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High-temperature processing (HTP) of nitride spent nuclear fuel (SNF) is a series of head-end operations,
as a result of which the fuel cladding is removed and the main components of the fuel (uranium and
plutonium) are converted into pressable UO2 and PuO2 oxides. Based on the properties of uranium
nitrides and oxides, a high-temperature processing (HTP) scheme for nitride spent nuclear fuel is
proposed. This scheme consists of nitriding, denitriding, cladding separation, uranium oxidation to UzQOs,
and subsequent reduction to UOz. Theoretical and thermodynamic justification for each HTP stage is
provided.
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1. Introduction

High-temperature processing (HTP) of nitride spent
nuclear fuel (SNF) is a series of key technological
operations in the pyrochemical scheme of SNF
reprocessing. Their goals are to extract fuel from the fuel
element cladding, separate volatile fission products and
convert nitrides into oxides (UO2, PuO,, ZrO, Laz0Os3,
CeOg, Nd203, etc.), which will be used in the next stage of
processing — electrochemical reduction to metals [I-3].
This approach implies a development of the scheme
described in [4]. HTP can be used for both nitride and
oxide fuels. The oxidation of oxide fuel by air or other
oxygen-containing gas mixtures has been previously
studied and described in many works, for example [5-8].
In successive transformations, oxides with one crystal
lattice are transformed into oxides with another lattice,
Table 1.

This promotes fuel grinding and the release of
volatile fission products. In addition, according to the data
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reported in Tablel, in row (5) there is an increase in the
volume of fuel, which can cause the destruction of the
cladding, which significantly facilitates the separation of
the cladding and fuel.

The main interaction reaction between uranium
dioxide and oxygen is as follows (1):

U0, + 0.3330, = 0.333U30g, 0
AG =-68.2 k] at 500 °C

Below 500 °C, deeper oxidation reactions can occur

(2), (3):

U308 + 0502 = 3U03;

£ <500 °C, AG = —19 k] at 500 °C (2)
U308 + 033303 = 3U03, (3)
£ <200 °C, AG = 109 k] at 200 °C

Other gases have also been studied, for example,
nitrogen (IV) oxide [Il,12]. In this case, the following
Reactions (4), (5) occur:
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U02 + 0.667N02 = 0'333U308 + 0.667NO;
t 2350 °C, AG = -68 k] at 350 °C

U308 + NOZ = 3UO3 + NO, (5)
150 °C <t <350 °C, AG =-24 k] at 350 °C

(4)

Oxygen and various Ar + Oz mixtures can also be
used to oxidize nitride spent nuclear fuel. Oxidation
occurs rapidly and generates significant heat (see
Section 2.4.1.). However, the use of air and other oxygen-
containing mixtures has a number of disadvantages, such
as possible oxidation of the cladding and possible
contamination of the fuel with oxidation products. The
second disadvantage is the conversion of some volatile
components into low-volatile oxides, primarily cesium
and rubidium (Cs2UO4, Rb2UO4).

In this paper, treatment with nitrogen is proposed at
the first stage of HTT. Nitrogen does not interact with
structural materials (EP 823 steel), does not prevent the
release of volatile fission products, and allows the release
of the cladding due to an increase in the volume of fuel
during the UN oxidation to (U2N3 + UNg2) mixture.

The main elements that compose nitride SNF are
uranium, followed by plutonium and fission products.
The composition of SNF varies depending on the initial
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plutonium content, the burn-up, and the holding period
in the off-reactor storage facility.

In this paper, for the sake of certainty, we will have in
mind the model fuel, the composition of which is given in
Table 2. This table is compiled according to the data
reported in [I3-15]. The ratio is UN-PuN = 0.84-0.16, and
the sum UN + PuN = 91.6 mol. %.

Only uranium nitride participates in reactions with
nitrogen. Neither plutonium nitride nor the majority of
fission products interact with nitrogen. Therefore, the
stages of HTO will be considered using only uranium as
an example. The behavior of fission products during the
nitriding process will be discussed in a separate
publication.

2. Theoretical substantiation of the scheme of high-
temperature processing of mixed nitride uranium-
plutonium spent nuclear fuel (MNUP SNF)

In the U - N system, the existence of four nitrides has
been established: UN, a-U2N3, g-U2N3 and UN: [9, 16].
Information on the existence of the UNi.45, UNiss5, UNi73,
UNi75 (U4N7), UNis phases and a number of others [9, 17-
19] is not always confirmed. The a-U2N3z and g-U2N3
phases are not polymorphic modifications since they have

Table1- Some properties of uranium oxides [9]. Here d — density; V,, — molar volume; AV, — change in molar volume from UQO:.

