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Abstract

The reactivity of H, towards UO3" has been studied experimentally using a PEEK coated autoclave where the UO3"
concentration in aqueous solution containing 2 mM carbonate was measured as a function of time at py, ~ 40 bar. The
experiments were performed in the temperature interval 74—100 °C. In addition, the suggested catalytic activity of UO,
on the reduction of UO3" by H, was investigated. The results clearly show that H, is capable of reducing UO3" to UO,
without the presence of a catalyst. The reaction is of first order with respect to UO3". The activation energy for the
process is 130 + 24 kI mol~! and the rate constant is kysx = 3.6 x 107° Imol~'s~!. The activation enthalpy and entropy
for the process was determined to 126 kJmol~! and 16.5 Jmol~! K~!, respectively. Traces of oxygen were shown to
inhibit the reduction process. Hence, the suggested catalytic activity of freshly precipitated UO, on the reduction of

UOZ* by H, could not be confirmed.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

One of the key issues for the safety assessment of a
spent nuclear fuel repository according to the KBS-3
concept [1] is dissolution of the UO,-matrix accompa-
nied by release of actinides and fission products. As has
been shown in numerous studies [2-5], this process is
enhanced by oxidizing radiolysis products (OH*, H,O,,
HO5 and O,) formed in the otherwise reducing
groundwater. However, radiolysis of water also results
in production of reductants, i.e., Coqe H* and H, that
could act as inhibitors for oxidative dissolution. In
addition, when the shielding copper canister fail (this
being a prerequisite for radiolysis of water to occur in
the first place), anoxic ground water will come in contact
with the innermost cast iron. Anaerobic corrosion of the
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cast iron canisters will produce large amounts of H,
resulting in an overall reducing environment according
to reaction (1) [4]:

3Fe+4H20—> FC304+4H2 (1)

The possible inhibiting effect of H, on dissolution of
spent nuclear fuel has so far not been studied explicitly.
One obvious effect of increased levels of H, is the reac-
tion with OH*, which inevitably will suppress the pro-
duction of radiolytical oxidants, reaction (2):

OH" + H, — H,0 + H* ()

kaosk =4 x 107 Imol™'s™! (pH =5) [6].

Another plausible effect is reduction of dissolved UO3"
to UOy(s). This reaction is thermodynamically feasible
(AG°® = —86.3 kImol™'), however, the activation barrier
and thereby the rate constant for the uncatalyzed pro-
cess has not been established previously. The reduction
of UO3" was first studied in the 1950’s as a step in the
production of nuclear fuel. Carbonate solutions were
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used for leaching U(VI) from ores. These solutions were
treated with H, (py, = 6-20 bar) at 100-200 °C in the
presence of a catalyst. Cobalt, platinum and nickel were
used as catalysts. Later it was suggested that the product
UO, was itself catalyzing the reaction [7].

Consequently, there are at least two ways by which H,
can affect the concentration of uranium in solution: (1)
Dissolution of spent nuclear fuel (UO,) can be inhibited
by reactions between oxidants and H, in a protecting
step. (2) Reduction of already dissolved UO3" or U(VI)
on the spent nuclear fuel surface to UO,. It should be
noted that the reduction of UO3" by H, in solution is not
expected to affect the release of fission products and
actinides significantly. The aim of this work is to study
the kinetics (at py, ~ 40 bar) of the possible reaction
between H, and UO%+ in aqueous solution.

2. Experimental

All chemicals of the purest grade available were used
as supplied. Millipore water was used for all solutions.
Uranyl solutions were prepared using UO,(NO3), - 6H,0
(Merck, PA). The gases used in the experiments were H,
(Hydrogen+, AGA), Ar (Argon instrument, AGA) and
Ar containing 5% O, (AGA). The UO,-powder was
supplied from Westinghouse Atom Co. The UO,-powder
has a surface area of 5.85 m?g~!' (Micromeritics Flow
Sorb II 2300; He/N,:70/30, BET-method: single point
surface area measurement), O/U is 2.12 according to the
supplier. The powder was washed with concentrated
carbonate solution, distilled water and ethanol prior to
use. The reaction vessel used was specially manufactured
for these experiments (Métro Mesures). The vessel con-
sists of a thermostated stainless steel autoclave with an
internal vessel made of polyether ether ketone (PEEK).
PEEK is used for all details and surfaces in direct contact
with the solution in order to minimize catalytic effects of
the vessel itself. The volume of the PEEK vessel is 2 dm?.
The vessel is also equipped with a stirrer and inlet and
outlet tubes for pressurizing and sampling.

