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Abstract: The quantitative understanding of the dissolu-
tion of nuclear fuel materials is essential for the process
design and development of an industrial-scale nuclear
fuel reprocessing plant. The main objective of this review
article is to analyze the published data related to the dis-
solution of important nuclear materials, namely, urania,
plutonia, thoria, and their oxides in the existing literature.
The published results on rate-controlling step and reac-
tion mechanism of dissolution processes are reconciled
and reviewed in this work. Clear suggestions are made for
future research work for the identification of rate-control-
ling step. Suggestions are also provided to overcome the
shortfalls in the published data for the identification of
intrinsic kinetics and mass-transfer rates.

Keywords: aqueous processing; nuclear fuel reprocessing;
reaction kinetics; reactive dissolution.

1 Introduction

1.1 Preamble

In developing countries, the demand for power is ever
increasing. In the current state of scenario, most of the
energy resources are slowly approaching exhaustion.
Nuclear energy, with its breeding capability using fast
breeder reactor (FBR) technology, is a very attractive option
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to partially meet this requirement. Hence, this technology
has been gaining more importancein the last three decades
with the advent of all of its new developments. Among all
the operations in a closed fuel cycle, reprocessing of fuel
is the most important step as it is where the unirradiated
and the newly bred fissile materials are recovered from
spent fuel. Only when the spent fuel is reprocessed that
the breeding capability of a fast reactor is realized. The
success of a reprocessing plant depends on the level of
recovery of the fissile material with minimum generation
of radioactive wastes. Thus, the handling of spent fuel is
an important unit operation in the nuclear fuel cycle. The
reprocessing of spent fuel is one of the options towards
long-term management of spent fuel with the simultane-
ous demonstration of peaceful use of atomic energy. This
is because reprocessing recovers valuable materials that
can be reused rather than wasted. Also, it facilitates the
compacting of nuclear waste through subsequent fuel
cycle operations. Two types of reprocessing technolo-
gies are used in practice: (i) aqueous processing and (ii)
pyrochemical processing (Bodansky 2006). As of date,
commercial reprocessing operations have been achieved
only through aqueous routes in industries worldwide. The
technology is well established, proven, and matured for
handling spent oxide fuels. It has been also demonstrated
successfully for processing other advanced nuclear fuels
like plutonium-rich mixed carbide fuel (Natarajan et al.
2015). On the other hand, pyrochemical methods have
been used only in the pilot scale for research and develop-
ment (R&D) purposes. The technology is yet to mature for
commercial scale operations (Poinssot et al. 2012b).

1.2 Aqueous processing

In commercial aqueous reprocessing, chopped spent fuel
is dissolved in nitric acid, and the dissolved uranium (U)
and plutonium (Pu) in the aqueous phase are recovered
by liquid-liquid extraction process. PUREX (plutonium
and uranium extraction) process is one of the most widely
employed methods for reprocessing the spent fuel. In the
PUREX process, U and Pu are dissolved in nitric acid as
U(VI) and Pu(IV) nitrates and are extracted using tribu-
tyl phosphate (TBP) (Sood and Patil 1996, Olander 2009).
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This step is followed by scrubbing, precipitation, and
calcination to obtain highly purified U and Pu oxides.
The purified Pu and U oxides are then mixed in definite
proportions and recycled as mixed oxide (MOX) fuel. To
prevent the proliferation of Pu, UREX (uranium recovery
by extraction), a variant of PUREX, is developed to extract
only U from spent fuel (Thompson et al. 2002). There is a
push to develop advanced aqueous processing such that
it is proliferation-resistant. There are other solvent extrac-
tion processes such as SREX, TRUEX, DIAMEX, UNEX,
COEX, GANEX, etc., which are being used to extract other
actinides (Romanovskiy et al. 2001, Hill et al. 2002, Rat
and Heres 2004, Ackerman 1991, Aneheim 2012, COE 2017)
such as Am, Np, and Cm from the high-level liquid wastes
generated in PUREX process for facilitating long-term
liquid waste management in the nuclear industries.

1.3 Pyrochemical processing

In pyrochemical processing, molten mixture of LiCl-KCl
is used to melt the spent fuel. Then, U, Pu, and other
actinides are separated using the electrorefining process
(Ackerman 1991, Laidler et al. 1997, Bodansky 2006).
This method is often called “dry reprocessing” and has
been originally conceptualized by Argonne National
Laboratory (Bodansky 2006). The process is intrinsically
proliferation-resistant due to the difficulty in extracting
weapon-grade Pu using this approach. Furthermore, the
pyrochemical processes are capable of handling highly
irradiated fuel in comparison to the aqueous processes.
These methods can make reprocessing facilities compact
and the ability to work with the spent fuel with shorter
cooling period as compared to the aqueous processing
(OECD 2004). Although pyrochemical processing is a
promising alternative to aqueous processing, it is still to
be commercialized on a wider scale as the process has not
yet matured enough on a large scale.

1.4 Motivation of current review

Aqueous processing is the state of the art in commercial
spent fuel reprocessing. A better understanding of various
aspects of this process is desirable for better plant per-
formance and economics. Reactive dissolution is one
of the most important operations in the management of
spent fuel via aqueous processing. Hence, the qualita-
tive and quantitative understanding of this operation is
essential for process design and development at an indus-
trial scale. There are several studies to understand the
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mechanism of the dissolution of nuclear materials such as
uranium oxide and plutonium oxide in the existing litera-
ture (Taylor et al. 1963, Shabbir and Robins 1968, Barney
1977). These studies attempted to develop qualitative as
well as quantitative understanding of these dissolution
processes. These studies included information regarding
various parameters such as roles of surface area, additives,
extents of mixing, effect of pressure, temperature, concen-
tration of reactive solvent, etc. Moreover, some of these
studies have also developed kinetic models. However,
these studies need to be revisited because the individual
role of mass transfer and chemical reactions need to come
out clearly. For the rational procedure for scale-up, it is
desirable to have the knowledge of intrinsic kinetics. For
this purpose, the dissolution processes can be adequately
described via model-based analysis of experimental data
(Marquardt 2005). Hence, before designing costly, new set
of experiments to develop an adequate understanding of
these processes, it is always advisable to analyze and to
reconcile the existing results in the literature.

In this work, the dissolution of urania (UO,), plutonia
(Pu0,), thoria (ThO,), and their MOXs in acids will be pre-
sented using analysis of the published data in the exist-
ing literature. The effect of additives such as KF, Ce(IV),
NaNO,, HF, etc. on the dissolution will also be included
in the quantitative modelling. The published data will be
used to reconcile and identify information regarding reac-
tion kinetics and mass transfer rates. Care will be taken to
include possible changes in the structure of solids, parti-
cle size distribution, and morphology. The expression of
reaction kinetics and activation energy will be estimated
based on the experimental data. The estimated values
will be compared to draw some general conclusions
on achievements and shortfalls of the published work.
Furthermore, clear suggestions will be made for future
research work for the identification of rate-controlling
step and the determination of design of new experiments
to overcome the shortfalls of the published data.

The article is organized as follows. First, mathemati-
cal modelling approach of reactive dissolution is given.
Then, the results of the analysis of experimental data
in the existing literature are discussed for three types of
oxides. Based on the results obtained from the analysis
of the published data, several suggestions are made for
developing quantitative models based on optimal design
of experiments and industrial dissolvers. As emphasis is
given for the industrial reprocessing methods in this work,
only the conventional processes for the dissolution of
nuclear fuel are considered here. Other methods such as
electrochemical, ultrasound based, and photo-chemical
are only briefly mentioned for the sake of completion, as
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these technologies are still at research stages and will take
time to reach commercial stage.

2 Mathematical modelling
of reactive dissolution: chemical
reactions with mass transfer

In reactive dissolution of oxides, the reactants in the liquid
phase transfer to the solid surface, and the chemical reac-
tions take place on the surface of the solid particles (for
porous materials, inside the pores). For simplicity of the
presentation, it is assumed that the reactions take place
only on the surface. Then, the dissolution of the desired
material(s) is accomplished by the following steps: (i) the
mass transfer of the reactants through the liquid film, (ii)
the chemical reactions on the surface of the solid, (iii) the
desorption of the products from the surface, and (iv) the
mass transfer of products through the liquid film (Wen
1968, Levenspiel 1999). The shrinking particle model
is an appropriate method for describing reactive dis-
solution of oxides. In this model, it is assumed that the
particle size steadily decreases as the reactions proceed
(typically expressed as a function of conversion). This
approach assumes the ideal geometries of solid and the
reaction kinetics (first or second order) to develop models
that typically describe the change in the ratio of the initial
radius to the radius and the conversion of the solid phase
at any time t (Dickinson and Heal 1999, Grénman et al.
2011a,b). Interested readers can find a list of such models
(ideal geometry, reaction kinetics) in the literature (Dick-
inson and Heal 1999, Orfio and Martins 2002, Grénman
et al. 2011a,b). In practice, the shapes of solid particle are
far from the ideal geometries. Furthermore, reaction rates
can be modelled other than the power-law kinetics, for
example, inhibition kinetics, autocatalytic, etc. Hence,
fitting the data from dissolution experiments to these
oversimplified models may lead to unreliable models and
misinterpretation of the values of parameters (Grénman
et al. 2011a). It is important to address these issues in mod-
elling of reactive dissolution systems for developing a reli-
able model from experimental data.

2.1 Modelling of batch reaction systems
with mass transfer

Next, we describe mathematical modelling of batch solid-
liquid reaction systems involving the dissolution of single
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component of solid in the aqueous liquid. The following
reaction takes place on the solid surface:

A (solid) + bB (liquid) — liquid products.

Consider particles of component A having surface area
A_ reacting with component B in a continuously stirred
liquid. It is assumed that the solid and liquid phases are
in batch mode of operations. In order that component B
reacts with component A4, it follows steps (i), (ii), and (iii)
described in the previous section. Then, the liquid prod-
ucts desorb from the surface via step (iv). Furthermore, it
is assumed that there is no accumulation in the liquid film
surrounding the solid particles. The mole balances for
component B in the liquid bulk (r, ;) and in the solid parti-
cle (nS,B) and component A (ns, ,) can be written as follows:

an,B _
dt B™s
dn , b
dt _NBAS_ rlAs (1)
dn
s,A =—r1A
dt s

where N, is the mass transfer rate of component B from
the bulk to the solid surface (mol s* m), r, is the rate of
reaction (mol s* m?), A_the surface area (m?), and b the
stoichiometric. Note that a reaction rate is a function of
concentrations of reactants. The mole balance for the
jth product (j=1, ..., P) on the solid surface (ns’j) and the
liquid bulk (nu) can be expressed as follows:

dns,j
at = —NjAS + P;’}As
dn .
Y -N.A )
dt Jos

where N, is the mass transfer rate of the jth product from
the solid surface to the bulk liquid and p;is the stoichio-
metric coefficient of the jth product. For developing a reli-
able model, the intrinsic kinetics (rl), mass transfer rates
(N]., j=B, 1, ..., P), and the effect of particle surface area
(or morphology) (4)) in Egs. (1) and (2) need to be identi-
fied based on experimental data. For the shrinking parti-
cle size without the product layer formation, the reaction
kinetics and the mass transfer from the liquid bulk to the
solid surface are two rate-controlling steps. If mass trans-
fer to the surface is very fast compared to the reaction
kinetics, then the overall rate of the underlying system
is controlled by the intrinsic kinetics and vice versa. Two
cases of rate-controlling steps are described below.
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2.1.1 Chemical reaction control

For this case, there is no accumulation of component B

nl B

. =0. Thus, Eq. (1) can be written

on the surface, i.e.
as follows:

dns,B _ dns’A B

_bra
dt a0 G)

For the first-order kinetics in terms of bulk concen-
tration (CI’B) and single spherical particle, the conversion-
time model is given as follows Levenspiel (1999):

Lo—a-x)” )
T
. Rp, . . .
where t is time, 7= A_ is the time required for the
c
r LB

complete conversion, p, is the density of solid, R is the
initial diameter of solid sphere, k_is the kinetic rate con-
stant, and X is the fractional conversion at any time ¢
(Levenspiel 1999). Note that the model in Eq. (4) can be
applied to the systems having first-order kinetics. Hence,
its application to the systems following kinetics other
than the first order leads to inaccurate interpretation of
the data. In practice, reaction kinetics can be identified
as follows: (i) postulate candidate kinetic expressions for
each reaction, for example, power-law, inhibition kinet-
ics, etc.; (ii) include all other steps for getting overall rate
of reaction; (iii) fit each candidate expression (overall rate
equations) to the experimental (or computed) rate data;
and (iv) choose the best fitting candidate expression as
a reliable reaction Kkinetic expression. Interested readers
can find the details of such methodological approaches
in the studies by Marquardt (2005) and Grénman et al.
(2011Db).

