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Abstract

The leaching behavior of uranium from unirradiated CANDU UQ: fuel pellets in the spent fuel
wet storage and disposal conditions has been investigated. A modified IAEA leach test method was
used, and then the extent of leaching was monitored by analysis for uranium in the leachant. The
leach test has been performed in various leachants(demineralized water and boric acid solution at
pH =6, synthetic granite groundwater) for a long-term period of 5.4 years, and the effect of tem-
perature on the leach rate of uranium has been analyzed. The leach rates of uranium at 25°C were
dependent on the leachants. Over initial 100 days of leach periods, the leach rate in grounc vater
was the highest in three leachants and no significant differences of leach rates were observed in the
demineralized water and boric acid solution. But these leach rates in three leachants around 2,000
days at 25°C appeared to be reached the steady rates in the range of 1~5x10"%g/cm? day. The
leach rate of uranium in groundwater showed to be independent of the temperature, but those in
both demineralized water and boric acid solution increased with temperature. These results show
that the leaching behavior of uranium from UQ: fuel in both the demineralized water and boric acid
may be controlled by the surface oxidative-dissolution reaction of UO: and the leach rate of uran-
ium in groundwater at room temperature could mainly be controlled by the complex reaction of dis-
solved uranyl ions with carbonate ions and no variation of leach rate of UO:2 in groundwater with

temperature may be due to the local deposition of passivating uranyl phases on the surface.

1. Introduction

The environmental and safety assessment of a rad-
joactive waste and spent fuel storage and disposal
would require the accurate predictions of the rates at
which radionuclides will be released from the spent
UQ: fuel and radioactive waste. Regarding the radio-
active waste disposal and spent nuclear fuel storage,

many researches on their leachability have been
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undertaken over the past several years[1-7]. The re-
lease mechanism of radionuclides from spent fuel
into the pool water or groundwater under storage or
disposal conditions may generally be summarized as
follows : When spent fuel contacts with pool water or
groundwater after container defect resulting from
material corrosion, the fission products(l, Cs) from
the fuel/sheath gap and fuel grain boundaries are re-

leased relatively fast. This is followed by a slow, con-
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gruent release of the fission products and actinides
contained within the UOz grains, which is controlled
by the dissolution of UQe. The leaching is in concept
a process of extraction of a soluble component from
a mixture with an insoluble component, by perco-
lation of the mixture with a solvent, resulting in the
solution, and thus can have direct effects on the en-
vironmental release of radioactive materials.

The leaching process can have very complex beh-
avior since it depends much on the physical struc-
ture, composition and chemical interactions with en-

vironment. Particularly, the leach mechanism of spen-

t nuclear fuels can vary with the composition of fis-
sion products and physical structure of the matrix,
and there have been some discussions with exper-
imental results concerning this problem[8].

In Johnson’s leaching experiment[9], the leach
rate of Cs-137 has been observed to remain higher
than the release rates of the other radionuclides even
after eight-year exposure to solution. The surface
analyses suggest that this is due to the release of
Cs-137 from the grain boundaries. Based on this re-
sult, the mechanism for the release of fission prod-
ucts such as Cs-137 and [-129 has been presented
to take place in the following three ways. (1) The re-
lease from the fuel/sheath gap takes a few days. (2)
The release from the grain boundaries may continue
several years depending on the irradiation history of
the fuel (3) The fission products in the UOz grains
are released at a rate controlled by the dissolution of
UO:2 matrix.

In spent fuel disposal conditions, the leach rate of
uranium from UQ: pellet is limited by the solubility of

UOQ: since the groundwater flow is very slow. The sol-

ubility of UO:2 depends on the geochemical condi-
tions, the chemical stability of UO2 and the leaching
mechanism of UOz under the disposal conditions[11,
12]. For example, under oxidizing conditions UOz is
not the stable uranium solid. Furthermore, possible
formation of hydrogen peroxide at the interface of
pellet and water by the radiolysis of water has been
suggested to produce the oxidizing conditions[5,13,
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14], and in the presence of hydrogen peroxide the
leach rate has been reported to promote more than
hundred times faster than at the same concentration
of oxygen. Wang and Katayama[10], through their
single crystal experiments, explained the leaching
mechanism in several steps, which includes oxidation,
dissolution, transportation and crystal formation by
hydrolysis.

