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Abstract

A rate equation for UO; pellet leaching has been derived and compared with some ex-
perimental results. The leach rate model comprises the processes of oxygen penetration into
UQ; pellets and the dissolution and transport of oxidized UO, depending on the penetration
depth of oxygen. The model may be analyzed with two rggions of transient and steady state
behaviors, which should depend on the initial oxicjgtion state of pellets. Also this model can
be utilized in the analyses of general leach processes if the oxidation reaction of UQO; is re-
placed with similar mechanism of those processes.
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1. Introduction

Concerning the radioactive waste disposal and
spent nuclear fuel storage, many researches on
their leachability have been undertaken over the
past several years[1-7]. The leaching is in concept
a process of extraction of a soluble component

from a mixture with an insoluble component, by

percolation of the mixture with a solvent, resulting
in the solution, and thus can have direct effects on
the environmental release of radioactive materials.

The leaching process can have very complex
aspects of behavior since it depends much on the
physical structure, composition and chemical in-
teractions with environment. There have been de-
veloped some leach rate models based on the
transport theory of dissolution and film diffusion(7]
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or pore diffusion [7,8,9] depending on what the
rate determining process is. Particularly, the leach
mechanism of spent nuclear fuels can vary with
the composition of fission products and physical
structure of the matrix, and there have been some
discussions with experimental results concerning
this problem. Katayamal[5] said that the leach rate
would not be significantly influenced by burn up
within the accuracy of the structural difference of
materials and the method of analysis. Eklund and
Forsyth[6], on the other hand, had a different re-
sult that the leach rate would increase with burn
up. However, considering the change in the sturc-
ture and composition of fission products, the leach
rate can be predicted to change with burn up.

In the leach mechanism of UO, pellets, the ox-
idation state has been thought to be a major factor
to affect the uranium solubility and escaping
tendency from the matrix[12]. Furthermore, possi-
ble formation of hydrogen peroxide at the inter-
face of pellets and water by the radiolysis of water
has been suggested[10], and in the presence of
hydrogen peroxide the leach rate has been re-
ported to promote more than hundred times faster
than at the same concentration of oxygen. Most of
the models which have been developed by this
time can not give us the complete solution for
those problems, especially in consideration of
pertinent chemical reactions.

Wang and Katayama[l2], through their single
crystal experiments, explained the leaching
mechanism in several steps, which includes oxida-
tion, dissolution, transportation and crystal forma-
tion by hydrolysis. We propose in this article a
simplified leach rate model based on the penetra-
tion of oxygen into the matrix, dissolution and
transportation through the matrix, which are fun-
damentally from the mechanism of Wang and
Katayama, and the results are compared with the
experimental data of Katayama et al[l]. Also we
present the general utilization of this model as an
analytical tool for the cases of similar mechanisms

of leaching and as a useful empirical rate equa-
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tion.
2. Mechanism

It is well known that the leach rate of UO, pel-
lets can be dominated by the leachant acidity, ox-
idation states of the pellets, and temperature[3].
They may increase the solubility of uranium spe-
cies and can thus promote dissolution rate. Wang
and Katayama[12], explaining the leach mechan-
ism of single crystal UO; in different range of acid-
ity (pH), put the oxidation step prior to the other
reactions. For the penetration of oxygen, a diffu-
sion process should be considered in the first. By
the experimental result of Wang[14] in air atmos-
phere the oxygen penetration is known about 20
angstroms of depth, mostly in the hydrated form
of UO, on pellet surfaces. Though the ex-
perimental result in water atmosphere is not
shown precisely, the penetration depth might be
greater than that of air atmosphere by the effect of
leach out.