2.1.2 Mass-transfer control

In this case, the reaction proceeds fast in comparison to
the mass transfer of component B from the liquid bulk
to the surface. Then, the mass transfer is the rate-con-
trolling step and the mass-transfer rate depends on the
driving force (cLB—cS!B), size of the particle, relative veloc-
ity between particle and the liquid phase, and the liquid
properties. Note that the concentration of B is approxi-
mately zero on the solid surface. Thus, Egs. (1)-(3) can be
written as follows:

dn, _p

dn N
A - ke A
a  dt ¢ ©)

17I,B" s
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where k, is a mass-transfer coefficient, which is a
function of various hydrodynamics variables and the
properties of the liquid. It is expressed in terms of
relationship among Sherwood number (N ), Reynold
number (N, ), and Schmidt number (N ). For example,
Frossling correlation is one of the most widely used rela-
tionships in the literature and is given as (Levenspiel
1999):

Ny, =2+0.6N’N}?
1/2 13
kd du
110=2+0_6[Pp1] [/‘] (6)
D u Dp,

where dp is the diameter of the particle, u is the relative
velocity of the liquid, p, is the density of the liquid, u is the
viscosity, and D is the diffusivity. Hence, k, varies as the
reaction proceeds because of the change in the particle
size.

In practice, the dissolution rate is a combination of
the mass—transfer and the kinetic resistances. The contri-
bution of the different resistances may vary as the reaction
proceeds. Furthermore, the effect of the solid shape and
surface area, and temperature also plays an important
role in reactive dissolution. Their effects are discussed in
the following sections.

2.1.3 Solid shape and surface area

The surface area in solid-liquid reactions explains the
order of reaction with respect to the solid phase (Grénman
etal. 2011b). The standard models do not take into account
the irregular shapes, and hence, they cannot be applied
to the irregularly shaped solids. To include the irregular
geometries and porous material, it is proposed to use
shape factors (Grénman et al. 2011b, Salmi et al. 2011) so
that surface area can be expressed in terms of the solid
numbers of moles and the shape factor as follows (Salmi
et al. 2011):
aM 1-x

As = p R n:,O ns (7)
s 0

where a is the shape factor; M, molecular weight; p,, the
solid density; R, the initial characteristic dimension of
the solid particle; and x=1/a. Table 1 describes the par-
ticle geometry and the corresponding shape factor and
x values (Grénman et al. 2011b). Note that irregularities
such as rough surface, porosity, etc. increase the order of
the reaction with respect to solid particles.
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Table 1: Particle geometry, shape factor, and x for different
geometries (Grénman et al. 2011b).

Geometry Shape factor (a) X 1-x
Slab 1 1 0
Cylinder 2 1/2 1/2
Sphere 3 1/3 2/3
Irregular particle a—inf 1/a—0 -1

2.1.4 Temperature

Temperature plays an important role for the systems that
are kinetically controlled. The effect of temperature can be
modelled by the Arrhenius equation as follows:

E
k =k, expl— R IT] (8)
g

where k_is the pre-exponential factor; E, the activation
energy for the ith reaction; Rg, the universal gas constant;
and T, the temperature in Kelvin.

2.1.5 Particle size distribution (PSD)

In this section, it is assumed that all the particles are of
the same size. However, in practice, the particles are often
of different sizes, and hence, the overall rate of reaction in
the dissolver is different from the rate computed under the
assumption of the mean particle size. Hence, PSD should
be used to compute the overall rate instead of the mean
size of particle.

3 Dissolution of three oxides

In this section, the objective is to reconcile the existing
results and analyze the published data to bring out the
gaps if they exist. The published data on three dioxides
(U0,, PuO,, and ThO,) are analyzed in this section.
The kinetic models are fitted to estimate the order of
reactions and activation energies. As the insoluble
residues do not affect the dissolution significantly, the
analysis of the insoluble residues is not taken into con-
sideration for evaluating the dissolution process. These
residues have more implications on the solvent extrac-
tion processes, which are the next unit operation in
the reprocessing of spent fuel for the recovery of fissile
nuclides.
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3.1 Dissolution of uranium dioxide

In this section, various aspects of the dissolution of
uranium dioxide will be reviewed. These aspects are listed
as follows: (i) reaction kinetics and mechanism, (ii) effect
of stirring speed, (iii) effect of additives, and (iv) role of
surface area and pellet shapes. For each of these aspects,
the available published information has been analyzed
and presented here.

3.1.1 Reaction kinetics and mechanism

Uranium dioxide dissolves rapidly in HNO, in compari-
son to plutonium or thorium dioxides. Several attempts
in existing literature were made to understand the reac-
tion mechanism of dissolution and the kinetics in terms
of orders of reaction and activation energy (Shabbir and
Robins 1968, 1969, Ikeda et al. 1995). It has been proposed
that UO, dissolves in HNO, via one of the following reac-
tions (Uriate and Rainey 1965):

UO, +4HNO, — U0, (NO,), +2NO, +2H,0 )

4

8 2
uo, +§HN03 —U0,(NO,), +§NO+§H20 (10)

U0, +3HNO, - UO,(NO,), +1/2NO+1/2NO, +3/2H,0 (11)

The experimental data from several publications,
including our recent work (Desigan et al. 2015a, 2017) have
been analyzed to compute activation energies and order
of reaction with respect to HNO,. These results, along
with the published values, are given in Table 2. Note that
these data are collected in the kinetic controlled zone by
carefully eliminating the effect of stirring speed during the
experiments.

The computed and published activation energies are
in the range of 50-80 kJ mol~, suggesting that the dis-
solution of uranium dioxide is kinetically controlled (Yu
and Ji 1992). Moreover, the order of reaction with respect
to HNO, (or NO;I) is in the range of 2.3-3.2 for most of
the cases, which was also suggested by Taylor et al.
(1963). However, the activation energies and orders of
reaction computed by Shabbir and Robins (1968, 1969)
deviate substantially from the abovementioned range of
50-80 k] mol* for powder and pellet. For Shabbir and
Robins (1969), the activation energy value of 30.6 k] mol~?
and the order of 1.21 indicate the significant presence of
mass transfer resistance in the experimental data. These
values can also be due to lower concentration range of
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Table 2: Summary of results obtained via analysis of experimental data in the published literature for UO,.

DE GRUYTER

Authors Shape and size of UO, Activation energy Order of Conc. HNO, (m)
(kcal mol-?) reaction

Taylor et al. (1963) Pellet (-) 11.47 2.27 3-10

Stirred run [12] -

Published 13.44 2.43

Unstirred run [14.8+1.3] [2.84+0.5]

Published

Uriate and Rainey (1965) Pellet (D=1.06 cm, L=1.59 cm) - 2.3 2-10

Shabbir and Robins (1968) Powder 7.33 1.21 0.5-2
(0.003-0.3 um) 16.68 1.76 2-10
Sphere
(100-500 pm)

Shabbir and Robins (1969) Pellet (D=0.25in, L=0.75 in) 25.6 (650 psi) 3.3 4-10

Inoue and Tsujino (1984) U,0, Powder 16.94 1.9 4-10

Published (4.8 um) [14-19]

Fukasawa and Ozawa (1986) Pellet (D=1 cm, L=1.1cm) - 3.2 7.3 (initial)

Published [2.8]

lkeda et al. (1995) Powder (300-350 pm) 14.22 2.74-2.94 6-9.5

Published [18.9+1.6] 2.3

Pierce (2004) Scrap (U) 16.5 3.4 2-10

Published 3

Mineo et al. (2004) Pellet 14.27 2.13 5 (initial)

Published (L=0.04 m) [14.5] [2]

Cordara et al. (2017) Pellet 5.82 4.44 0.1-4
(D=0.5cm)

The computed activation energies and order of reaction are compared with those published in the article (denoted as Published in the table).

HNO,, which was employed in these experiments. Fur-
thermore, the authors used UO, powder in these experi-
ments. In the case of pellet, the authors had performed
experiments at higher pressure. The results in Table 2
also indicate that the order of reaction increases with
an increase in particle size. Moreover, at low HNO, con-
centration (0.5-2 M), the behavior of UO, dissolution is
different from that at relatively higher concentrations
(2-10 m).

It was observed that the activation energy computed
for the stirred runs of Taylor et al. (1963) is lower than the
one computed for the unstirred runs. These values are
in line with those reported by Taylor et al. (1963). They
attributed the reduction in dissolution rate to an autocat-
alytic nature of process and the possible role of nitrous
acid as an autocatalytic product. The same observation
was also made by Shabbir and Robins (1968, 1969), Inoue
and Tsujino (1984), and Desigan et al. (2015a). They men-
tioned that the role of reduction products such as NO,
NO,, and HNO, should be considered for understanding
the underlying reaction mechanism. Ikeda et al. (1995)
studied the role of HNO, in the dissolution of UO, and
concluded that the dissolution of UO, in HNO, depends
on the concentration of HNO, on the surface of solid.
They proposed that the dissolution proceeds through

two paths and the rate of reaction (r) can be written as
follows:

r=(k, +k,Cpo Cino, (12)

In Eq. (12), path k, is independent of C,, , while path
k, depends on C,, . Equation (12) can be used to explain
the role of HNO, in the dissolution process and the differ-
ence in activation energies for the unstirred and stirred
runs over a wide range of high concentrations and tem-
peratures. For the unstirred runs, C,, is higher at the
surface of UO,. The increase in the stirzring speed facili-
tates the diffusion of HNO, from the surface to the liquid
bulk, and consequently, C,, on the surface decreases
at the higher speed. Hence, the contribution of path k,
decreases, leading to a lower overall rate of reaction and
lower activation energy for the stirred runs. Moreover,
they explained the lower activation energy at high tem-
perature and HNO, concentration via the decomposition
reaction of HNO,. At these conditions, the decomposition
reaction, 2HNO, (I) —NO(g)+NO, (g)+H,0(l) is fast and
leads to lower concentration of HNO,. Hence, it decreases
the overall dissolution rate. However, Eq. (12) is not com-
pletely in agreement with the observations of Taylor et al.
(1963), as described below. At high temperatures and
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concentrations, the contribution of path k, predominates,
while that of path k, is negligible due to low concentra-
tion of HNO,. Hence, the activation energy should change
to 79 k] mol™ (corresponding to path k). However, Taylor
et al. (1963) noticed a significant drop in the activation
energies (8-21 k] mol™). Hence, the exact role of HNO, on
the overall rate needs to be revisited to confirm or refine
Eq. (12).

3.1.2 Effect of stirring speed

The majority of kinetic studies in Table 2 were performed
in kinetically controlled regimes, i.e. 100-500 rpm,
speeds above which there is no noticeable effect of the
stirring speed. As mentioned earlier, it is observed that
the increase in the stirring speed decreases the dissolu-
tion rate as well as the activation energy (Taylor et al. 1963,
Inoue and Tsujino 1984). This phenomenon indicates the
autocatalytic reaction mechanism and the participation
of one of the products as a catalyst. It is proposed that
nitrous acid is acting as a catalyst in this process (Taylor
et al. 1963, Inoue and Tsujino 1984, Ikeda et al. 1995). We
have studied the dissolution kinetics of typical Indian
PHWR sintered UO, pellets in nitric acid (Desigan et al.
2015b). Our results on dissolution kinetics also confirm
this observation.

3.1.3 Effect of additives

Uranium dioxide dissolves rapidly in HNO, without addi-
tives compared to plutonium or thorium dioxide. However,
several additives such as hydrogen fluoride (HF), alu-
minum nitrate (A1(NO,),), sodium nitrate (NaNO,), lithium
nitrate (LiNO,), uranyl nitrate (UO,(NO,),), and sodium
nitrite (NaNO,) were added to study their effects on the
dissolution rate.