Property (§(0)) a-UzO7 a-UzOs a-UOsz
Melting point, °C 2865 Decomposes above 11502 Decomposition after
200 °C 450-500 °C
Crystal lattice FCC (CaF2 type) Tetragonal Orthorhombic, Ortho-rhombic
face-centered
Lattice period, 0.54704 a=0.5447; a=0.6716; a=0.684;
nm c=0.5400 b =1.1960; b=4.345;
c=0.4147 c=0.4157
d, g/cm3 10.95 10.62 8.395 7.30
V,,, cm3/mol 24.66 25.93 3344 39.18
AV, % - + 5.1 + 36 + 59
Weight gain, Am - +1.98 +3.95 +5.93

a—|In air it begins to decompose at 800-900 °C, but it decomposes completely only at 1300 °C (U;04 — 3UO, + 0,). In vacuum, the decomposition begins at

600 °Cl0].

Table 2 - Composition of model fuel, compiled according to data [I3-15].

Element Content, mol. % Element Content, mol. % Element Content, mol. %

N 47.1 Zr 0.487 Pr 0.139

u 38.2 Nd 0.420 Sm 0.119

Pu 7.13 Pd 0.398 Am o.17

C 1.49 Ce 0.275 H(T) o.101

Xe 0.60 Ba 0.187 Sr 0.0912
Mo 0.569 Rh 0.156 Te 0.0862

Ru 0.525 La 0.148 Np 0.00013

Cs 0.501 Tc 0.143 Cm 21-107
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different compositions [20-22]. The a-U2Nz phase is
always excessive in nitrogen (a-Uz2N3+x). For this phase,
the [N]/[U] ratio, according to various data, extends to
1.75-1.84. The B-UzN3 phase is nitrogen- deficient (S3-
U2N3-,) with a narrow homogeneity region. The [N]/[U]
ratio is ~ 1.44-1.49. The 8-U2Nsz phase is obtained from the
a-phase by removing nitrogen, via heating above 800-
900 °C in a stream of inert gas or via vacuuming. The
reverse f — a transition in the absence of nitrogen
(vacuum, inert atmosphere) does not occur even when the
B-phase is cooled to the room temperature [23]. The -
U2Nz = a-U2Ns3 transition occurs only when the chemical
Reaction (6) occurs:

B-UzN3_y + xN; = a-U;Ngyy. (6)

In Table 3, some properties of uranium nitrides are
listed. We have not included the properties of the g-U2N3
phase in this table, since it does not play a significant role
in the process described below, but we have added the
UN.76 compound, which is sometimes interpreted as UsN7
[18, 24, 25]. The gross formula UNi7s corresponds
formally to the 48 % UNis + 52 % UNz: ratio, however,
it has long been established that the UNis - UNz2 region is
single phase [16,26-28]. The UNi7s compound is of
practical importance, since this is the maximum achievable
[N]/[U] ratio at a nitrogen pressure of | atm [22, 28].

The entire UNis-UN2 range is the region of a
continuous solid solution. Nitride a-U2Nz has a wide
homogeneity region and the UNi7¢ composition is still a
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the limiting ratio [N]/[U] =175, and already at
[N]/[U] = 1.76 and higher the FCC lattice of the dinitride
UN2z-x is formed [27, 31, 36-38].

It has been noted that the oxygen impurity stabilizes
the a-U2N3z phase and allows a higher [N]/[U] ratio to be
achieved without transition to the UN2 phase [22, 28, 3]].
This apparently explains some of the differences in the
results of different authors regarding the [N]/[U] ratio, at
which the transition from the a-U2Nz phase to the UNz2
phase occurs. It is difficult to quantify the effect of oxygen
since most articles do not provide its content in the initial
nitrides. Some publications provide a detailed
composition of impurities, but without specifying the
oxygen content [28,32,39]. Limited data reported in
[24, 35] indicate that, at an oxygen content of 0.2 wt. %,
the a-U2N3z phase is preserved up to a ratio of
[N]/[U] = 1.84. In our work, we will adhere to the limiting
ratio for the a-U2Nz phase [N]/[U] =1.76, since under
industrial conditions, the UN or UN-PuN compounds
always contain an oxygen impurity.