The next step would be the dissolution of oxi-
dized UO, and transportation of dissolved uranium
through pores and surface film to the bulk region
of aqueous phase. Wang and Katayama gave an
explanation for the effect of hydrogen ion in this
oxidation-dissolution step. For the transportation
of hydrogen ion involved in the reaction, we must
refer to the porosity of the sintered UO, pellets,
which can be almost negligible when it is not oxi-
dized. However, as oxidation propagates, the
porosity increases and the dissolved species in wa-
ter can move into the pores. Therefore, we may
assume that the rate determining step is still the
oxygen penetration. They also noticed the hyd-
rolysis reaction of dissolved uranium producing
hydrate (UO3. 2H,0) and crystal form UO, (OH),
on crystal surfaces. For the application of the sing-
le crystal leaching process to the case of sintered
UO; pellets, it is plausible to consider the whole
processes of oxygen penetration, dissolution, and

transportation involved in the pores.
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The leaching mechanism of Wang and
Katayama can be presented as follows.
(1) surface Oxidation

UO;+-3-0,—U0; . m, O<m<1 (1)

(2) Oxidation-Dissolution

UOp A 2H* + L ;m) 0,-U0%2 +H,0,
pH<4 2
UO,, m+H* + (1_2”‘) 0,—UO5(OH)*,
4<pH<7 (3)
UOz, m+H,O+ (1;”‘) 0,—UO,(OH)3 ,
pH>7 (@)

(3) Transport
(4) Hydrolysis-Film Formation (25-75°C)

UOs?% +3H,0= UO32H,0+2H", pH<4
()

UO,(OH)* +2H,0= UO5 2H,0+H*,
4<pH<7 (6)
UO,(OH)3-+H,0= UO32H,0, pH>7  (7)

(5) Hydrolysis-Crystal Growth (150°C)

UO3? +2H,O= UO,(OH),+2H", pH<4
8)
UO,(OH)* +H,O= UO,(OH),+H*,
4<pH<7 (9)
UO,(OH) = UO,(OH),, pH>7 (10)
3. Modelling of Leach Rate

Among the reaction steps of the mechanism
above mentioned, the fourth and fifth of hydroly-
sis reactions, forming film and crystal, which can
be considered to happen as a result of chemical
equilbrium and thermodynamic stability in
aqueous phase, may be largely dependent on
temperature and acidity. However, since these
steps can be thought of as the later steps of

leaching, we are not including these steps in for-
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mulating leach rate model of UO; pellets.
Oxygen Penetration: For the mathematical
simulation of leach process of UO; pellets, the first
step of leaching can be considered as the surface
oxidation and propagation of oxidation into the
pellets. Therefore, the overall penetration rate can
be determined by soild diffusion rate, and in this
case the system can be usually expressed as a
differential equation for oxygen concentration
change in homogeneous solid. Furthermore, since

we consider that all the oxygen pentrated into the
pellets are involved in the oxidation reaction of
UQO, with the form of UO,,. a homogeneous
solid diffusion model can be formulated with the
form of partial differental equatoin as

¢ . p o%

ot = ax (11)

For this equation, the initial and boundary condi-

tions are defined as

cfx, o)=cox, 7)

clo, t)=c¢, (12)
dc, .
W(L’ t)=0

Where c is the oxidized UQO, concentration in
the pellet, and ¢, is the initial concentration profile
depending on the initial penetration depth 7, D
is representing effective diffusivity, c, the surface
oxygen concentration of fixed value, and L, the
feasible depth of penetration.

Even though the exact solution of equation{11)
for fixed value of ¢, is already known[15], the
equation may undergo transformation into the in-

tegral formulation of simple type,

d 2 ac
— dx= —D—
¢ dx 3 |

dtJo X 13)

X=0
Now we introduce the concept of penetration
depth () as shown in Figure 1, which is always
less than L. Meanwhile the boundary condition on

the other surface at x= 7 is not valid. Instead we
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Fig. 1. Penetration of Oxygen into Pellet.

assumed zero mass flux accross the plane surface
at the penetration depth, ¢/ ox(t, =0. Ap-
plying the boundary condition we suggest an
approximate solution of parabolic profile as gener-
ally used in the approximation of diffusional

problems([17].
e=—5 (7 —x)? (14)
T

Then by putting (14) into (13), we obtain the dii-
ferential equation for .

d_‘r , 6D (15)

dt lowa~ =

This equation tells how the penetration depth
varies with time, typically proportional to the
square root of time lapse, so that we put the sub-
script Oxid representing the oxidation step of UO,
pellets.

