UO, and Tho,, or by 
interpolating between the values for (T~.,,U,,,o,)02, and Tho,. The calculated value for 
(Th()976U0,m4)02 is in good agreement with the experimental value obtained above, as can be seen 
from Figure 1. This suggests that the WL (Th,U)O, disks are homogeneous solid solutions of the 
stated composition. 

X-Ray Photoelectron Spectroscopy 

XPS spectra of the (Th,U)O, disks were recorded before and after the corrosion experiments. 
Low-resolution survey spectra, for the 0- 1 100 eV region, were recorded to determine the 
elements present in the pellet surface. High-resolution spectra were recorded for C Is, 0 1 s, 
Th 4f, Th 5d, U 4f, and the valence region (0-20 eV) to determine the chemical state of these 
elements. The C 1s band with a binding energy value of 284.8 eV was used to correct for 
charging effects [ 1 01. 

Survey spectra of polished disks, fiom WL pellets, showed bands which were assigned to 
thorium, uranium, oxygen and carbon peaks [7,11]. The 0 1 s band, in the XPS spectrum of the 
fieshly polished samples, suggests, that most of the intensity of this band arises from the oxide 
(0'-) moieties, with a small contribution from OH- and H,O moieties present on the surface [7]. 
Analyses of the 0 1s bands into 02-, OH- and H,O components, according to the procedure 
described elsewhere [lo], showed that the fraction of the OH- and H,O species was much higher 
in the spectrum of a corroded sample than in the spectrum of the freshly polished sample. 

The binding energies of the Th 4f bands and Th 5d bands in the fieshly polished or corroded 
(Th,U)O, samples were equal to those expected for Tho, [7,11]. However, the binding energies 
of the U 4f bands were slightly higher in the spectra of the corroded samples than those in the 
spectrum of a freshly polished sample. The binding energies of U 4f bands are very sensitive to 
the chemical state of the uranium atom and increase with an increase in its oxidation state. For 
example, the U 4f, band occurs at -3 79.9 eV in UO, and at -3 8 1 -2 eV in UO, [lo]. 
Therefore, the increase observed in the binding energies of the U 4f band of the samples, after the 



corrosion tests, indicates that the uranium present in the surface of these samples underwent 
some oxidation during the tests [7].  

The relative amounts of U6+ and U4+ in the samples used in the tests were determined by the 
analyses of the U 4 f ,  bands (Table 1). This table also contains U6+'/U" ratios for fieshly 
polished (Th,U)O, and UO, disks for comparison purposes. In general, there was an increase in 
the U*/U4+ ratio during corrosion of (Th,U)O, disks in aerated solutions. The average value of 
the U6+/U4+ ratio is about 0.3 in acidic solutions (pH -3) and about 0.6 in near neutral (pH -5.5) 
solutions. We believe that the lower values of the U*N4+ ratio, for the samples corroded in 
acidic water, is due to the increased dissolution of Ub species in acidic solutions [4,5]. This 
conclusion is consistent with corrosion rate results discussed below. 

Corrosion Rates 

Corrosion rates of (Th,U)O, and UO, disks in different tests were calculated from the amount 
of uranium released into the solution during the corrosion tests [7]. (Thoria is very insoluble in 
water under the conditions of the experiments [3,7].) These rates were calculated using the 
following equation: 

where 

DR = dissolution rate (mgam-?-d-I), 
Uf = uranium concentration (pg-L-I), 
V, = final volume (rnL), 
t - - time of corrosion test (h), 
A = area of the disk (cm2), and 
k = conversion factor to calculate dissolved UO, from measured 

amount of uranium, i.e., = (270/238) = 1.1344. 

The dissolution rates given in Table 1 were calculated using the geometric area of the sample 
disk, i.e., 5.35 cm2. To obtain the actual area of a solid the geometric area is multiplied by the 
roughness factor. The roughness factor for UO, disks is believed to be -3 [12]. If one were to 
use the same roughness factor for (Th,U)O, as that for UO,, the dissolution rates shown in 
Table 1 would be reduced by a factor of three. 

The use of equation (1) to calculate the U02 dissolution rate assumes that the final uranium 
concentration in the aqueous phase is still unsaturated with respect to solid U-containing phases, 
i.e., there is no significant re-precipitation of dissolved uranium [13]. This is a reasonable 
assumption for tests with the (Th,U)O, samples because of the low uranium concentrations seen 
in these tests (Table 1). It may be noted here that the dissolution rates obtained in this work for 
UO,, in aerated water at room temperature (experiments J and K), compare favorably with the 
results reported in the literature by different authors (Figure 2). The agreement between the 
dissolution rates of UO, obtained here and those reported in the literature gives confidence in the 
method used here to measure the dissolution rates of UO, from the sample. 