Since more than 90% of the radionuclides inven-
tory is contained within the UOz grains, the major fac-
tor controlling the long term release of radionuclides
from spent fuel may be the leach rate of UOz matrix
to the pool water and groundwater under the storage
and disposal conditions.

The aim of this study is to provide the fundamen-
tal information for use in predicting the leaching beh-
aviors and rates of spent UOz fuel under the long-ter-
m storage and disposal conditions. The effects of the
nature of leachant, temperature on the leach rate of
uranium from unirradiated UO:z pellets leached for a
long-term period of 5.4 years are discussed and qual-
itatively analyzed for the relationship between the le-
ach rates and surface oxidation states of UO:z pellets.

2. Experimental
(1) Material

The material used was the sintered UQO:z pellets tak
en from unirradiated CANDU fuel bundles. The geo-
metric density was 10.53g/cm® and have ~ 97% of
theoretical density. The average surface area of each

sample was 8.4cm?,
(2) Leachant

For UO: leaching experiments with unirradiated
CANDU UO: fuel pellet, three leaching solutions
were used through this experiment : demineralized
water(pH =6) as a reference leachant and boric acid
solution (112ppm HsBOs, pH=6), synthetic granite
groundwater (pH =6.8) shown in Table 1[15).
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(3) Experimental Procedure

Leaching experiments were carried out using the
leachant replenishment method called a modified
IAEA method[16)].

The unpolished UO: pellet was placed in a pol-
ypropylene jar as shown in Fig. 1 in order to in-
crease contact surface area of UQ: with leachant, fil-
led with 70ml of leachant, which was placed in con-
stant temperature water bath controlled at fixed tern-
perature(25°C, 50°C, 75°C, respectively). The oxygen
content in the leachants was assumed to be air-satu-

rated condition and the amount of uranium in leac-

hants was initially zero. Over the fixed period, the pel-

let was removed from the leachant and transferred to
new polypropylene jar with fresh leachant. The leac-
hant in the jar, from which the pellet was removed,
was acidified with 1 ml of 68% nitric acid, evaporat-
ed and dried. Then 70ml aliquots of 5M HNO; +
0. 05M HF solution was added to the dried jar to re-
move the adsorbed uranium on the leachant con-
tainer wall. The acidified leachant was left for one
week to desorb the adsorbed uranium from the con-
tainer walls and then uranium concentration in this

leachant was measured.

(4) Uranium Concentration Analysis

The analyses of uranium in the leachants after leac-

Table 1. Groundwater Compositions Used in the Leach-

ing Experiment.

Species mg/L mol/L
Ca 13 324x10 ¢
Mg 39 160%1074
Na 83 361x107*
K 35 895x107°
Cl 5 141x10 *
S04 86 895x107°

HCOs 61.6 1.01x107*
F 0.19 1.00x10°°

NO3 0.62 1.00x107°

hing experiment were performed using Jarrell-Ash
Fluorimetric instrument in addition with low back-
ground a/8 counter. The detection limit of solid
flucrimetric method is ~ 0.01g/ml. After leaching
experiment for 5.4 years, UO: pellet surface was anal
yvzed by Xray powder diffractometry{XRD) to pro-
duce basic data for analysis of UQ:z surface oxidation

state which may affect the leach rate of uranium.

3. Results and Discussion

(1) Calculation of leach rates

The average uranium leach rate(R) is calculated
as[16, 17]:

C. (g/ml) s V(ml)
S(cm?) » T(day)

R(gecm Peday™) = (1)
where C. : Concentration of uranium in leachant
V : Volume of leachant
S : Geometric surface area of UQO: pellet
T :Duration of the leach period
Thus, R corresponds to the mass of uranium leac-

hed per unit surface area per unit time. This ap-

Fig. 1. Leaching Test Apparatus.
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proach to the calculation of the leach rate of uran-
jum is based on the following assumptions : (1) The
leach rate is first order with respect to the surface
area of the pellet. The geometric surface area of UO:z
pellet is 2~3 times less than true surface area, and
inclusion of this roughness factor would result in

smaller leach rates. (2) The wolume of leachant and

leach duration are such that the concentrations of dis-

solved uranium species in leachant are below their
saturation values, so that equilibrium will not be es-
tablished nor will reprecipitation occur. Since the
uranium concentrations measured over the whole
leach periods were considerably below saturation val-
ue, the formation of secondary products such as UQOs
hydrate on the UQ: surface was not found. There-
fore, the leach rates reported here are unlikely to be
influenced by the secondary product formation.