Dissolution and transport: The next step of ox-
ygen penetration for leaching could be the dis-
solution and transport process of oxidized UO,.
The dissolution is thought to occur mostly at the
surface of the pellet. However, as the oxidation
propagates, the porosity may increases and thus
the dissolved species in water which may affect
the dissolution reaction can penetrate through the
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Fig. 2. Dissolution and Transport of Oxidized UO0,.

very shallow depth of the pellet interior. Regard-
ing this problem, we restrict ourselves to the reac-
tion (4), and in the presence of hydrogen ion we
may need to put this effect in the dissolution rate
constant at least. Then the dissolution rate, which
is dependent on the oxidation state of UOsy, can
be expressed as the first order reaction model of
the concentration of oxidized UO; in the pellet,

_ delx)

pn (16)

=kgc(x)

Since thus dissolved uranium should transport to
the bulk region of aqueous phase through the
pore and aqueous film, this process will have infu-
lence to the overall leach rate. We take into con-
sideration of this effect in the form of mass trans-
fer resistances by the aqueous film and the pore
diffusion as (1/k’+x/D¥). Then, the dissolution rate
constant can be replaced as

kg

Ke=T51 D)

(17)
where kg is the modified dissolution rate constant
and somewhat dependent on k. Meanwhile the
overall concentration change in the pellet can be
thought as the leach rate and expressed in the
integral form within the feasible range of o<x<

__drpr _fr  kgcx
N=—Ti), W= 2 op & (18
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For the simplicity, letting

and solving equation(18) by putting(14), we have

N:Lzlfd%f (r%+2 at +ad) In r;—a

(e tac) (19)

Here, we expanding the logarithmic term in series
for a>0 and 7 +a>0 and neglecting the third or
higher order terms,

2z 2

In(7 +a)=In a+ e

T 3
© 1 %a y+-- (20)

3'7t+2a

the leach rate equation reduces to the following

simpler form

akgcs T

2(t +2a)

21)
Also from (18) and (21) we obtain the equation of
penetration depth change by dissolution,

de | Baky
dt Diss 2( T —|—23)

and we put subscript Diss on this process.
Penetraion Depth Change:The net rate of

penetration depth change thus can be expressed

as the sum of two rate equation of (15) and (22),

drz dr | ,gf, |
dt - dt Oxid dt diss
_6D  3akyr
T 2(7 +2a) @3)

This equation explains how the two different ten-
dencies at a same state can appear in the net
change of penetration depth. The time variant
solution for v can be obtained by direct integra-
tion of (23) from initial depth r . .

T — 17,

(T - To)+p ln(

To—
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3
= 5a kit (24)
The coefficients are denoted as follows.

_d

o akd

_2lla+2b)z,+4 abl
P= T1— T2
q=— 2[(a+2,t,)),z-%i—@], (25)

T1— Ty

T 1=2(b++/b>+2 ab)

T ,=2(b—/b%2+2 ab)
These all have the same dimension of distance
like 7. The v and 7, are the algebraic solu-
tions when the derivative term of (23) dies away,
for which we may call the feasible 7, as the
penetration depth at steady state. At this state, the
dissolution rate of oxidized UO,, becomes equiva-
lent to the penetration and oxidation rate of the
pellets, so that the penetration depth does not
vary with time and the leach rate becomes con-
stant. Therefore, if 7 is greater than 7, the
leach rate will be decreasing with time to reach
the steady state, and if 7 is less than 7, the
leach rate will be increasing with time to reach the
steady state. Hence the leach rate at steady state

can be expressed with equation (21) as

_ akdrg:s T3
- 2(7,+2a)

(26)

The transient leach rate can be determined from
(21) with explicit solution of (24), r =f(t), which
however can not be obtained analytically. The
logarithmic terms of equation (24) can be ex-

panded in series for 7> 7.