It was observed that the addition of HF increases the
instantaneous dissolution rate (IDR) for HNO, concen-
tration below 6 M. However, the IDR decreases with an
increase in the HF concentrations above 6 M HNO3 (Uriate
and Rainey 1965). Often, AI(NO,), is added to HNO,-HF
solutions to prevent corrosion. However, it is observed that
aluminum nitrate nullifies the effect of HF on the dissolu-
tion rate. In our analysis, we fitted power-law kinetics to
the IDR versus concentration data reported by Uriate and
Rainey (1965), and it is found that the rate is proportional
to the 3.06th power of HF concentration, the —2.97th power
of AI(NO,), concentration, and the 1.81th power of HNO,
concentration. This analysis confirms the observation

N. Desigan et al.: Dissolution of nuclear materials in acid solutions =—— 7

made by Uriate and Rainey (1965) that aluminum nitrate
has negative effect on the IDR. The addition of sodium,
lithium, and uranyl nitrate into HNO, solution increases
the dissolution rate. The fitting of power-law kinetics to
the rate versus concentration data suggests that the IDR
is proportional to the 2.3th power of total nitrate con-
centrations in the solution. This result is in line with the
observation made by several authors (Shabbir and Robins
1968, 1969). Moreover, Taylor et al. (1963) observed that
the addition of NaNO, increases the dissolution rate while
the addition of nitrite-neutralizers reduces the dissolution
rate. These results indicate the catalytic effect of nitrous
acid, as represented by Eq. (12). We have also found
similar observations in our experiments wherein addition
of hydrazine as masking agent for nitrous acid resulted in
significant reduction in dissolution rates (Desigan et al.
2015h).

3.1.4 Role of surface area and particle shapes

Shabbir and Robins (1969) and Ikeda et al. (1995) noticed
that small particles dissolve rapidly than the large ones
do. This observation indicates that the dissolution rate
depends on the surface area of UO,. It was also observed
that the effective surface area changes as dissolution pro-
ceeds (Shabbir and Robins 1968). Moreover, the chopped
spent fuels in practice consist of cracks, shallow pitting,
and minute pores (Fukasawa and Ozawa 1986, Mineo
et al. 2004). The scanning electron microscopy of a 50%
dissolved pellet indicates a rough surface area with open
pores with diameter up to 100 um (Fukasawa and Ozawa
1986). Furthermore, the effective surface area increases
initially because more closed pores open up as dissolu-
tion proceeds. The effective surface area computed by
submersion or mercury impregnation methods shows
that effective surface area decreases monotonously
after 20%-30% dissolution (Shabbir and Robins 1968,
Fukasawa and Ozawa 1986). These observations indicate
that the effective surface area needs to be incorporated
to compute dissolution rate. Mineo et al. (2004) incorpo-
rated cracks in the spent fuels to compute the effective
surface area.

Moreover, a comparison of dissolution rates among
different shapes indicates that the dissolution rate in the
case of powder is greater than that of spheres or pellets
(Inoue and Tsujino 1984). They attributed this phenome-
non to structural defects, such as high dislocation density,
sharp edges, and corners in the case of powder. These
results show the importance of morphology and lattice
structure in dissolution processes.
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3.1.5 Overall reaction mechanism

The role of nitrous acid as an autocatalytic reagent in the
dissolution of sintered UOQ, pellets in nitric acid medium
has been speculated on by many researchers (Taylor et al.
1963, Shabbir and Robins 1968, Inoue and Tsujino 1984),
but none of the work mentioned in the literature gave any
conclusive evidence for the reaction mechanism. Hence,
Desigan et al. (2015a, 2017) carried out a detailed study to
deduce the reaction mechanism of the same. Initially, the
authors studied the effect of temperature and acidity on
the reaction kinetics of sintered UO, pellet dissolution in
nitric acid and estimated the activation energy (Desigan
et al. 2015a, 2017). The reaction was found to be predomi-
nantly chemical reaction controlled. Subsequently, the
authors studied the changes in pellet surface area and
measured the composition of NO_gases evolved during
the course of dissolution as a function of time. The start-
ing acidity in all the experiments was 8 M (Desigan et al.
2017). Egs. (9)—(11) are the stoichiometric reactions taking
place between UO, and nitric acid at various acid concen-
trations. These reactions predominantly take place in the
acidity range above 8 M, between 6 and 8 M and below
6 M, respectively (Sakurai et al. 1988). The published
results by Desigan et al. (2017) indicate that the ratio of
Cino. consumed to C; dissolved is around 2.7 when the
acidgity of the reaction mixture is above 6 M, and the ratio
changes to around 3 when acidity is below 6 M in all the
experiments on the dissolution of sintered UO, pellets in
the nitric acid medium. Based on the composition of NO_
gases measured during the course of dissolution, they
observed that C,; is always around 0.5-0.6 times that of C ..
Hence, in all experiments by Desigan et al. (2017), which
were carried out under conditions prevailing in a typical
PUREX process, the reaction depicted by Eq. (9) can be
almost ruled out. It is only the reactions represented by
Egs. (10) and (11) that seem to be taking place most pre-
dominantly. C, was found to be very less until the acidity
of the reaction mixture reaches 6 M. When the acidity of
the reaction mixture crosses 6 M and dips further, there
is sudden increase in C,, . Furthermore, downtime until
the completion of the dissolution process of C, contin-
ues to be hovering around C,,, which is about hélf of C,.
This further emphasizes our conclusion that reaction (9)
is negligible. The typical concentration profiles of nitrous
acid and U in the bulk and NO, gases evolved during the
course of dissolution are given in Figure 1.

The overall reaction can be split into three zones time
wise. In zone 1, as C, is about 0.6 times that of C, the
reaction predominantly proceeds through either Eq. (10)
or (11). As per Benedict et al. (1981), at higher acidities,
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Figure 1: Typical concentration profiles of nitrous acid and U in the
bulkand NO,_ gases evolved during the course of dissolution.

the concentration of NO, in the NO_stream will be higher.
However, Desigan et al. (2017) found C,, to be very less
in the experiments. This is because NO,, due to its higher
solubility in the aqueous phase (Joshi et al. 1985), reacts
with water and forms HNO,. Hence, CHNOZ increases in this
zone. This confirms that the reaction taking place pre-
dominantly in time zone 1 (Figure 1) is Eq. (11). Nitrous
acid formed decomposes quickly to NO_gases.

Thus, the reaction takes place in two steps, as follows.

Step1 UO, +3HNO, - UO,(NO,), +HNO, +H,0 (13)

Step2 HNO, —1/2NO, +1/2NO+0.5H,0 (14)

The NO, formed reacts quickly with water, as follows:

2NO, +H,0 — HNO, + HNO, (15)
In time zone 2 (Figure 1), nitrous acid, which is pro-
duced at the pellet solution interphase, attains equilib-
rium, and it diffuses into the bulk of the reaction mixture
at certain rate depending on the extent of agitation. The
higher the agitation rate, the faster the diffusion of the
nitrous acid, and, subsequently, it decomposes to NO and
NO,, as represented in step 2 given in reaction (14). Also, in
this time zone, as the pellet continues to become porous,
which was inferred from the increasing total surface area of
the sintered pellet, nitrous acid penetrates into these pores
and accelerates the reaction further. Hence, C, increases
rapidly in this zone and, thereby, the dissolution rate.

In time zone 3, the pellet reduces in sufficiently smaller
size due to the rapid dissolution in zone 2. As a result, the
available surface for the reaction to take place is very less.
Hence, the dissolution rate decreases, as indicated by the
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decrease in the value of slope of C; curve with time. At the
same time, the reaction between NO, and water reaches
equilibrium and attains steady state, leading to a constant
slope in the C,, plot with time.

Based on t121e above facts, the overall reaction mech-
anism can be summarized as follows. The sintered UO,
pellet dissolves in nitric acid predominantly through
reaction 11 in two steps, as indicated in Egs. (13) and (14),
under typical PUREX process conditions. NO, gas gener-
ated in situ reacts with water quickly leading to the for-
mation of nitrous acid, as given in Eq. (15). The overall
reaction is the algebraic addition of Egs. 13-15, as follows:

U0, +11/4HNO, - UO,(NO,), +1/2NO+1/4HNO, + 5/4H,0
(16)

Note that the above mentioned reaction mechanism
operates irrespective of the reaction rate.

3.2 Dissolution of plutonium dioxide
3.2.1 Preamble

Fast reactor fuels typically contain Pu about 10-30% of
the total heavy metal (THM), whereas for all the other
types of reactors, it is relatively less. Thus, for the com-
mercial success of the fast reactor fuel cycle technology,
the dissolution of fast reactor spent fuel is a major step
to be well explored. It is well known that uranium-
based spent fuel dissolves rapidly in nitric acid under
just heating in comparison to plutonium-based spent
fuel, whereas addition of PuO, to UO, (making it MOXs)
renders its dissolution sluggish in nitric acid (Goode
1965, Uriate and Rainey 1965, Schulz 1966, Horner et al.
1977). Hence, as Pu composition in the fuel increases,
it becomes increasingly difficult to dissolve it in highly
concentrated nitric acid just by heating. Once plutonium
exceeds 35% of the THM, it was found to be difficult to
dissolve it completely using nitric acid alone (Demuth
1997, Polley 2009). To enable the dissolution of such
Pu-rich fuel, either electrolytic or addition of any strong
complexing agents like hydrofluoric acid is normally
required (Ryan and Bray 1980). When scrap materials
with relatively high Pu are dissolved, which is normally
a one-time campaign, the dissolver vessel is made of a
special material like Ti or Zr to make it chemically strong
enough to withstand the highly corrosive nature of the
chemicals required to dissolve them.

Plutonium is known to exist in three different stable
oxidation states, as follows: (III), (IV), and (VI), in the
nitric acid medium depending on the acid concentration
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(Fallet et al. 2016). Under typical PUREX process condi-
tions, it co-exists in all these valency states. Pu(IV) is the
most favorable oxidation state, which tributyl phosphate
solvent extracts from nitric acid medium. Hence, after oxi-
dative dissolution of PuO,, one has to reduce the resulting
Pu(VI) ions to Pu(IV), which was found to be kinetically
hindered in the nitric acid medium (Marchenko et al. 2009).
On the other hand, the oxidation of Pu(III) to Pu(IV) is both
a kinetically and thermodynamically favored process. This
leads to the exploration of optimal methods for dissolution
of PuO,. The experimental data from several publications
have been analyzed to compute activation energies and
order of reaction with respect to HNO,. These results along
with the published values are given in Table 3.

3.2.2 PuO, dissolution in nitric acid

It has already been mentioned that, in contrast to UO,,
PuO, dissolves in HNO, solution slowly. It was further
observed that PuO, is practically insoluble in lower HNO,
concentration (Uriate and Rainey 1965, Horner et al.
1977, Ryan and Bray 1980). Ryan and Bray (1980) showed
this from a thermodynamic analysis. They justified the
insolubility of PuO, in non-complexing nitric acid media
based on the free energy calculations. They computed the
standard free energy of PuO, dissolution reaction in nitric
acid to be AG;’% =41 k] mol™ in low acidity (<5 M) and at
the acid boiling point with the same concentration to be
only slightly more favorable with AG;’73 =-10.5 kJ mol™.
Furthermore, it should be noted that the complexing con-
stant of nitrate ions related to plutonium is low. They have
to undertake (as a suggestion for future work) a systematic
thermodynamic analysis to unravel the mechanism of PuO,
dissolution. At relatively high concentrations (Uriate and
Rainey 1965), it was observed that the IDR is proportional
to the 4th power of HNO, concentration. For instance, in
10 m HNO,, the IDR of UO, pellet is 22.22 mg cm™ min,
while that of PuO, is 1x 10~ mg cm™ min™,

3.2.3 PuO, dissolution in aqueous acids with fluoride
promoters

The addition of small amount of fluoride promoters such
as HF or KF in HNO, is the most widely used method to
dissolve PuO, rapidly (Uriate and Rainey 1965, Harmon
1975a,b, Ryan and Bray 1980). Although the addition
of HF increases initially the dissolution of PuO, by
several fold, it slows down as the reaction progresses.
One of the reasons might be the possible precipitation
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Table 3: Summary of results obtained via analysis of experimental data in the published literature for PuO,,.
Authors Shape Activation energy Kinetic Conc. Additive Surface area
(k) mol-?) expression HNO, (m) (m2g-Y)
Uriate and Rainey Pellet - kC® Cﬁ%?é 7-14 HF (0.0005-1) 7.3x10°°
(1965) ’
kCA.OS C037
HNO, “HF,0 7-14 Al(NO3)3
0.025
AINO,),
kyaces, W
Ko, Ha
Harmon (1975a,b) NA 8 KF (0.05) Not known
Ce(IV) (0.0125-0.05)
Barney (1977) Powder 13 kC,, 10 HF(0.05-0.2) 2.9
Horner et al. (1977) Microsphere 14.5 kC,, 1-13 Ce (0.03-0.12) 1.2x1072
Kazanjian and Not known - kC, 12 HF (0.05-1) Not known
Stevens (1984) 1+K,G,r
Miner et al. (1969) Circular coupons 1.61 kq;jg“cggg 1-5 HF (0.01-0.13) 8.7x10°°
Bray et al. (1986) Not available NA kG2, HF (0.05-0.2) 0.54-48.7

The computed activation energies and order of reaction are compared with those published in the article.

of plutonium tetrafluoride (Barney 1977, Kazanjian and
Stevens 1984). Moreover, HF is corrosive to the process
equipment and interferes in the solvent extraction
steps of the reprocessing (Kazanjian and Stevens 1984).
Several authors studied the kinetics of dissolution of
PuO, with fluoride promoters. A brief summary is given
below. The kinetic data analysis of PuO, in acid solu-
tions is given in Table 3.