(2) Effect of leaching solution on leach rate

Leachants contacted with UQ: pellet were re-
moved at intervals and submitted for analysis. The

leach rates of uranium from the total amount of uran-

jum leached into each -leachant were calculated by
Eq.(1). Fig. 2 show the varation of leach rates in
three leachants as a function of leaching time over
the initial leach period at 25°C. The leach rates of
uranium showed some variations depending on leac-
hant. Although there are considerable scattering data
in the results after 50 days, the leach rates in all leac-
hants sharply decreased over the 10 days of initial
leaching period and clearly leach rates tended to be
slowly decreased after initial high leach rates. Over
initial 100 days of leach periods, the leach rate in

groundwater was the highest in all leachants. Althoug-

h the leach rate in boric acid at pH=6 is slightly
greater than that in demineralized water, no signifi-
cant differences were observed between leach beh-
avior in demineralized water and boric acid solution
(pH=6). But these leach rates in all the leachants
around 2,000 days at 25°C have a similar values

with 1~5X107% g/cm? day. Fig. 3 displays the cum-
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Fig. 3. Cumulative Amount of Uranium in Various Leac-
hants at 25°C

ulative amount of uranium leached in three leachan-
ts at 25°C. As shown in this figure, the cumulative
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amount of uranium leached in groundwater at 25°C
is much higher than those in the demineralized water
and boric acid solution. This high uranium leach rate
in the synthetic groundwater at room temperature
seems to be caused by enhanced uranium solubility
due to complex reaction with carbonate species in
groundwater. In general, the theoretical solubility of
uranium in the synthetic groundwater at 25°C is hig-
her than that in demineralized water assuming that
UsOs is the solid phase of uranium{13], because the
species in groundwater, such as carbonate and phos-
phate, complex with the uranyl ions to enhance the
solubility of uranium. Therefore, it is reported: that
the theoretical solubility of uranium in demineralized
water under oxidizing conditions is about 6X107°
gU/L at pH =6, but in synthetic groundwater this val-
ue is about 9x 107! gU/L[13]

The fractional release rates of uranium leached
over the total leach period for three leachants are
summarized in Table 2. This fractional release rate or

factor of uranium was calculated as follows :

F,(day™") =

cumulative U _concentration X leachant volume 2)
g inventory of U per pellet X total leach period

Although the leach rate in groundwater was the
highest in all the leachants over initial 100 days of
leach periods, the fractional release rates of uranium
in all leaching solutions at 25°C have the similar val-
ues over the whole leach period, not depending on
the leachant as shown in Table 2. The effect of tem-
perature on the leach rates of uranium will be dis-

Table 2. Fractional Release Rates of Uranium With Var.
ious Leachants at Various Temperatures

Unit : day™*
Leachant Temperature(°C)
25°C 50°C 75°C
Demi. water 17x107% 34x107% 11x1077
Groundwater 24x1078% 27x107% 24x107%
Boric acid 29x107® 68x107% 13x1077
(pH=6)

cussed as following.
(3) Effect of temperature on leach rate

The kinetic effects with temperature variation in
the range of 25~75°C on the leach rate of uranium
were studied in three leachants. Figs. 4~6 display
the variation of uranium leach rate with temperature
in demineralized water, synthetic groundwater and
boric acid solution at pH=6, respectively. The tem-
perature effects on the fractional release rates of
uranium in three leachants are also given in Table 2.
Although the scatter in the data after 50 days in the
demineralized water and boric acid at 50°C is too
great to draw any conclusion, the leach rates of uran-
ium at 75°C were overally higher than those in both
demineralized water(Fig. 4) and boric acid solution
(Fig. 6) at 25°C. To identify these phenomena at 50°
C, the second leaching experiments for 200 days in
both demineralized water and boric acid solution
have been carried out. The leach rates in the second
experiments are somewhat different from those in
the first experiments because another unpolished
UO: pellets were used. As shown in Figs. 7~8, the
leach rates increased with temperature. The observed
increase in the leach rate of uranium with tempera-
ture in both the demineralized water and boric acid
at pH=6 may be due to the oxygen diffusion-con-
trolled reaction in the absence of complex ions. Ther-
e is an another evidence for considering the oxygen
diffusion-controlled reaction as the rate-determining
step. Assuming Arrhenius behavior between 25 and
75°C, the calculated activation energies for both dem-
ineralized water and boric acid at pH=6 was about
26~31 kJ/mol. This activation energy for the oxidat-
ive dissolution of UQO:2 is in accord with those rep-
orted by Aronson(21~42 kJ/mol){18], Johnson et
al. (15~30 kJ/mol)[19], Pearson and Wadsworth(28
kJ/mol){20] and Thomas{20 kJ/mol)[2].