T — T T—T 1, 7—1
= T ”17'97 T2Vt r072+
To— 71 0o T1 0o— T1

(27)
n FT T2 T— Ty 1, t—7¢,
n = ————— — .
To— Ty To—To 2 T9—1To
28)
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terms, equation (24) reduces to

3akdt
p + q
To— 71

T=rTg—

(29)

2(1+
To— T2

This relation indicates the linear dependency of =
on time, and will not be exact for profound lapse
of time including steady state. Therefore this may
not be used to put directly into (21). Now consid-
er equation (21) with different form

2
No 2 kges  akqcs

2 T +2a

(30)

and put (29) into the second term of (30). Then by
replacing the first term of (30) with (26), the
steady state leach rate can be adjusted. Hence the

leach rate is expressed as

B
N= A+—tj6 (31)
The coefficients are as follow.

_akic T

T 2(7+2a)
B—Zac, (14— P 4+ 9 32)

3 T 1— T 1 To— T 2

_ 2(ro+2a) p q

C= 3 aky (1+z‘1-rl * To— T2

One thing to note is that this equation can be
valid only for t>C and the solution becomes ex-
act as the leach rate approaches to a steady state.
For the case of t<C, the solution may depend on
numerical computation of equation (24). Also, for
the case of o< 71, the approximation of (28)
may cause greater error and thus (29) is not credi-
ble anymore. However considering the increasing
tendency of penetration depth, we may possibly
expect a form with negative values of B and C in
(31). The accumulation of leachate can be
obtained by integration of (31},

S=So-+Alt—to)+B In(-— &) (33)

where t, and S, are given as initial values for the
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range t>C as noted above.

Film effect on oxvgen penetration: Previously
we treated the leaching process of constant sur-
face concentration of UQ, pellet. We now need to
consider the effect of film diffusion on the leach
rate. Instead of the boundary condition c(o, t)=c¢;
of (12), we apply the following condition,

D2 (o,=kC, (34)

ox
where k is the mass transfer coefficient of oxygen
brought about by the concentration difference be-
tween the bulk and the pellet surface which is
neglected. If we take the same procedure as be-
fore, the solution profile may be suggested as

kC,
2D t

c= (r —x)? (35)

and from this we abtain the leach rate equation,

_akky Cp 72

N= 4D(t +2a)

(36)
also the net rate of penetration depth change be-

comes

dr 3D 3akyr

dt ©  4(t +2a) 37

This equation represents very similar dynamical
behavior with(23), and especially the penetration
depth at steady state will be same as 7 of (25).
Therefore considering the difference between two
leach rate equations (21} and (36), we can deduce

the following relation.

kCO T _
2D

=Cs (33)

Since it is very reasonable in a sense of chemical
characteristics of UQ, that the surface oxidation
state ¢, is assumed constant, the mass transfer rate
of oxygen, expressed as kCy, may be thought to
be dependent on the penetration depth 7. When
the oxidation propagated much, 7> 7, we can

esteem that the mass transfer rate of oxygen be-
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Fig. 3. Leach Rate and Cumulative Amount of Ura-
nium Leached in Demi-water at 25°C (A=4.0
x10%, B=1.44x105, C=0.85).

tween bulk and pellet surface will be low. On the
other hand, when the oxidation state is insignifi-
cant, 7 o< T, mass transfer rate will be fast as
much as oxidation rate. Though this sort of
approach may not give us rigorous solution, it
would be enough for us to understand the rela-
tions between the surface oxidation state and ox-
ygen concentration in the aqueous phase. For a
more exact analysis of mass transfer effect of ox-
ygen, the concentration distribution through the
film should be considered further in detail.
However, we are not dealing with this problem

any more.