Barney (1977) proposed that the reaction on PuO,
surface with the undissociated HF as the rate-controlling
step. Moreover, it was also observed that HF makes strong
complex with Pu(IV) to produce PuF/* complexes, and the
dissolution rate decreases when the total concentration of
Pu(IV) is greater than that of HF. Hence, it was concluded
that HF is getting consumed in stoichiometric quantity as
the reaction proceeds, and its role is beyond a catalyst in
the process.

The analysis of IDR versus time data for a pellet
(Uriate and Rainey 1965) indicates that IDR is proportional
to the 4th power of HNO, concentration and the 1.31th
power of HF concentration. On the other hand, Barney
(1977) studied the dissolution of PuO, powder in HNO,
and HF mixture. The experimental data were obtained
in the kinetically controlled regime by eliminating the
effect of stirring speed as a variable with the experiments
performed above 400 rpm. The authors investigated the
effects of surface area, HF and HNO, concentrations, and

temperature on the initial dissolution rate. The experi-
mental results were then used for understanding the
rate-controlling step and the estimate of overall rate of
reaction. They observed that the initial rates are the same
for several HNO, concentrations, and hence, HNO, was
not considered in the rate-determining reaction step. Fur-
thermore, they noticed that the measurement of fluoride
on the PuO, surface during the dissolution indicates that
some fraction of fluoride gets adsorbed on the surface,
and it is not sensitive to the total HF concentration.
Hence, it was postulated that the rate of reaction could
be expressed as a function of non-complexed HF. The rate
equation was given by r=kC, ., where C__ is the concentra-
tion of non-complexed HF. Under the assumption that the
reaction proceeds uniformly over the surface where the
particles are considered to be of identical size and shape,
we computed the activation energy for the data of Barney
(1977), which was 54.3 k] mol.

The value computed in the analysis is in line with that
obtained by Barney (1977). The analysis of experimental
data of Bray et al. (1986) and Miner et al. (1969) shows that
the dissolution rate is proportional to the 1.2th and 0.73th
powers of the initial concentration of HF, respectively.
In the case of the study by Miner et al. (1969), it can be
seen that the dissolution rate is around zeroth power of
HNO, concentration, which is in line with the reasoning
of Barney (1977). However, the activation energy value of
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6.7 k] mol™ reported by Miner et al. (1969) indicates the
diffusion controlled process, which is exactly in contrast
to the observation made by Barney (1977).

In contrast to the above authors, Kazanjian and
Stevens (1984) found that the dissolution of PuO,
increases when HF concentration was increased up to a
certain concentration (0.2 M in their experiments). Above
0.2 M HF concentration, the dissolution rate decreases
with further increase of HF concentration. Our analysis
of Kazanjian and Stevens’ (1984) data indicates that the
behavior of the experimental data can be captured by a
rate expression with an inhibiting term for the concentra-
tion range. The experimental data are used to compute
the values of rate constant k, and the equilibrium con-
stant K, for 0.05-0.5 M HF concentrations. The obtained
values for k, and K, are 738107 (m s™) and 3.5582 M7,
respectively.

It should be noted that HF concentration is less than
0.2 M in the study of Barney (1977), Miner et al. (1969),
Uriate and Rainey (1965), and Harmon (1975a,b). In this
concentration range of HF, the dissolution rate is approxi-
mately the first order, as the inhibition term has negligi-
ble influence on the rate. However, above 0.2 M HF (or KF
in case of Harmon 1975a,b), the inhibition term becomes
significant, and hence, the dissolution rate decreases.
Kazanjian and Stevens (1984) observed that PuF, started
to precipitate in the solution above 0.2 M HF. Moreover, at
0.7 and 1 M HF concentrations, high amount of PuF, was
found in the undissolved residue. This indicates that PuO,
dissolves rapidly in the solution and immediately precipi-
tates as PuF,. Barney (1977) also observed the precipitation
of PuF, when the total concentration of HF is greater than
0.1 M. However, they noted that PuF, re-dissolves again
with time as more Pu is dissolved. Moreover, they also
observed that PuF," and PuF* complexes were present in
significant quantities in the solution for the concentration
of HNO, below 10 M.

As part of a study to systematically evaluate the dis-
solution behavior of several different actinide oxides,
Berger (1990) utilized carbon paste electrochemical
techniques and considered the following general disso-
lution mechanisms for PuO,: (i) with no redox reaction,
producing the Pu(IV) species in solution; (ii) by oxida-
tion, producing either Pu(V) or Pu(VI); and (iii) by reduc-
tion, producing Pu(IIl). Although oxidative dissolution
of PuO, is theoretically observed for the electrochemical
electrode potentials above 1.43 V and 1.22 V, respectively,
leading to the formation of Pu(V) and Pu(VI), only the
reductive dissolution path was shown thermodynami-
cally favorable in non-complex acidic media (Berger
1990, Madic et al. 1992).
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3.2.4 PuO, dissolution in HNO,-Ce(IV) solution

There has been a strong need to develop alternative
methods to quantitatively dissolve PuO, rapidly without
opting for any corrosive reagents like HF. Thus, redox
chemistry becomes very prominent and led to many
industrial improvements. Initially, Ce(IV) was used as a
promoter to enhance the performance of HF-based pro-
cesses for dissolving plutonium-rich scrap materials
to recover plutonium (Uriate and Rainey 1965, Harmon
1975a,b, Horner et al. 1977). Berger (1990) experimentally
determined the half-cell potential of Ce(IV)-Ce(III) couple,
which paved way for more exploration of this method
for the dissolution of plutonium-rich spent nuclear fuel.
Harmon (1975a,b) noted that oxidization of Pu(IV) to
Pu(VI) by Ce(IV) is given by the following mechanism:

2Ce(IV)+Pu(IV) — Pu(VI)+2 Ce(III) a7

Uriate and Rainey (1965) also studied the effect of
addition of Ce(IV) on the dissolution rate. They added
ceric ammonium nitrate as Ce(IV) source. They observed
that the dissolution rate increased by the addition of
Ce(IV) for the concentrations of HNO, solution less than
2 M. The rate was also found to be proportional to Ce(IV)
concentration. However, for higher concentrations (>4 M)
of HNO,, the rates were found to be independent of Ce(IV).
It was noted that the rate of reaction was still low for all
practical applications. The analysis of the data shows that
the dissolution rate is proportional to the 0.78th power of
HNO, and the 0.58th power of Ce(IV) concentration.

It has been observed that the addition of Ce(IV) to
HNO, increases IDR (Harmon 1975b, Horner et al. 1977).
However, Harmon (1975b) observed that the dissolu-
tion rate increases with the concentration of Ce(IV) until
0.025 m in HNO,-KF solution, while it decreases above
0.025 M concentration. This result is in contrast to that
obtained by Horner et al. (1977). This phenomenon can be
attributed to the ratio of KF to Ce(IV). It was observed that
at the KF to Ce(IV) ratio of 1, the dissolution rate was less
than that of either promoter alone (Harmon 1975b). More-
over, it was observed that mixed Ce(IV) and KF system at
certain KF/Ce(IV) yielded better results than with either
of the additives alone. This indicates the importance of
ratio optimization for optimal dissolution rate. Moreover,
the stoichiometric amount of Ce(IV) was needed for com-
plete dissolution of PuO,, which indicates that Ce(IV) does
not behave as a catalyst in the process (Harmon 1975hb).
Hence, the higher concentration of Ce(IV) is required to
dissolve high amount of PuO,. It was shown that there
was marginal effect of Ce(III) on the dissolution of PuO,
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(Horner et al. 1977). Moreover, hydrothermal precipitation
of CeO, under pressure and high temperature was
observed during the experiments with low HNO, concen-
tration (<2 M) (Harmon 1975b).

Using the experimental data of Horner et al. (1977),
it was found that the dissolution rate was proportional
to the first power of Ce(IV) concentration. The activation
energy of 60 k] mol* was computed from the dissolution
rate versus temperature data. This result indicates that the
intrinsic kinetics is the rate-controlling step, which is also
the case for HNO,-HF system.

3.2.5 PuO, dissolution in HNO_ with other additives

Various complexing agents, Ag(II)-Ag(I) and Co(III)-Co(II),
etc., were added to oxidize Pu(IV) to Pu(VI) and, hence, pre-
venting the formation of PuF, and enhancing the dissolu-
tion rate (Berger 1990, Ryan et al. 1990, Madic et al. 1992,
Zawodzinski et al. 1993). Kazanjian and Stevens (1984)
observed that several complexing agents enhanced the dis-
solution rate, particularly, Ce(IV) and Ag(I). The authors
also observed that the dissolution was kinetically controlled.

Gelis et al. (2011) investigated Am(V)/Am(III) and
Am(VI)/Am(III) couples as mediators of the oxidative
dissolution of PuO, instead of foreign redox couples.
Americium dioxocations were generated by ozonation
of solutions containing Am(III). They found that Am(III)
increases the dissolution rate, and it may be a promising
alternative to the external additives.

With ozone as a complexing agent, Uriate and Rainey
(1965) observed that there is a marginal increase in the
dissolution rate. However, at high concentrations of HNO,,
Ce(IV) and ozone were reduced rapidly due to their limited
stability and, hence, were not available for catalyzing the
reaction. They also used additives such as H,0,, Na,Cr,0,
NaNO,, and LiNO,. However, they found that there is no
effect of these additives on the dissolution rates.

Bjorklund and Staritzky (1954), in their work on reac-
tivity of PuO,, had already indicated the feasibility of this
method using a mixture of hydrochloric acid and iodide.
Berger (1990) estimated PuO, (s)/Pu(III)(aq) couple’s stand-
ard potential, which paved way for the studies on Cr(II)/
Cr(III) couple in sulfuric acid media to be used for PuO, dis-
solution. The work of Shakila et al. (1987) in HCl media using
Fe(II)/Fe(III) couple also demonstrated the feasibility of the
reductive dissolution of PuO,. In this work, it was found that
the dissolution took place vigorously as long as Fe(II) was
available. Hence, hydrazine was used, which prolonged
the availability of Fe(Il) by reducing Fe(III) and thereby the
dissolution reaction. Shakila et al. (1989) also reported the
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improved dissolution in HNO,-HF medium in the presence
of hydrazine. Fife (1996) carried out a detailed kinetic study
of PuO, dissolution in HCl media using ferrous as electron
transfer catalyst. They modelled the reaction using the clas-
sical non-porous shrinking spherical core model and found
the dissolution to be kinetically controlled.

3.2.6 Effect of calcination temperature/surface area

The preparation of PuO, can affect its dissolution prop-
erties. Harmon (1975b) showed that the dissolution of
PuO, decreases as the calcination temperature of PuO,
increases. Etter and Herald (1974) investigated the effect
of calcination temperature and the concentration of HF
on the dissolution of PuO,. Their results indicated that the
dissolution of PuO, decreased progressively as the calcina-
tion temperature increased. They suggested a calcination
temperature of 500+50°C for a complete decomposition
of the oxalate and maintained a reasonable dissolution
rate. Moreover, the high concentration of HF also helps
to increase the dissolution of PuO, at the given calcined
temperature. The surface area of PuO, particles per gram
decreases as PuO, calcination temperature increases. This
might also contribute to a decrease in the dissolution rate.
Recently, CeO, has been used as a surrogate for UO, and
mainly for PuO, in MOX (Kim et al. 2008). Particularly, the
role of energetically reactive site such as surface defects,
grain boundaries, and artefacts of CeO, pellet has been
investigated on the initial dissolution rate (Corkhill et al.
2014, 2016). They noted that higher energetically reactive
sites led to higher dissolution rate. These energetically
reactive sites are of two kinds: (i) natural surface defect
such as grain boundaries and (ii) surface defects induced
during preparation. It has been noted that grain bounda-
ries dissolve rapidly than do other sites in solids (Corkhill
et al. 2014). Furthermore, the dissolution of facet formed
during the oxide preparation was found to be instantane-
ous. They also found that a chemical defect such as elimi-
nation of oxygen vacancies had significant effect on the
dissolution rate. Szenknect et al. (2012) investigated the
microstructure effect on the dissolution of Ce(IV)-Ne(III)
oxides. They observed that the more porous structure
were formed after the initial surface dissolution.