All experiments were carried out at a gas pressure of
approximately 40 bar and the temperature was in the
range 74-100 °C. The solutions were heated to the de-
sired temperature and purged with Ar for a period of 24
h before the experiment started unless otherwise stated.
The initial concentration of UO,(NOs), was ~10 uM
and the carbonate concentration was 2 mM (Swedish
groundwater contains ~2 mM carbonate [8]). The ura-
nyl concentration of the solutions was measured using a
Scintrex UA-3 Uranium Analyser [9].

3. Results and discussion

In Fig. 1, the uranyl concentration is plotted as a
function of reaction time at four different temperatures.

Under the experimental conditions defined above the
predominating U(VI)-species is UO,(COs)3~ [10]. In
contrast to the conclusions of earlier studies [11], H,
appears to reduce the UO3" concentration also in the
absence of a catalyst. The reactivity of uranyl follows
first order kinetics, which is most obvious at the highest
temperature, Fig. 1.

When opening the reaction vessel after the experi-
ment a black precipitate was observed. The visual
appearance of the precipitate strongly resembled that of
UO,-powder. To identify the black solid product we
performed an experiment using a solution containing
about 1 mM uranyl and 20 mM NaHCO;. The black
solid product found when the experiment was termi-
nated was isolated, dried and analyzed by X-ray powder
diffraction (Rigaku). The diffraction pattern is presented
in Fig. 2. Clearly, the diffraction pattern of the product
matches the lines for UO,. However, the high back-
ground follows a radial distribution function, RDF,
which is characteristic for non-crystalline material.
Thus, a significant part of the UO, produced in the
reduction of uranyl by H, appears to be amorphous.

The first order rate constant at each temperature is
divided by the H, concentration ? to obtain the second
order rate constant, Table 1. The logarithm of the sec-
ond order rate constant is plotted against the inverted
temperature according to the Arrhenius equation (3):

ke = Ae F/RT (3)

The activation energy for H, reduction of UO3* is cal-
culated to be 130 + 24 kI mol~', and the rate constant is
krosk = 3.6 x 107 Imol~!s7!, Fig. 3. By using the Ey-
ring equation (4),

k= kB_T ~ eAST/R % e—AHT/RT _ kBTT %

. e—AGi/RT7 (4)

the activation enthalpy (AH*) and the activation entropy
(AS*) can be determined. For the present reaction,
AH* =126 kJmol~! and AS* = 16.5 Jmol' K1

The activation energy for H, reduction of UO%*
catalyzed by nickel is 41 kJmol~! [11]. The uranyl and
carbonate concentrations used by Forward and Halpern
were 100 and 1000 times higher than in this work. The
UO, precipitation was studied under py, = 27 atm and a
temperature interval 121-177 °C. The reaction time
needed for complete reduction of UO3" was less than

2 At pu, =39 bar, and 7 =373.15 K the mol fraction of
dissolved H, in water is determined to be 0.000595 [12]. Since
the temperature interval is relatively small (348-373 K), the mol
fraction is set to be constant, which should not affect the
calculations considerably [13]. The hydrogen pressure in the
experiments is fluctuating between 39 and 42 bar. Assuming
that the amount dissolved hydrogen is small compared to the
mol fraction dissolved water: [H,],, = 0.033 M.
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Fig. 1. The concentration of UO3" as a function of time at
pu, ~ 40 bar. (@): T =74 °C, (W): T =83 °C, (#): T =89 °C,
(A): T =100 °C.

1 h. The considerable difference between the two acti-
vation energies shows how effective the Ni-catalyst is.
Forward and Halpern showed that without a catalyst,
no reduction would occur. The time scale for their
experiment was less than 4 h. Given our experimental
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Fig. 3. Arrhenius plot for the reaction between H, and UO3".