Even though there are some scattered data in the
results, the uranium leach rate in synthetic groun-

dwater was clearly independent on temperature vari-
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Fig. 8. Variation of Leach Rate of Uranium Depending
on the Temperature From the Second Leach Tes-
ts in Boric Acid at pH=6.

ation as shown in Fig. 5, but Thomas[2] reported
that uranium leach rate from the unirradiated CAN-
DU UOQO: fuel in synthetic groundwater over 7~8
days decreased as temperature increases. This obser-
ved decrease in the leach rate may be due to passiv-
ating layer on the surface. Leach rate of uranium in
synthetic groundwater at 25°C could mainly be con-
trolled by the complex reaction of uranyl ions with
carbonate ions[2] rather than oxygen diffusion-con-
trolled reaction. Under oxidizing conditions, UQz dis-
solves to form the uranyt species UO2?" and its hy-
drolysis products[3]. The carbonate and phosphate
species in groundwater complex with the uranyl ion
and enhance the solubility of UO2 But no variation
of leach rate of UQ:2 in groundwater with increasing
temperature may be due to the local deposition of
passivating uranyl phases, such as NaUOs; and
NazU2Q7, which precipitate at high temperatures and
high alkalinities[21], after the release of UO2?* into

solution[2].

(4) Effect of surface oxidation state on leach rate

This leach rate is limited by the solubility of UO:
since the groundwater flow under disposal conditions
is very slow. The solubility of UOz depends on the
geochemical conditions, the chemical stability of UQz,
the leaching mechanism of UO2 and the oxidation
state. After leach tests, the surface oxidation state of
UO: pellets was analyzed by X-ray diffractometry
(XRD, Rikaku). As shown in Figs. 9~11 and Table
3, XRD examination showed that UO: surface oxid-
ized to a-UsO7 phase with UO2 minor phase at 25,
50°C and UsO7 phase at 75°C.

In the absence of strongly complexing anions, It is
reported that the anodic oxidation of unirradiated
CANDU UQ: fuel in neutral or alkaline solutions
proceeds with the initial surface formation of UsOs,
followed by the formation of UsOs. A partially passiv-
ating layer of UOs may form in alkaline solution whil-
e a nonpassivating layer of UOs - nH20 may form in
neutral solution[23}. Shoesmith et al.[23] studied the

Table 3. X-ray Diffraction Data of UO:z Pellet Leached
in Demineralized Water at 75°C(a-U30O7 Phase,

din A).

hiifUsOr) d(UsOr) Lit™  KUIO7), Lir™ d(UsOr)Obs™  HUS07)Obs.
111 3.14 100 314 100
200 2713 30 2721 35
002 2.696 20 N.D.“ -
220 1.926 20 1927 46
202 1918 25 ND. -
311 1.645 20 1644 42
113 1.628 15 ND. -
222 1567 15 1575 10
400 1.366 5 1.365 8
004 1.349 5 ND. -
331 1.253 10 1253 18
313 1.246 10 N.D. -
420 1.223 10 1228 4
204 1.210 10 1.202 1

(a) Ref. (22].

(b} Observed data after 5.4 years in Demineralized
Water at 75°C.
(c) ND : Not Detectable



356

0,0, U0, o, C: Boric acid{pH=6)
Uaov
vo j uo* vo, } E . L )
I | T VO VR 7
)
g U,0, B: Groundwater
]
5 uo,1 u,0, U0,
o 1
= - B B
I V1S 0 1
% o, / AN A . [} ] L .‘A‘ 71
o U5 A: Demi. water
] lol
u,0, .
J e, A : s i L
./1-. l...lA-A.A-l . AN
20 30 40 50 €0 70 [1] 90

20

Fig. 9. X-ray Diffraction Pattern of Oxidized UOz Fuel
in Various Leachants for 5.4yrs at 25°C.

u,0,
C: Boric acid(pH=6})
u,o, u,o, U,O,
g yJU L L DN A
2 u,0,
- : B: Groundwater
by
o
2
s u,0, i U0,
=3
AN
P72 ': ES ER
@ | =
o ad ML L A M LN
UJOV
A: Demi. water
u,0,
u,0 el
Y,0, . v,0, =
. o .AJ )LA A S
20 30 40 50 60 70 80 90

20
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anodic oxidation of UOz by electrochemical method
in carbonate solutions, and if the carbonate ions in
solution exceed 1072 mol/L the oxidation of the
UsOr surface layer to UsOs does not occur and dis-
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solution progresses through the formation of uranyl
carbonates.