3.3 Dissolution of thorium dioxide
3.3.1 Preamble

Thorium dioxide (ThO,)-based fuel is important for
the nuclear power using the breeder reactor concepts
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(Hubert et al. 2001). The dissolution rate of ThO, is
orders of magnitude more than uranium in HNO, under
the identical conditions (Moore et al. 1957). On the other
hand, similar to that of PuO,, the dissolution of ThO,
in HNO, can be significantly enhanced by the addi-
tion of small amounts of HF (Takeuchi et al. 1971). In
this section, the following aspects of the dissolution of
thorium oxides are analyzed and reviewed: (i) reaction
kinetics and mechanism, (ii) effect of stirring speed, (iii)
role of surface area and pellet shapes, and (iv) role of cal-
cination temperature.

3.3.2 Reaction kinetics and mechanisms

Moore et al. (1957) studied the effects of variables such as
concentrations of HF and HNO, on the dissolution rates
of thorium dioxide wafers and developed a quantitative
model. To perform the experiments, the following reac-
tion was considered:

Th+6HNO, — Th(NO,), +NO, + 3H,0+NO (18)

It was observed that the dissolution rate increased
linearly with HF concentration up to 0.1 M and decreased
at higher concentrations. Above 0.1 m HF, they observed a
white coating on the surface of the wafer. They postulated
that the coating may be of thorium fluoride or calcium
fluoride (impurity). Hence, the dissolution rate decreased
at high concentrations due to precipitation of ThF, which
is a similar phenomenon as the dissolution of PuO,. A
kinetic expression for the dissolution rate obtained from
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the experimental data is given in Table 4. The kinetic
expression indicates that the rate is proportional to the
1.4th power of HNO, concentrations while the inhibition
type of kinetic equation with respect to the HF concentra-
tion was employed.

Hyder and Prout (1966) studied the dissolution of
ThO, particles and pellets in 10-16 M HNO, containing HF.
They also observed the precipitation of ThF, in the solu-
tion for concentrations greater than the 0.1 M HF concen-
tration. Furthermore, the dissolution rate increased up
to 13 M HNO, concentration, and then it was observed to
decrease upon increasing the HNO, concentrations. The
kinetic expression obtained from the analysis is shown in
Table 4. The results indicated the inhibition kinetics for
HNO, concentrations.

Takeuchi et al. (1971) studied the dissolution of sin-
tered ThO, circular disk in the HF-HNO, solutions at
different temperatures and over a wide range of HF
(0.005-0.035 M) and HNO, (2-6 M) concentrations. On
the basis of the experimental observations, the authors
proposed a mechanism for the dissolution reaction on
the surface of ThO, disk. They observed the absence of
surface products that can inhibit the reaction. Further-
more, the dissolution rates were found to increase with an
increase in the HF concentration up to 0.035 M, and then,
it started to decrease. This indicates an inhibition nature
of reaction kinetics beyond that of a certain concentra-
tion. Similar observation was made for the undissociated
HNO, concentrations. Based on the experiments, the fol-
lowing mechanism for the surface reaction was proposed
(Takeuchi et al. 1971):

Table 4: Summary of results obtained via analysis of experimental data in the published literature for ThO,.

Authors Shape Activation energy  Kinetic expression Conc. Additive Surface area
(k) mol-?) HNO, (m) (m2g-")
Moore et al. (1957) Circular wafer - K K.Cy e 2-6.5 HF(0.0005-1) 9.62x10°¢
°1+K,C, ™
Hyder and Prout (1966)  Particle - K.Cino 10-16 HF(0.05) Not known
1+K1CHN03
Takeuchi et al. (1971) Circular disk 11.70 KC K,Cono 2-6 HF(0.005-0.035) 6.07x107°
k(E, T) 1 _HF 3
1+K.C,. 1+KZCHNOK
Shying et al. (1970) Particles 13.452 - 1-13 HF(0.002) 3.55°
Keshtkar and Powder 21.3 (HNOB) - 3.5-9.5 HF(0.005) -
Abbasizadeh (2016) 6.8

The computed activation energies and order of reaction are compared with those published in the article.

“The activation energy is computed using the initial rate versus time data at constant HNO, and HF concentration and varying temperature.
bTotal surface area measured by the nitrogen adsorption method.

Brought to you by | University of Sydney
Authenticated
Download Date | 7/16/18 7:29 AM



14 —— N.Desigan et al.: Dissolution of nuclear materials in acid solutions

Step1 ThO,+H,0— ThO(OH), (fast)
Step2 ThO(OH), +HF <> ThO(OH)F +H,0 (fast)

Step3 ThO(OH)F+ HNO, <» ThO(OH)F-HNO, —

activated complex — solution 19)

In step 1, the fast reaction between ThO, and water
takes place to produce hydroxyl complex on the surface
of ThO,. In step 2, HF concentration reacts with hydroxyl
complex (which was assumed to cover fraction of total
surface) to produce surface fluoride and water. In step
3, HNO, molecule adsorbs on the surface fluoride and
produces the soluble activated complex. Here, it was
assumed that a minor fraction of HF is dissociated. Hence,
they concluded that the rate of dissolution is proportional
to fraction of the surface covered by the undissociated HF
and HNO,. Takeuchi et al. (1971) have reported the heat
of activation energy to be 43.9 k] mol™. Furthermore, the
inhibition kinetic rate expression is also shown in Table 4.
In their follow-up study, Takeuchi and Kawamura (1972)
tried to identify the actual species in HF (F-, HF-, dissoci-
ated HF), which probably reacts with the hydroxyl surface
of ThO,. It was concluded that fluoride ion (F) reacts with
the hydroxyl surface, as follows:

ThO(OH), +F~ — ThO(OH)F + (OH)" 20)
(OH) +H" - H,0

The second step indicates that the liberated hydroxyl
ion reacts with the hydrogen ions to form water. Hence, the
equivalent amount of fluoride and hydrogen ions is con-
sumed in the reaction of fluoride ions with the hydroxyl
surface. Furthermore, they proposed that HF acts as a cat-
alyst. As fluoride can form stronger hydrogen bond than
hydroxyl, surface fluoride ion may act as a bridging site
for HNO,. Hence, step 3 was modified, as follows:

ThO(OH)F + HNO, — ThO(OH)F-HNO, —
ThO(OH)NO, - HF — ThO(OH)NO, + HF (1)
Shying et al. (1972) also investigated the mechanism
and kinetics of the dissolution of crystalline thoria parti-
cles in HNO_-HF system. Similar to the study by Takeuchi
and Kawamura (1972), it was observed that fluoride ion
adsorbs on hydroxyl charged positive surface of ThO,
(Shying et al. 1972). In contrast to the other authors in
Table 4, they claimed that fluoride sites as well as fluoride
in solution are involved in the reaction mechanism. They
postulated “Langmuir-Hinshelwood” type of reaction
mechanism, as follows:
1. reaction between the oxide and water or protonated
species to produce hydroxyl surface
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2. dissociation of hydroxyl surface compounds to form a
positively charged surface species

F- adsorption

reaction of hydroxyl surface and fluoride ions with the
fluorinated surface sites

5. desorption of a thorium fluoride complex

s w

The proposed mechanism of Shying et al. (1972) is similar
to that of Takeuchi and Kawamura (1972). Furthermore,
they proposed an expression for the dissolution rate that is
proportional to the activities of fluoride in solution (order
1) and protons (order 2) and the concentration of adsorbed
fluoride on ThO, surface. The computed activation energy
using the initial rate method at different temperatures is
13.45 (reported value 18) kcal mol™. This value is higher
than the one obtained by Takeuchi and Kawamura (1972).

3.3.3 Effect of stirring speed

Hyder and Prout (1966) observed that mild agitation at
boiling point of HNO, increased considerably the dis-
solution rate. Furthermore, in studies of Shying et al.
(1972) and Takeuchi and Kawamura (1972), the bulk solu-
tion diffusion was eliminated as a rate-controlling step.
Shying et al. (1972) observed that the increase in the agi-
tation speed from low to rapid did not increase the dis-
solution rate significantly. Takeuchi and Kawamura (1972)
observed that the dissolution rate did not depend on the
stirring speed from 250 rpm to 1000 rpm. In both studies,
the authors took adequate care to eliminate contribution
of mass transfer in the bulk and performed experiments in
the kinetically controlled regime.

3.3.4 Effect of surface area and shape

Table 4 indicates that the activation energies vary with the
shape of particles. Furthermore, the reported values by
the authors vary considerably [10.5 kcal mol™ for Takeuchi
and Kawamura (1972) and 20 kcal mol™ for Shying et al.
(1970)] with the shapes. Hyder and Prout (1966) observed
that the dissolution rates depended on the particle sizes.
In their experiments, they found that fine particles dis-
solved rapidly in comparison to large particles. It has been
concluded that the effective surface area is essential for
computing the correct dissolution rates in other oxides,
and hence, it is important to measure the effective surface
area for ThO,. Furthermore, ThO, pellets have been dis-
solved to study the effect of microstructure on the dissolu-
tion UO, in fuel matrix (Myllykyl4 et al. 2015) in the diluted
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HNO,. They observed that surface defects have an effect
on the local dissolution rates.

4 Dissolution of MOX

4.1 Preamble

MOX fuel of urania, thoria, and plutonia is typically used
to drive FBRs. The plutonium composition in the MOX fuel
varies from about 10% by weight to about 30% by weight.
If plutonium exceeds this amount, it renders the fuel prac-
tically insoluble in highly concentrated nitric acid medium
(Uriate and Rainey 1965). Most of the literature articles on
MOX dissolution were a result of investigation of the MOX
fuel leaching characteristics during the long-term storage
of spent MOX fuel from environmental safety point of view
(Forsyth and Werme 1992, Serrano et al. 1998, Jégou et al.
2010, Claparede et al. 2011b, Poinssot et al. 2012a). Fur-
thermore, these studies have also investigated the roles
of physicochemical parameters and addition of actinides
in MOX dissolution. Next, we will analyze these works to
understand the dissolution of MOXs (or surrogate oxides)
in nitric acid.

4.2 Reaction kinetics and mechanism

First detailed work on the dissolution of (U, Pu) MOX fuel
was done by Uriate and Rainey (1965). They have studied
the dissolution behavior of both unirradiated and irradi-
ated MOX with 20% PuO, and rest UO, by weight. They
have attributed to the sluggish kinetics of MOX fuel in
nitric acid predominantly to the fuel fabrication meth-
odology and its process conditions. MOX fuel fabricated
through co-precipitation route has much faster disso-
lution kinetics compared to those fabricated through
powder metallurgy methods. Also, they have observed
that co-precipitated fuel goes to dissolution completely
as against the MOX obtained by powder blending route.
They have also found that process conditions like sin-
tering temperature and time influence their dissolution
kinetics to a greater extent. They have also found out
that under the experimental conditions of their work,
irradiated MOX fuel was found dissolved about five times
faster than their unirradiated counterpart. They have
estimated the initial dissolution rates of the abovemen-
tioned unirradiated and irradiated MOX fuel in nitric
acid to be about 1 mg cm™ min® and 3 mg cm™ min’,
respectively.
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Heisbourg et al. (2003) dissolved Th and U MOX
powder to study dissolution rate of individual metal. They
proposed a mechanism of MOXs dissolution in three steps
as follows:

1. Oxidation of U at the surface via following reactions:

(a) UO, +% 0,=1U0,
(b) UO,+2NO; +2H* = U0, + 2NO, + H,0
(c) UO,+2HNO, = U0, +2NO+H,0

They pointed out that reaction (a) is more likely to occur
at low concentration ranges than do other reactions based
on the reduction potential values of the species. Note that
reaction (c) cannot happen at 6-10 M HNO, concentra-
tions due to the short life of HNO, at high concentrations
of HNO,. Hence, at high concentrations of HNO,, the oxi-
dation of U takes place through reaction (b).