4. Discussion

We have shown above how the leach rate
equation was derived from the mechanism of
Wang and Katayama concerning the penetration
of oxygen, oxidation of UO,, dissolution and
transport processes. Though it was inevitable to
adopt an approximation scheme in the mathema-
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tical handling, we can deduce from the result that
an initial oxidation state of UO, pellet may be an
important factor to predict the transient behavior
of leaching and after some time the rate will have
a constant value of seady state.

In the figure 3 to 5, the leaching experimental
results of Katayama et al [1] are shown with those
of our rate equation model in terms of leach rate
and cumulative amount of uranium leached. The
leach rates in various leachants of demineralized
water, NaCl and CaCl, solutions all appear high in
the beginning of leaching and gradually come to
steady states. From these, we can predict that the
initial penetration depth v, is greater than 7,
and that the pellet surface had been oxidized to
some degree before leaching. Here we may ex-
pect that there might be the fourth and fifth step
reaction of the mechanism previously noted.
However since the experiments were performed at
room temperature and at this temperature those
reactions are known to occur scarecely, we may
neglect these effects.
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Figure 6 and 7 exhibit the results of our
leaching experiments of unirradiated UQ, pellets

in demineralized water at wvarious
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temperatures(16]). The experimental methods are
just the same as those of Katayama et al [1] ex-
cept using unirradiated intact fuels. Hence we do
not give further explanation. Though the tempera-
ture effect on leach rate is not considered in the
subject, the diffusion rate is expected to increase
with temperature and thus will infulence the leach
rate, too. However, it is uncertain how the fourth
step of hydrolysis reaction affects on the overall
leach rate at high temperature(75°C). At least
judging from the figures, we can not notice any
effect hydrolysis reaction. One thing to note is that
the leach rates of unirradiated UO, pellets are re-
latively lower than those of irradiated ones of
Katayama et al. There might have been some
bumn up effects.

In the figures 8 and 9, we have shown the ex-
perimental results of Ru and Cs leaching from
Katayama et al in comparison with our model.
though their reaction mechanisms are not exactly
same as UQ,, they are esteemed to be similar

rather physically than in the reaction mechanism
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with pellet surface oxidation. Considering these
similar aspects of leaching, the leach rates can be
determined mostly by the UQO, oxidation and
permeation of leachant water into th}e pellets.

From the above results, our leach rate model
can be adequately used for the explanation of
leaching process with cases t o greater than r .
Also we see a possibility that this model can be
used as an empirical equation for the cases of
increasing tendency of leach rate,i.e., the cases 7
< t1 even though the steady state analysis of
leach rate model we can predict overall and long
term leachability of spent nuclear fuel depending
on various factors.

5. Conclusion

We have derived a leach rate model of UO,
pellet based on the reaction mechanism suggested
by Wang and Katayama[lZ2]. This model impli-

cates a penctration process of oxygen or oxidizing

Ly
S,
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Fig. 9. Leach Rate and Cumulative Amount of 3’Cs
Leached in Demi-Water at 25°C (A=1.01X%
1075, B=2.965x107, C=0.92).

species, and dissolution and transport phenomena.
The aspects of leaching behavior can be analyzed
in two regions of transient and steady state, whose
types are much influenced by the initial oxidation
states. Also this model suggest a possible utiliza-
tion in the analyses of general leaching processes
of similar mechanism.
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Nomenclature

A: See Equation (32)
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a: D/k

B: See Equation (32)

b: D/{a. dg)

c: See Equation (32)

C.: Concentration of oxygen in the solution

(o concentration of oxidized UO,

Co! Initial concentration profile

o Surface concentration of oxidized UQ,

D, D" Effective diffusivities of oxygen and ura-
nium

k, k= Mass transfer coefficients of oxygen and
uranium

kg, di: Dissolution rate constats

L: Feasible depth of penetration

N: Leach rate per unit surface area

p See Equation (25)
q: See Equation (25)
S

, Syt Accumulated leached amount and initial
value
t, t,» Time and initial value
X: distance from solid surface

Greek Letters

T, T g Penetration depth and initial value
7. Steady state penetration depth, See

Equation (25)
745 See Equation (25)