results presented above, this time window is far too
small to observe a significant decrease in UO3" con-
centration. Since the time horizon for storage of spent
nuclear fuel exceeds the experimental time scales by
several orders of magnitude, slow processes such as the
uncatalyzed reduction of UO3* must also be accounted
for. It should be noted that Bunji and Zogovic [14]
concluded that freshly precipitated UO, worked very
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Fig. 2. X-ray powder diffraction pattern for the black product formed upon reduction of uranyl by H, compared to the expected lines

for UO.,.
Table 1
Measured first order rate constants and calculated second order rate constants, k, for the reaction between H, and UO%+ at different
temperatures
k[uranyl] (hil) k[uranyl]/[HZ] (1 1’I10171 hil) Ink I/T (Kil)
5.01x10* 1.52x 1072 -4.19 2.88x1073
3.40x1073 1.03x1072 -2.27 2.81x1073
4.55%1073 1.38x 107! -1.98 2.76x1073
1.17x1072 3.55%107! -1.03 2.68x1073
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well as a catalyst for the reaction. However, dried pre-
cipitated UO, did not show any catalytic effect. The
catalytic reactions were found to be of first order with
respect to catalyst surface and hydrogen pressure and
zero order with respect to UO2" concentration. Forward
and Halpern believed that the reason why the precipi-
tation rate was independent of the concentration of
UO?Z" was that the catalyst surface became saturated
with adsorbed uranium under the experimental condi-
tions used. However, the experimental results presented
in Fig. 1 do not display any autocatalytic behavior.
Hence, the UO, produced in the uncatalyzed H,
reduction of UO3" does not show any significant cata-
lytic activity. To further study the suggested catalytic
effect of UO, we conducted experiments where UO%+
was added to the solution after consumption of the
initially added UO?, i.e., two consecutive experiments
where performed in the same solution. The freshly pre-
cipitated UO, produced in the first part of the experi-
ment was thereby never dried nor exposed to air. In
another experiment commercial UO, powder was added
to the solution prior to the experiment. None of these
experiments showed any increased reactivity due to the
presence of UO,. Long-term experiments where com-
mercial UO, was added to the reaction vessel pressur-
ized with Ar instead of H, displayed a slow decrease in
UO?%* concentration. This can probably be attributed to
sorption of UO3" onto UO,. Experiments performed in
the absence of solid UO, using Ar to pressurize the
vessel showed no significant decrease in UO3" concen-
tration over a period of 1000 h.

To assess the possible (although improbable) cata-
lytic capacity of the reaction vessel material, PEEK, we
performed an experiment in the presence of PEEK
powder. In this experiment the PEEK surface exposed to
the solution was 20 times higher than the vessel itself.
The rate of UO3" reduction was not significantly af-
fected by the increased PEEK surface. Hence, we can
conclude that PEEK has no catalytic activity on this
process.

In some of the initial experiments performed at the
lowest temperature the dynamics of the process was far
from obvious (Fig. 4).

During the first 100-150 h the UO3" concentration
did not change significantly. This period was followed
by a short period during which the process accelerated
until reaching a rate similar to that given in Fig. 1. This
behavior was first erroneously interpreted as the process
being autocatalyzed as suggested in the literature.
However, it soon became apparent that the initial lag-
phase could depend on traces of oxygen not being re-
moved during the Ar-purging. To test this hypothesis we
conducted an experiment where the solution was purged
with Ar containing 5% O, prior to pressurizing the
vessel with H,. The result of this experiment is shown in
Fig. 5.
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Fig. 4. The concentration of UO3* as a function of time at
pu, ~ 40 bar and T = 74 °C.

As can be seen, the UO%+ concentration does not
decrease significantly over a period of 1000 h. Hence, the
presence of O, clearly inhibits the reduction of UO3* by
H,. When initially adding UO, powder to the experi-
ments performed the lag-phase was considerably short-
ened. This was also initially mistaken as a proof for the
catalytic activity of UO,. To further elucidate the effect
of UO, we added a portion to a solution purged with Ar
containing 5% O, and thereafter pressurized the vessel
with H,. The result is shown in Fig. 6.

In this case the UO3" concentration decreases after
a considerable lag-phase. The lag-phase in this system
is 50-100 times longer than the lag-phase observed in
the experiments using UO, containing solutions purged
with pure Ar prior to pressurizing with H,. This dif-
ference can be attributed to the O, concentration being
much higher in the experiment presented in Fig. 6. The
obvious conclusion to be drawn from these experiments
is that UQO, either consumes (reduces) the oxygen
present in the solution or catalyzes the reaction be-
tween H, and O, and thus reduces the oxygen depen-
dent lag-phase.
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Fig. 5. The concentration of UO3" as a function of time at
pu, ~ 40 bar and T = 74 °C. The solution was purged with 5%
O, in Ar prior to pressurizing with H.
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Fig. 6. The concentration of UO3" as a function of time at
pu, ~ 40 bar and T =74 °C. 100 mg UO, is present in the
solution purged with 5% O, in Ar prior to pressurizing with H,.
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