2. Fast protonation of Th and U from the surface layer

(a) U protonation: UO, +H" — UO, -OH"
(b) Th protonation: Th—OH+H" — Th—OH;
3. Detachment of the metal ions
(@) Uion detachment: UO,-OH'+H" — U0’ +H,0

(b) Thion detachment: Th—OH; +3H,0 — Th(OH), +4H"

Furthermore, it can be observed that Table 5 indicates
the preponderant role of Th and U in MOXs in dissolution
(Heisbourg et al. 2003, 2004). When Th is preponderant,
the dissolution of U is a weak function of the nitric acid
concentrations; order of reaction is less than one. On the
other hand, when U is preponderant, the dissolution of U
is a strong function of the HNO, concentrations (>1) and
behaviors similarly to the dissolution of uranium oxides.
They also observed that ThO, (OH), , -H,O precipitates
formed on the surface of solid at pH >2 and slowed down
the uranium dissolution (Heisbourg et al. 2004). Hence,
the dissolution process of U is then more governed by the
diffusion process through the thorium precipitate layers,
and it is diffusion controlled (Heisbourg et al. 2004). Fur-
thermore, it can be observed from Table 5 that the activa-
tion energy decreases with the increase of U contained in
the MOX.

Hubert et al. (2008) studied the dissolution of Th
and Pu oxide in weak nitric and hydrochloric acids. They
observed that the species Th** is the predominant form
in aqueous solution at pH<2 while ThOH?** is predomi-
nant for pH>2. On the other hand, Pu* and PuNO." exist
along with hydrolyzed Pu species at pH<2. At pH>2,

Brought to you by | University of Sydney
Authenticated
Download Date | 7/16/18 7:29 AM



16 —— N.Desigan et al.: Dissolution of nuclear materials in acid solutions DE GRUYTER
Table 5: Summary of results obtained via analysis of experimental data in the published literature for MOXs-I.
Authors HNO, conc. Shape/temperature Composition Order of Activation
range (M) range (°C) reaction energy (k] mol-?)

Heisbourg et al. (2003) 0.01-5 Powder Th,,U,..0,

Th 0.76

U 0.64

Th, ;U,5,0, 31.96

Th 0.83

u 0.83

ThONUO.BO2 15.41
Heisbourg et al. (2004) 10-4-107 Powder UinTh U .0, 1.31

UinTh, .U, .0, 1.23

UinTh, U, .0, 0.89
Hubert et al. (2008) 107-1 Powder Tho, 0.173

ThomPuo‘UO2 0.55
Horlait et al. (2012) 0.01-4 Powder/5-90 Th,,,Nd_,,0,

Th 0.77 97.74

Nd 0.47

Th, ,Nd, ,,0, 100.78

ThomNdo_wO2 90.51
Claparede et al. (2011a) 0.1-6 Powder Th, .. Ce, .0,

Th 0.50 55.6
Claparede et al. (2011b) 0.1-6 Powder Ce,,,Nd, 0,

Ce 1.07

Nd 1.04

CeO 0.61

The average computed activation energies and order of reaction are presented.

Pu(OH);, Pu*, and Pu(NO,)* are present in the solution.
Furthermore, the order of reaction with respect to HNO,
concentrations is improved in MOXs in comparison to the
thorium oxide.

Recently, the role of physicochemical parameters
such as temperature, acidity, and microstructure has been
investigated in the dissolution of Th-U MOX and its surro-
gates (Horlait et al. 2014, Claparede et al. 2015, Corkhill
et al. 2016). Claparede et al. (2015) studied Kkinetics of
Th, U0, (x=0.16, 0.52, 0.75) and Th_,,Ce , O, pellets in
0.1-6 M nitric acid. It can be observed that the preponder-
ant Th in oxides leads to higher activation energy (average
of 50 k] mol?) and less dependent on HNO, concentra-
tion with n=0.50-0.74. This indicates that surface reac-
tion controlled the phenomena (Claparede et al. 2015).
On the other hand, the dissolution of the oxides with the
preponderant U is similar to that of the uranium oxide.
It can be observed that the order of reaction for HNO, is
similar to that for the UO, dissolution, the average order
of reaction n=1.5. This was attributed to two successive
chemical reactions: fast oxidation of U* to U® and the
detachment of activated complexes of U¢. These reac-
tions are a subset of the reactions proposed by Heisbourg
et al. (2004).

Recently, it has been considered to recycle minor
actinides (rare-earth elements produced during fission)
with MOX for the next-generation fuel (Szenknect et al.
2012, Tocino et al. 2014). Several studies have been pub-
lished on synthesis of rare-earth doped mixed oxides
(REMOX) and the effect of various physicochemical para-
meters on the dissolution of REMOX (Horlait et al. 2012,
2014, Tocino et al. 2014, Baena et al. 2015). Furthermore,
the incorporation of rare-earth also induces oxygen vacan-
cies (Baena et al. 2015), and hence, the role of trivalent
lanthanide incorporation rate has been also investigated
(Horlait et al. 2012, Tocino et al. 2014). Horlait et al. (2012)
studied the dissolution of Th,,Nd O,  , and the effect of
solid composition and temperature of the dissolution. It
has been observed that the incorporation of Nd enhanced
the dissolution rate of oxides in comparison to thorium
oxides. The enhancement of dissolution can be attributed
to weaken crystal lattice due to incorporation of Nd*.
Furthermore, the order of reaction with respect to HNO,
concentration has similar magnitude as those obtained by
Claparede et al. (2015) and Tocino et al. (2014) (see values
in Tables 5 and 6), and it indicates that the surface reac-
tion controlled mechanism is present. This also can be
confirmed by the activation energy of the reaction, which
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Table 6: Summary of results obtained via analysis of experimental data in the published literature for MOXs-II.

Authors HNO, conc. Shape/temperature Composition Order of Activation
range (M) range (°C) reaction energy (k] mol-?)
Tocino et al. (2014) 0.01-4 Pellet U,,.Th,,.0, 1.71
0.5-4 U,,.Ce,,.0, 2.15
0.01-0.5 1.65
0.01-4 Uo.75Ndo.2501.875 1.04
0.5-4 1.4
0.01-4 U0.75GeoA2501.s75 0.99
0.5-4 1.47
0.01-4 Tho,75Ndo.2501.s75 0.62
0.01-4 Ceo.75Ndo.z501.s75 0.74
Claparede et al. (2015) 0.1-6 Pellet/40-90 Th,,6U;.,.0,
Th 0.74 54.43
U 0.52 48.45
0'1_4 ThOASUO.SZOI
Th 1.53 22.2
U 1.67 18.88
0.1-4 Thy U4 750,
Th 1.24 24.16
U 1.29 23.01
0'1_6 Th04slce041902
Th 0.52 61.05
Ce 0.50 54.3

The average computed activation energies and order of reaction are presented.

is greater than 20 kJ mol™. Furthermore, the activation
energy of the dissolution is independent of composition
of lanthanide. Tocino et al. (2014) investigated the role
of oxygen vacancies caused by the incorporation of lan-
thanides on the dissolution kinetics. It can be observed
from Table 6 that the order of reaction of the U dissolution
rate in MOX is similar to that of UO, for 0.5-4 m HNO,, i.e.
the oxygen vacancies do not play any role in dissolution
rates. Furthermore, the dissolution rate of Th and Ce with
respect to the HNO, concentrations (Tocino et al. 2014)
(see Table 6) is similar to the one obtained by Horlait et al.
(2012, 2014) (see Table 5). Furthermore, it can be seen that
oxygen vacancies affect the dissolution rate for 0.01-0.5 Mm
concentration range. Also, the incorporation of Ce and Th
did not change the dissolution rate of U in MOX at higher
concentrations. However, at concentrations <0.5 M, the
dissolution rate of U decreased in case of U _.Ce,.0,. This
was attributed to a different dissolution mechanism that
could be due to the small amount of U and Ce* (Tocino
et al. 2014). Based on the observations in Table 6, it can
be concluded that the redox reactions mechanism plays
an important role at higher concentrations of HNO, while
the oxygen vacancies play a role at lower concentrations.
Furthermore, it can be noted that the incorporation of lan-
thanide reduces the activation energy (Tocino et al. 2014)
but still greater than 20 kJ mol™, and hence, it suggests

that the surface reaction controlled mechanism presents
dissolution.

4.3 Effect of incorporation of Fission
Products

Mixed actinide oxides are a potential nuclear fuel for gen
IV nuclear reactors like sodium cooled fast reactors (SFR)
and gas cooled fast reactors (GFR) (Horlait et al. 2014).
These reactors are conceptualized to recycle the minor
actinides produced during irradiation for their long-term
safe deployment. Often Ce(IV) and Nd(III) have been used
as the surrogate to study the behavior of actinides(IV)
and lanthanides(III), respectively, during various nuclear
fuel cycle operations. Hence, the chemical durability of
Ce, Nd0O,, as a surrogate of nuclear fuel under various
reprocessing conditions gained importance in the frame-
work of the development of Gen IV reactor concept. The
corrosion resistance of these surrogate MOX fuels was
recently reported (Claparede et al. 2011a, Horlait et al.
2012). These studies highlighted the influence of the
physicochemical properties such as crystallite size, spe-
cific surface area, and porosity on the normalized dis-
solution rates under various conditions (temperature,
nitric acid concentration) on their dissolution rates. The
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incorporation of Nd(III) in place of tetravalent actinide
oxide lattice, which is also one of the Fission products
(FPs), creates oxygen vacancies in the solid structure for
the charge compensation. This would lead to structural
changes in the solid, thereby weakening the crystal lattice
affecting its dissolution rate (Horlait et al. 2011, 2012).
Among all the physicochemical properties, this weaken-
ing of the lattice was found to be the predominant con-
tributor for the change in the dissolution rate (Horlait
et al. 2012). When the effect of temperature was studied
to determine the apparent activation energy of dissolution
of Th ,InO, , mixed oxides, the values were found to
around 95 kJ mol”, which was much higher than that of
ThO, under similar conditions (20 kJ mol™ in Heisbourg
et al. 2003). This indicates the strong influence of incor-
porating the trivalent lanthanide into the crystal lattice
on the dissolution rate. The studies on the effect of nitric
acid concentration also revealed the fact that the dissolu-
tion reaction is more likely controlled by surface processes
involving the formation of activated complexes. It was also
found that these structural changes also would lead to
the rearrangement of metal atoms within the fuel matrix,
which would generate compositional heterogeneity within
the pellet and thus would affect their dissolution rates as
well, especially due to the generation of volatile FPs and
their subsequent diffusion within the fuel matrix (Shirsat
et al. 2009). Simulated studies have also indicated that
as the nuclear fuel undergoes irradiation, more FPs get
generated, which imparts more disorderliness within the
solid structure (Tahara et al. 2011). On the contrary, irra-
diation leads to expansion of the crystal lattice. The effect
of irradiation would be more pronounced when more FPs
atoms are present in the lattice, which happens only at
high burn up.

4.4 Effect of fission products and irradiation
on dissolution kinetics

There have been some recent studies that indicate the
effect of FPs on the dissolution behavior of thin film UO,
and its simulant fuel samples in water before and after
irradiation (Popel et al. 2017). These studies indicated
that there is considerable increase in the dissolution rate
initially in the non-radioactive fission product doped and
irradiated samples, but gradually, the rate steadies down
to that of an unirradiated sample. This was attributed to
the structural changes within the solid fuel matrix due
to the doping of FP atoms whose sizes and valencies are
much different from actinides and the subsequent propa-
gation of these structural defects on irradiation (Popel
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et al. 2018). All of these kinds of studies reported so far
in the literature were from the point of view of long-term
stability of spent fuel under geological repository storage
conditions. Although a similar trend is expected quali-
tatively for the dissolution of spent nuclear fuel under
typical PUREX process conditions during reprocessing
as well, more quantitative understanding is required
for improving the safety, longevity, and efficiency of
nuclear reprocessing facilities. Hence, more such sys-
tematic studies are to be carried out under typical PUREX
process conditions. Presence of soluble FPs in the acti-
nide oxide fuel matrix, especially UO,, has been shown
to retard the solid-state oxidation of U(IV) to U(VI), which
in turn is expected to retard the dissolution rate of UO,
subsequently (Hanson 1998). Hence, some studies were
undertaken to understand these effects by dissolving
gadolinia-doped UQ, in alkaline medium to evaluate the
stability of the fuel under geological storage conditions.
The results indicate the reduction in the dissolution rate
considerably, especially at higher temperatures (up to
75°C) (Casella et al. 2016). But similar studies are required
to be carried out systematically under PUREX process
conditions for improving the design of a commercial
spent fuel dissolution system.