Wang and Katayama[10] suggested that the leach-
ing mechanism of UQz can be presented as following
steps.

(1) surface Oxidation

Uoz,+%o2 — UOy4m, 0=m<] (3)
(2) Oxidation-Dissolution
U0y, +2H* + —(15—‘“102 — U0 +H,0,

pH<=4 (4)

UOn+H ' +-15TL 0, - UOL0M)*,
4<pH<7 (5)

.Uo,_,+m+Hzo+ilg—“"lo2 . UO,(OH)S,

pH=7  (6)
(3) Transport
(4) Hydrolysis-Film Formation (25-75°C)
UO52+3H,0 = U03.2H,0+2H", pH=4 (7)
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U0,(OH)* +2H,0 = U03.2H,0+H",
4<pH=T (8
UO,(OH)}+H,0 = U0;.2H,0, pH27 (9)

(5) Hydrolysis-Crystal Growth (150°C)
U0, % +2H,0 = UO,(OH),+2H*, pH=<4 (10)

UO,(OH)* +H,0 = UO,(OH),+H",
4<pH=7 (11)

UO4(OH)5 = UOQ,(OH),, pH=27 (12)

Since UsOs and UOs nH20 phases on the UOz sur-

face were not detectable even after leach test in our
experiments, and the concentrations of dissolved
uranium species in leachant were considerably below
saturation values{13], leach rates obtained from our
experiments were unlikely influenced by the forma-
tion of particulate UOs-hydrates. Therefore, the leach
rates of uranium in both the demineralized water and
boric acid at pH=6 may be controlled by the oxi-
dation of UQz surface to U:Orim=0.33 in Eq.(3))
and film dissolution as urany{UO# ) ions by Eq.(4).

It is generally reported that UsO; phase is com-
posed of 2U(IV) and U(M) and the solubility of U(VI)
in aqueous solution is much higher than that of U
{(IW[24]. This result may be another evidence that
the leaching behavior of uranium from UQ: fuel is
controlled by oxidative-dissolution of UQOz surface.
But unfortunately the passivating uranyl phases of
the NaUOs and NazU207 on the UQ:z surface leached

in groundwater were not detected.
4. Conclusions

The leach test of unirradiated UO:z fuel pellets has
been carried out for 5.4 years with parametric varia-
tions of the leachant compaosition and temperature
under the air-saturated conditions.

The leach rates in all leachants sharply decreased
over the 10 days of initial leaching period and ten-

ded to be slowly decreased after initial high leach rat-
es. Over inifial 100 days of leach periods, the leach
rate in groundwater was the highest in all leachants
and no significant differences were observed between
leach behavior in demineralized water and boric acid
solution(pH =6). But these leach rates in all the leac-
hants around 2,000 days at 25°C appeared to be
reached the steady rates in the range of 1~5x107°
g/cm?. day. The leach rates of uranium in both dem-
ineralized water and boric acid at pH=6 increased
as temperature increase, except some scattered data.
It may be shown that the leaching behavior of uran-
jumn from UOz fuel in both the demineralized water
and boric acid would be controlled by the surface
oxidative-dissolution reaction of UQz But the leach
rate of uranium in groundwater was independent on
temperature variation. This result shows that the leac-
h rate of uranium in groundwater at room tempera-
ture could mainly be controlled by the complex reac-
tion of dissolved uranyl ions with carbonate ions and
that no variation of leach rate of UO2 in groundwater
with increasing temperature may be due to the local
deposition of passivating uranyl phases, which pre-
cipitate at high temperatures and high alkalinities.
However, the passivating uranyl phases, such as the
NaUQOs and Naz2U207, on the UQO: surface leached in

groundwater were not detected.
References

1. YB. Katayama, D.J. Bradley and C.O. Harvey
“Status Report on LWR Spent Fuel IAEA Leach
Tests”, PNL-3173, Pacific National Laboratory,
Richland, WA {1980)

2. GF. Thomas and G. Til, “The dissolution of
unirradiated UQ: fuel pellet under simulated dis-
posal conditions”, Nucl. and Chem. Waste Man-
ag, 5, 141 (1984)

3. LH. Johnson, D.W. Shoesmith, G.E. Lunashy, J.
Bailey and P.R. Tremaine, Nucl. Tech., 56, 238
(1982)

4. GL. McVay, D.J. Bradley and JF. Kircher, “El-



358

10.