The results listed in Table 1 show that the uranium dissolution rates increase with an increase 
in temperature of water (experiment C compared to experiments A and B, and experiments F and 
G compared to experiments J and K) and a decrease in water pH (experiment D compared to 
experiment E). These conclusions are in agreement with the literature on the solubility of UO, in 
water [4,10]. 

A comparison of the dissolution rates for (Th,U)02 and UO, samples in pH -3 solution at 
-95°C (Table 1) shows that the rate of uranium dissolution fiom (Th,U)O, is much lower than 
that fiom UO,. In particular, the dissolution rate of uranium from WL (Th,U)O, is lower by a 
factor of -970 than that from UO, under these conditions (experiment C compared to 
experiments F and G). As the UO, concentration in the solid sample used in experiment C is 
2.4%, the reduction in the uranium dissolution rate is about 25 times greater than that expected 
solely fkom the decrease in the uranium concentration in the solid phase. We have not attempted 
a similar quantitative comparison of uranium dissolution rates fiom (Th,U)O, and UO, at room 
temperature because of the exceedingly low uranium dissolution rates from (Th,U)O, at pH -3 
(Experiments A and B in Table 1). It is clear from the data shown in Table 1 that the uranium 
dissolution rates in water are much lower from (Th,U)OZ than those fiom UO,. These results are 
in agreement with the results of Grandstaff [16] who carried out an extensive study on the 
dissolution of uraninite minerals in water. Grandstaff observed much lower (about 2 to 3 orders 
of magnitude) uranium dissolution rates in aerated water for uraninite minerals containing Tho, 
than those for uraninite minerals with little Tho,. 

The results obtained in this work show that the uranium dissolution rate fiom (Th,U)O, fuel, 
with UO, present as a solid solution in Tho, matrix, will be much lower than that from UO, fuel. 
The release rate of fission products (FP) from used fuel into liquid water is governed by the 
dissolution rate of the fuel, as >90% of the FP are present within the fuel grains [17]. Therefore, 
the release of most of the radioactive FP would be much lower fiom used (Th,U)O, fuel than that 
from used UO, fuel. Hence, the used (Th,U)02 fuel should be a suitable waste form for direct 
geological disposal [3]. It should be noted, however, that the results obtained in this study (and 
those reported by Grandstaff [I 61) were obtained from experiments carried out in solutions 
containing dissolved oxygen as the oxidant and do not take into account the effects of water 
radiolysis on UO, dissolution from (Th,U)02 fuel. We have shown that the radical oxidants 
formed during water radiolysis are much more effective in increasing the uranium oxidation and 
dissolution rates from UO, fuel than dissolved oxygen [18,19]. Therefore, it would be prudent to 
carry out selected experiments on the effects of water radiolysis on uranium dissolution from 
(Th,U)O, fuel. 

SUMMARY AND CONCLUSIONS 

It is possible to prepare (Th,U)O, pellets that behave like solid solutions by mixing Tho2 and 
UO, powders, followed by cold pressing and sintering at 1700°C. 

The uranium dissolution rate from (Th,U)O, increases with an increase in water temperature. 

The uranium in the surface of (Th,U)O, specimens undergoes oxidation as if it was present in 
pure UO,. However, the leach rate of uranium from a properly prepared (Th,U)O,, i.e., with UO, 
present as a solid solution in Tho, matrix, is reduced by a factor greater than that expected solely 
from a decrease in the uranium concentration in the solid phase. 

A properly prepared (Th,U)O, fuel can be an acceptable waste-form for direct disposal in a 
geological disposal vault. 
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Figure 1 : Lattice constant, a, of (Th,U)O, as a function of UO, concentration; ( i )  literature values 
(Cohen and Berman [9]),0; (ii) value calculated fiom literature values (see text), 0; and 

(iii) value obtained in this work, A. 
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Figure 2: Comparison of dissolution rates of UO, he1 obtained by different workers in aerated, 
non-complexing, near neutral aqueous solutions at room temperature. The dissolution 
rates shown are for actual surface area of the fuel. Dissolution rates reported by 
Shoesmith and Sunder were obtained using electrochemical techniques [14], all other 
rates were obtained by the chemical analysis of the solution phase. 