5 Other modes of dissolution

Reflux heating in the nitric acid medium is the most pre-
ferred mode of dissolution of spent nuclear fuel as it is a
simple method involving equipment whose designs are
well understood. However, there are many other methods
that have been used for dissolving nuclear fuel either from
R&D point of view or from any specific/special-purpose
point of view. Some of these methods are briefly discussed
in this section.

5.1 Chemical dissolution using reagents
other than nitric acid

As explained already in this work, uranium oxide dis-
solves comparatively faster than its plutonium and
thorium counterparts. Hence, in the MOX containing
U0, and PuO, or ThO,, UO, dissolves in the acid rapidly.
However, other counterparts (Pqu or ThOZ) do not dis-
solve easily, and the undissolved residues will be rich in
Pu or Th. One common mode of dissolving these undis-
solved residues is to heat them in concentrated nitric
acid in the presence of strong complexing agents such as
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HF, Ce(III), etc. (Heisbourg et al. 2003). Generally, these
undissolved residues from the main dissolver vessel
will be removed and treated with a strong complexing
agent in a specially designed vessel called the super
dissolver (Schiefelbein and Lerch 1971). The material of
construction of this super dissolver is chosen to with-
stand the strong corrosive chemical environment during
the dissolution of the residues. Hence, this method is
not employed for regular processing. Generally, they
are adopted whenever any Pu-rich scrap material has
to be dissolved for their processing or disposal prior to
which the Pu in them has to be recovered. Whenever the
cladding material of the fuel used is Zr and Al alloys,
medium other than nitric acid is proposed primarily
to dissolve the clad for exposing the fuel to the dissol-
vent for their dissolution. This is called the chemical
decladding method. Some of such methods are DAREX
(De Regge et al. 1980), which uses aqua regia; ZIRFLEX
(Smith 1960), which uses ammonium fluoride-ammo-
nium nitrate mixture; and SULFEX (Fisher 1960), which
uses sulfuric acid.

5.2 Electrochemical

For the PHWR-type spent fuel where Pu content is very less
(typically less than 0.4 wt%), dissolution can be carried
out just by reflux heating in nitric acid medium. But when
the Pu levels in the spent fuel increases, like about 30% or
so in FBRs, just heating in nitric acid medium does not dis-
solve them completely. Some Pu-rich residues are always
found. Hence, for such type of fuels, electrolytic dissolu-
tion was proposed as an alternate to dissolve the Pu-rich
spent fuel completely in nitric acid medium (Fisher 1960).
There was also another process proposed in which cerium
was used to electrolytically catalyze the dissolution of
PuO, (Cooley 1971). The method was primarily developed
to avoid use of HF while processing Pu-rich spent nuclear
fuel. It was claimed that cerium added in the process can
be electrochemically regenerated, which helped in reduc-
ing its requirement to a really less amount. However, later,
it was found that the major disadvantages of the process
are the consumption of cerium in various other side reac-
tions during dissolution (Harmon 1975a). Subsequently,
considering the engineering difficulties in setting up an
electrolytic cell inside a highly radioactive environment
and their long-term routine operation, not much work
was carried out in the electrolytic dissolution of spent fuel
although many refractory scrap materials were processed
by this method to recover the small amount of plutonium
present in them.

N. Desigan et al.: Dissolution of nuclear materials in acid solutions =— 19

5.3 Ultrasound

For the Pu-rich MOX of pure PuO,, which is difficult to dis-
solve completely in nitric acid medium alone, ultrasound-
assisted dissolution may improve the dissolution kinetics.
Hence, studies were initiated to dissolve refractory oxides
like CeO, and PuO, by sonochemistry (Sinkov and Lumetta
2006a). The initial studies aimed at producing free radi-
cals generated by cavitation (bubble implosion) to obtain
either the oxidative or reducing conditions required for
PuO, dissolution. The results though indicated that the
dissolution rates were even less than employing reagents
like Ag(II) and HF. Later, more work was carried out to test
the effect of ultrasound on the dissolution of high fired
PuO, (Juillet et al. 1997b). Overall, the results indicate that
applying ultrasound for the dissolution of refractory PuO,
does not offer any substantial advantage over the conven-
tional “heat and mix” treatment.

A concise and complete account of the potential appli-
cations of sonochemistry in the spent nuclear fuel repro-
cessing operations has been given recently by Nikitenko
et al. (2010), Sinkov and Lumetta (2006b), and Thompson
and Doraiswamy (1999). Many previous studies have
shown the advantages of ultrasound to over activate the
surface of solids (Mason et al. 1996, Moisy et al. 1996,
Thompson and Doraiswamy 1999). The intensification
of mass transfer near the solid-liquid interface and the
erosion of solids under ultrasound are explained by the
asymmetric collapse of cavitation bubbles, which leads to
micro jet impact at the solid surface (Mason et al. 1996).

A promising example of sonochemical dissolution was
reported for metallic plutonium in HNO,-HCOOH mixture
(Moisy et al. 1996). Dissolution of plutonium metal in HNO,
medium is an important process for the preparation of MOX
nuclear fuel and plutonium reference solutions (Polyakov
et al. 1995). Plutonium metal is known to dissolve very
slowly in HNO, at any concentration because of passiva-
tion (Cleveland 1970). It was reported that plutonium and
Pu-Ga alloys could be dissolved in HNO,-HCOOH mixtures.
In a 3.5 M HNO,33 m HCOOH mixture at ambient tempera-
ture, the dissolution rate under mechanical stirring was
found to be 100-200 mg min™ cm~. However, under these
conditions, potentially explosive denitration may occur
during dissolution. This troublesome effect of denitra-
tion is not observed in more dilute HNO,, but the rate of
metal dissolution also decreases considerably at a lower
concentration of HNO,. Moreover, significant amount of
insoluble sludge was formed after dissolution under these
conditions. It was found that plutonium dissolution rate
in 0.5 M HNO,-1 m HCOOH mixture is dramatically accel-
erated under the effect of 20 kHz ultrasound. Explosive
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denitration does not occur at such concentrations of acids
even under strong heating. A kinetic study revealed 24-fold
acceleration of dissolution at the relatively low ultrasonic
intensity of 1 Wem™ at room temperature. Therefore, ultra-
sonic treatment provides not only a safe dissolution process
but also significant enhancement of the dissolution rate.
Furthermore, it was found that the fresh insoluble residue
after plutonium dissolution (-5%) could be dissolved sono-
chemically by increasing the ultrasonic intensity and con-
centration of HNO,. Sludge dissolution is accompanied by
oxidation of Pu?** to Pu“*, probably due to the reaction with
HNO,. It was concluded that the mechanism of sonochemi-
cal plutonium metal dissolution is related to the intensi-
fication of mass transfer at the metal-solution interface,
caused by acoustic cavitation and removal of passivating
film from plutonium surface owing to the surface erosion
induced by bubble asymmetric implosions. Dissolution of
PuO, is another notoriously difficult but important process
in nuclear fuel recycling. Until the 1980s, the primary
method for dissolving PuO, was based on the long hoiling
of the oxide in HNO_,-HF mixture under reflux condition.
Such a method suffers from two main drawbacks: (i) the
reaction is very slow, especially for high-temperature fired
oxides with low specific area, and (ii) highly corrosive solu-
tions are generated owing to the presence of fluoride ions,
which raises the problems of safe effluent management. As
PuO, could also dissolve in aqueous solutions as oxidized
or reduced forms, i.e. as Pu(VI) and Pu(Ill), respectively,
new concepts based on redox reactions were developed
subsequently.

At present, the best industrial process is consist-
ent with the use of electrogenerated Ag* ions, which
induce an oxidative dissolution of PuO, in HNO, medium
(Bourges et al. 1986). Unfortunately, such a process is not
very efficient for treating PuO,-bearing organic waste. This
drawback has been overcome by using reducing species
(Cr*, Ti*) in non-oxidizing acidic media like H,SO , Of
HCl (Machuron-Mandard and Madic 1994). However,
these acids are not compatible with the PUREX process.
The effect of ultrasound at 20, 500, and 1700 kHz on the
dissolution of CeO, and PuO, in 4 M HNO, solutions was
studied (Juillet et al. 1997a). Cerium oxide was used as
a non-radioactive surrogate for PuO, (Marra 2001, Kim
et al. 2008). The authors observed a strong reduction of
the particle grain size at 20 kHz, which did not take place
at 500 kHz but appeared again, to a smaller extent, at
1700 kHz. At low frequency, the initial dissolution kinetics
was accelerated only to about three to four times as com-
pared to dissolution under mechanical stirring. At high-
frequency ultrasound, the effect on the dissolution rate
was even weaker than that at 20 kHz. The strongest effect
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of ultrasound (15-fold acceleration) was observed in 1-4 M
HCOOH solutions at the frequency of 1700 kHz. This result
was attributed to the reductive dissolution of PuO, with
the species formed after formic acid sonolysis. Hence,
studies were initiated to dissolve refractory oxides like
Ce0, and PuO, by Thompson and Doraiswamy (1999). The
initial studies were aimed at producing free radicals gen-
erated by cavitation (bubble implosion) to obtain either
the oxidative or reducing conditions required for PuO,
dissolution. The results though indicated that the disso-
lution rates were even less than those when employing
reagents like Ag* and HF. Later, more work was carried
out to test the effect of ultrasound on the dissolution of
high fired PuO,. Overall, the results indicate that apply-
ing ultrasound for the dissolution of refractory PuO, does
not offer any substantial advantage over the conventional,
heat and mix, treatment (Beaudoux et al. 2015). Also
some of the studies indicate that complete dissolution is
not possible in the ultrasound-aided process due to the
passivation phenomena, which decrease the rate (Virot
et al. 2012, 2013). A recent study also shows that although
ultrasound-aided dissolution may not increase the rate of
PuO, like refractory oxides, it does help in carrying out the
dissolution process in comparatively milder conditions,
which would auger well for the subsequent nuclear waste
management unit operations (Beaudoux et al. 2015).

5.4 Photochemical

Some researchers have studied the photochemical disso-
lution of UO, powders and pellets in nitric acid medium
in an effort to develop an alternate method for dissolution
in milder conditions like low concentration nitric acid
and ambient temperature. Based on their studies, Wada
et al. (1996) initially proposed that in the photochemi-
cal aided dissolution of UO,, the nitrate ions present in
nitric acid gets excited by absorbing the photochemical
radiation whose redox potential is much higher than the
unexcited one. This leads to faster dissolution rate than

that in the dark condition. The work of Sasaki et al. (1998)

further emphasized these findings. Later on, during

further probing, Eung-Ho et al. (2000) came up with a

more elaborate mechanism for the photochemical disso-

lution of UO, in nitric acid. They summed up their find-
ings as follows.

1. Photochemical conditions certainly increase the rate
of dissolution of sintered UO, pellets in nitric acid
than in dark conditions.

2. Compared to sintered pellets, sintered particles dis-
solve much faster due to the increased surface area.
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3. Presence of other elements such as Cs, Sr, Zr, Mo, Ru,
and Nd increases the rate of photochemical dissolu-
tion further.

4. Theincreased rate is due to the NO, radical and nitrite
ions that are generated and not due to the excited
nitrate ions, as suggested by Wada et al. (1996).

However, considering the engineering challenges involved
in the setting up these photochemical set up inside radi-
oactive hot cells, and the chemical and radiation resist-
ance of all the components involved in this set up, further
studies on photochemical dissolution of nuclear materials
were not pursued. Moreover, the presence of plutonium in
the actual spent fuel will complicate the photochemical
dissolution process further.

6 Suggestions for future work

The ultimate goal of this study is to estimate overall rate
of reaction (combination of mass transfer and chemical
reaction) at any point in the dissolver depending upon
the concentration of nitric acid, nitrous acid, and particle
characteristics (size and shape distribution, contact area,
etc.). Secondly, the process model can be used for model-
based monitoring, control, and optimization of dissolu-
tion processes. As mentioned in the introduction, the
objective of this study is to reconcile and find shortfalls
in the existing literature with respect to kinetic and trans-
port model development. In this section, we will make
suggestions regarding future experimental and model-
ling directions. The overall objective is to understand
completely the intrinsic kinetics and the mass transfer
characteristics. The following are the suggestions for
future work:

1. Dissolution mechanism and kinetics: Understanding
dissolution mechanism and kinetics of various oxides
is important for improving the existing processes and
designing industrial reactor. The following aspects
need to be considered
- Role of HNO,: It has been established in existing

literature that HNO, plays an important role in the
dissolution, particularly, of uranium oxides and
at low rpm. However, exact role and mechanism
of HNO, participation are still not clear. Hence, it
needs to be studied.