11.

12.

13.

14.

15.

16.

emental Release from Glass and Spent Fuel”,
ONWI-275, Pacific National Laboratory, Richlan-
d, WA (1981)

. Y.B. Katayama, “Spent LWR Fuel Leach Tests”,

PNL-2982, Pacific National Laboratory, Richland
WA (1981)

. UB. Eklund and R.S. Forsyth, “Leaching and Ir-

radiated UO2 Fuel” KBS-70, Studsvik, Aktiebalag-
et Atominergi, Sweden (1978)

. KB. Harw, CD. Litke and C.A. Boase, Advan-

ces in Ceramics, 8, 496 (1984)

. WJ. Gray and D.M. Strachan, “UQz matrix dis-

solution rate and grain boundary inventories of
Cs, Sr, and Tc in spent LWR fuel”, Mat. Res.
Soc. Symp. Proc., 212, 205 (1991)

. LH. Johnson, “Studies of the dissolution mech-

anism of used fuel”, AECL-TR-350 (1986)

R. Wang and Y. B. Katayama, Nucl. Chem. Was-
te Manag., 3, 83 (1982)

N.C. Garisto, “Modelling of used-fuel dissol-
ution”, AECL-TR-350 (1986)

F. Garisto, et al., “The effect of precipitation on

radionuclide release from used fuel”, Proc. and

Intl Conf. on Radioactive Waste Manag., Winnip-

eg, Canada (1986)

K. Ollila, “Dissolution mechanism of UO: at vari-
ous parametric conditions”, YJT-88-04, Techni-
cal Research Centre of Finland {1988)

J.B. Hiskey, Symp. of Hydrogen Peroxide ASM
Meeting, Las Vegas, NV (1980)

L.H. Johnson, The dissolution of irradiated UQ:
fuel in groundwater, AECL-6837 (1980)

D.J. Bradley, G.L. Mcray and D.G. Coles, “Leac-
h test methodology for the waste/rock interac-

J. Korean Nuclear Societ, Vol. 28, No. 4, August 1996

17.

18.

19.

20.

21.

22.

23.

24.

tion technology program”, PNL-3326, Pacific
Northwest Lab., Richland, WA (1980)

G.F. Thromas, “The dissolution of unirradiated
UOQ: fuel pellets”, AECL-TR-234, Whiteshell Nu-
clear Research Establishment (1983)

S. Aronson, “Oxidation of UOz in water contain-
ing oxygen”, Bettis Tech. Rev, WAPD-BT-10,
Westinghouse Atomic Power Division Report, 93
(1988)

LH. Johnson, KI. Burns, H. Joling and C.J.
Moore, “The dissolution of irradiated UO:z fuel
under  hydrothermal
AECL-TR-128 (1981)
R.L. Pearson and M.E. Wadsworth, “A Kinetics
of the dissolution of uranium dioxide in carbon-
ate-bicarbonate solutions”, Proc. and UN Int'l.

oxidizing  conditions”,

Conf. Peaceful Uses Atomic energy, 3, 333
(1958)

L.H. Brush, “The solubility of some phases in
the system UQs3-NazO-H20 in aqueous solutions
at 60°C and 90°C”, Dissertation, Harvard Univ.,
Cambridge, MA (1930)

E.F. Westrum and F. Gronvold, J. Phys. Chem.
Solids, 23, 39 (1962)

S. Sunder, D.W. shoesmith and M.G. Bailey, G.J.
Wallase, “Anodic oxidation of UQ:-II. Electro-
chemical and X-ray photoelectrons spectroscopic
studies in alkaline solution”, J. of Electroanal.
Chem., 151, 217 (1983)

P. Taylor, D.D. Wood, D.G. Derrk and G.I. Park,
“Crystallization of UsOs and hydrated UOs on
UQ: fuel in aerated water near 200°C”, J. of
Nuclear Material, 183, 105 (1991}