- Role of additives: Mechanistic studies of PuO,,
ThO,, and MOXs dissolution in HNO, with vari-
ous additives: HF (or KF), Ce(IV) or Am(III), etc.
are considered to be effective rapid dissolution
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of oxides. Detailed kinetic model and reaction
mechanisms in presence of additive(s) need to
be investigated. The roles of fluoride complexes
can help not only to understand the mecha-
nism of dissolution in presence of F ions but
also to develop a detailed kinetic model. Hence,
the exact mechanism of fluoride, intermediate
complexes, and PuO, needs to be investigated
by carefully designing experiments. Moreover,
some results indicate the inhibition effect of HF
in the dissolution process. Experiments with
wide range of HF concentrations should be per-
formed, which would ratify the observation in
dissolution of PuO,. Furthermore, additives such
as Ce(IV), Ag(II), and Co(II) might be useful addi-
tives for replacing corrosive fluorides. Hence, the
experimental data on the dissolution with these
additives need to be collected for their suitabil-
ity. Furthermore, these experiments should be
performed for understanding mechanisms and
kinetics.
Mass-transfer phenomena: No information on mass-
transfer rates and corresponding coefficients is
available. The experimental studies indicated that
the stirring speed plays an important role in the
dissolution rate. Therefore, it is desirable to make
measurements of mass-transfer coefficient in all
types of batch and continuous dissolver. In such
measurements, it is important that the same system
of oxides-nitric acid be used. For this purpose, the
knowledge of intrinsic kinetics developed in sugges-
tion (1) would be useful. The procedure would con-
sist of the measurement of overall rate of reaction
comprising mass transfer as well as reaction steps.
From this overall rate of reaction, the intrinsic rate
of reaction can be subtracted for getting the value
of mass transfer coefficient (kL). Furthermore, it is
desirable to get the value of k, over a range of tem-
perature of interest in the practice.
Role of surface area: The effective surface area is an
important variable in the computation of IDR. In the
case of UO, dissolution, the effective surface area
changes with the progress of dissolution. This can
affect the dissolution rate. Hence, the effective sur-
face area and its change with the progress of dissolu-
tion need to be measured in future experiments and
need to be incorporated in the dissolution rate expres-
sion. Furthermore, it has been observed that the cal-
cination temperature maintained during fabrication
affects effective surface area, surface state, and size
of aggregates for Pu, Th, and MOXs. This information
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needs to be included in overall rate expression. There-
fore, experimental data need to be collected for the
quantitative understanding of the effect of calcination
temperature.

Effect of additives: As UO, dissolves rapidly com-
pared to all other actinides oxides (used a nuclear
fuel) in nitric acid, there has never been any neces-
sity for an additive to alter the rate of its dissolu-
tion. Nevertheless, there have been many studies in
the literature reporting the autocatalytic role nitrous
acid, which aids the oxidative dissolution of UO, in
nitric acid medium (refer to section 3.1 of this arti-
cle for more details). On the contrary, nitrous acid
is not expected to influence the dissolution rate of
neither plutonia nor thoria as both plutonium and
thorium remain in their most stable tetravalent state
both in the solid and aqueous phases. But as urania
is the major component of MOX nuclear fuels (both
for PHWR and FBR), as nitrous acid accelerates the
dissolution of UO, preferentially from the MOX fuel
matrix, it renders the fuel more porous and increases
its specific surface area, which leads to exposing more
of the other components of MOX fuel (PuOZ/ThOZ as
the case may be) to nitric acid. This would result in an
enhanced rate of the overall dissolution of the MOX
fuel. This qualitative understanding of the behavior
of MOX fuel in presence of an oxidizing additive like
nitrous acid needs to be studied quantitatively. On
the other hand, when it comes to the dissolution of
plutonia and thoria in nitric acid medium, they invari-
ably require some additives like HF, Ce(IV), Ag(Il) etc.,
irrespective of other conditions. Although many such
studies have been reported in the literature (refer to
section 3.2 for more details), there is a dearth of quan-
titative information that is required for designing a
commercial dissolution system for FBR and AHWR
(advanced heavy water reactor) spent fuel reprocess-
ing. Therefore, experiments have to be planned and
carried out systematically under various conditions
within the domain of PUREX process to unravel the
effect of different potential additives on MOX fuel dis-
solution rate.

Physicochemical parameters: Physicochemical para-
meters are important in determining dissolution rates
of oxides. Effect of dissolution temperature, pH, and
complexing agents have been discussed in suggestion
1. In addition to these physicochemical parameters, it
has been observed that structural properties of solid
oxides (crystal defects, oxygen vacancies etc.), pellet
density, grain structure and size, etc. have an effect on
the dissolution rates (Claparede et al. 2011b, Horlait
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etal. 2011, Horlait et al. 2014, Tocino et al. 2014). These
studies have been performed at low to medium HNO,
concentrations from long-term storage of spent fuel
viewpoint. Hence, the effects of these physiochemical
parameters have to be studied at higher concentra-
tions of HNO, relevant to reprocessing. Furthermore,
experimental data should be collected to incorporate
their effects for quantitative predictions in the disso-
lution rate models.
Lanthanides doped oxides: There are several stud-
ies to understand the dissolution rate of lanthanide
doped oxides in the literature from long-term storage
view point. However, there are no dissolution studies
at nuclear reprocessing plant conditions. It is indeed
important to investigate dissolution rates of lantha-
nides doped oxides at this concentrations as well.

Continuous dissolver design:

(@) In commercial practice, both batch and con-
tinuous dissolvers are in operation (Odom 1972,
Carnal et al. 1989, Chatterjee and Joshi 2008,
Sano et al. 2011). The batch category includes (a)
stirred dissolvers, (b) horizontal rotary dissolv-
ers, (c) pulsed dissolvers, (d) external loop air-lift
reactor, (e) tumbling inclined dissolvers, etc. The
continuous category includes (a) moving bed dis-
solvers, (b) rotary screw dissolvers, (c) pulsed dis-
solvers, (d) rotary bucket dissolvers, etc. A critical
analysis of all these types is needed to bring out
the suitability of a particular design for a given
dissolution operation. One such methodology
has been suggested in 7(c) and 7(d) below.

(b) The design parameters include (a) solid hold-up,
(b) critical energy requirement for solid suspen-
sion/active-movement, (c) mass transfer coeffi-
cient, and (d) the residence time distribution of
solid phase. Although this information is avail-
able for stirred reactors (Mahajani and Joshi 1988,
Rewatkar et al. 1991a, Rance et al. 2000, Pan-
garkar et al. 2002, Kumaresan and Joshi 2006),
scant information is available for other reactors.
Future research work is needed to include these
aspects of reactor design.

(c) The present review focuses on the determination
of rate-controlling step and the estimation of over-
all rate of reaction. For this purpose, a detailed
procedure has been discussed for establishing
intrinsic kinetics and the rates of mass transfer.
From this knowledge of individual rates, the pro-
cedure for the estimation of overall rate of reac-
tion has been given by Doraiswamy and Sharma
(1984), Joshi et al. (1985), and Albright (2008).
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(d

These publications also describe a method for
the optimum design. In brief, the following steps
are used: (i) One begins with a certain set of
parameters (temperature, pressure, inlet HNO,
concentration and its percentage excess with
respect to solids to be dissolved, particle size, sur-
face area, etc.). One also begins with one of the
reactor choices (say, three phase sparged reactor
(Joshi et al. 1985)) and its diameter. (ii) The over-
all rates are estimated at practically all points in
the reactor, and total performance is estimated
with respect to height. Thus, we get reactor height
with respect to extent of solid phase conversion.
(iii) After getting the reactor dimensions, the capi-
tal cost and operating costs are estimated, from
which the total annualized cost is calculated.
This procedure is repeated to understand the sen-
sitivity of all the abovementioned parameters on
the total cost and gives sufficient data set for the
optimum design.

In the execution of step (c), one needs the knowl-
edge of (i) solid-liquid mass transfer coefficient at
every location; (ii) profiles of solid phase, HNO,
concentration, and temperature; (iii) axial dis-
persion coefficient; (iv) critical power consump-
tion for the onset of solid suspension; etc. For the
estimation of these design parameters, a large
number of correlations are available in the pub-
lished literature (Joshi and Sharma 1978, Joshi
et al. 1980, Pandit and Joshi 1984, 1986, Raghav
Rao and Joshi 1988, Raghava Rao et al. 1988, Joshi
et al. 1990, Rewatkar et al. 1991b, Abraham et al.
1992, Nigam and Schumpe 1996, Patwardhan and
Joshi 1998, Thompson and Doraiswamy 1999,
Murli et al. 2007, Murthy et al. 2007, Kalaga et al.
2012). The handbooks in chemical engineering
(Green and Perry 1999, Albright 2008) have given
many more correlations. The limitation of empiri-
cal correlations is known now, and, therefore,
in the recent past, correlations have been devel-
oped using artificial intelligence (Gandhi et al.
2008, 2007, Gupta et al. 2009, Gandhi and Joshi
2010a,b). The important difficulty in accurate
estimate of design parameters is the complexity
of three-dimensional turbulent multiphase flow.
Although some efforts are available in the pub-
lished literature, for instance (Bale et al. 2017),
substantial additional work is needed to under-
stand the transport phenomena in the vicinity
of solid-fluid interface and in the bulk of carrier
phase.
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6.1 List of experiments to be performed

The following are the conditions under which more exper-
iments should be conducted:

1.

Nitric acid concentration: High acid region is typically
in the range of 6-12 M nitric acid, which is what we
encounter during reprocessing.

Effect of mass transfer: The experiments at 0-100 rpm
are important for UO, and MOX with high U contain.
Pellet: Pellets of different particle sizes have to be
fabricated to simulate the actual conditions of spent
fuel dissolution wherein the fuel is bound to be more
porous due to the formation of gaseous FPs formed
within the fuel matrix.

MOX fuel Pellets: Similarly, dissolution experiments
should be conducted with MOX fuel pellets of varied
composition similar to those expected in the spent
fuel to understand the effect of chemical composition
of the fuel on their dissolution rate.

Role of NO : It has been observed that stirring the reac-
tion mixture reduces the dissolution rate as it drives
the NO,_ gas required for the dissolution away from the
interface. But to increase the pellet surface area, it is
required to tumble the fuel materials to break them
down. Hence, to compensate for this, we can supply
NO_ gas externally by sparging NO, into the reaction
mixture. So some experiments with NO, sparging with
and without mixing needs to be carried out to under-
stand the overall dynamics of this.

Pellets with FPs: Some pellets with certain major
fission product elements incorporated in them in
appropriate concentrations have to be fabricated and
subjected to dissolution to understand the effect of
these metal atoms on the dissolution kinetics.

Role of additive: The experiments to investigate dis-
solution rates of PuO,, ThO,, and MOX need to be
designed with the following additives in concentrated
nitric acid: 0.001-0.05 M HF, 0.01-0.05 m Ag(II), 0.01-
0.05 M Ce (IV), and 0.01-0.05 M Co(II).

Temperature: The experiments at boiling point of
HNO, or near boiling point of HNO, should be per-
formed for Pu0O,, ThO,, and MOX.

7 Conclusion

In this work, we have reviewed and analyzed existing
literature on the dissolution of three oxides. The roles
of additives, surface area, and temperature have been
reviewed. Although there are several studies in the exist-
ing literature, the available information on the dissolution
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of three important oxides is far from complete for the
process development and design. Particularly, it has been
observed that information on mass-transfer and overall
rate model is not available in the existing literature. This
information plays an important role in process develop-
ment and design. Furthermore, the analysis of kinet-
ics data suggests that the role of particle size, effective
surface, and porosity should be included in quantitative
models, in addition to intrinsic kinetics and mass-transfer
models for better understanding of dissolution process.

For future works, suggestions have been made so
that the gaps in the literature can be filled to develop a
reliable process model for designing industrial dissolv-
ers. The suggestions have been made in two directions:
(i) model-based analysis of experimental data obtained
from optimal design of experiments and (ii) the design of
industrial dissolvers. Although the recommendations in
this work are based on the analysis of the published data
related to dissolution of nuclear materials, some of the
recommendations may be useful for dissolution of non-
nuclear materials in the acid.
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