The crystalline lattice of a-U2Nz (FCC, Mn20s3 type)
is actually a derivative of the FCC lattice of UN2 (FCC type
CaFy), from which some nitrogen has been removed. The
converse is also true, UNz2 is formed, when the a-U2N3
phase absorbs a sufficient amount of nitrogen. Therefore,
the transition a-U2N3z — UN2 occurs smoothly, without a
jump, and is detected only by structurally sensitive
methods (X-ray, neutron diffraction) [34, 36, 39]. For
example, Benz et al. [32] states that the a-U2Nz, UN:
phases and their solid solution were indistinguishable
under a microscope. This transition is similar to the

superstoichiometric a-U2Ns phase with the initial BCC  transitions Ce203 — CeOy, Pr:03 < PrO,,
lattice of the Mn2Os3 type [I7, 20, 26, 32-34]. According Tb203 < TbOz,  Amz03 < AmOz, Cm203 <> CmO;
to other data, the nitride a-U2Nsz lattice is preserved up to [31, 37, 41].
Table 3 — Some properties of uranium nitrides according to [9].
Property UN a-UzNz (UNis) UNi7s (U4N7) UL
) [22, 29, p. 318]
Melting point, °C 28502 ~ 8000 [22] - 675¢[30]
~ 975¢[30]
Crystal lattice FCC, NaCl type BCC, type Mn203 BCC, type Mn2O3 FCC type CaF2
[24]
Lattice period, nm 0.4889 1.0678 1.0628 0.531
d,g/cm3 14.32 1.24 = 11.4 [31] 1.73
V., cm3/mol 17.60 23.05 =23 22.68
17.59 [32] 22.9 [32] 22.0[32]
AV, % | +30.9 % + 30.9 % + 28.9
= 30 % [33] (-1.6 %)
Weight gain, Am 1 +2.78 % +4.22 % + 5.56 %

a— At a nitrogen pressure of about 2.5 atm;
b — Start of the decomposition in vacuum;

< — Beginning of the decomposition in an inert atmosphere. The decomposition is extended in temperature and time. Details are provided in [30].
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Based on the properties of nitrides given in Table 3,
we have proposed a scheme for the high-temperature
treatment (HTT) of nitride SNF. The most complete
scheme of the HTT of nitride SNF consists of the following
operations: nitriding, denitriding, cladding separation,
oxidation to UzOs and reduction to UOx. It is presented
below as a sequence (7):

N,, 800°C
UN ==— UN, :(UN,)

Separation ]Ar+10% O,
un| P

of the cladding
Ar, 1200°C
U308 _ UOz.

2.1. Nitriding

We will refer to nitriding as the process, in which the
initial UN or nitride SNF is kept in a nitrogen flow at 800-
850 °C. In this case, Reactions (8), (%) occur sequentially:

Ar, 1200°C

)

UN + 0.25N, = UN, 5, (8)

UN1.5 + 013N2 = UN1_76. (9)

The change in Gibbs energy during Reactions (8) and
(9) is shown in Figure I. All thermodynamic calculations
were performed using the HSC Chemistry 9.9 software
package and its built-in database of thermodynamic
properties of substances [42].

According to the data given in Table 2, during
Reactions (8) and (9), uranium mononitride, which has the
FCC lattice, is transformed into a-U2N3z with the BCC
lattice with a lower atomic packing density (two atoms per
unit BCC cell versus four for the FCC cell). The fuel

40

20 F

0

2 UN +0.365N, = UN ,

60
0 /

-100

AG, kJ/mol

UN + 0.25N, = UN, 5

0 200 400 600 800 1000 1200 1400
Temperature f, °C

Figure1 Total change in the Gibbs energy during Reactions (8)
and (9) at the p(N2) =1 atm. The HSC program database does
not contain any thermodynamic data on nitride UNi7¢, so the
calculation was made for the almost identical UN.73.
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volume increases by approximately 30 %, which will
cause expanding or rapture of the fuel element cladding.
The transformation of nitride with one crystal lattice into
nitride with another lattice facilitates the dispersion of the
fuel and the release of volatile fission products. As can be
seen in Figure I, with increasing temperature, the change
in the Gibbs energy (AG) of the nitriding reactions shifts
to the positive side. However, AG of the reactions remains
negative, and an increase in the temperature, for example
from 800 to 850 °C, will accelerate the reaction.

2.2. Denitriding

The denitriding operation is the decomposition of
uranium nitrides UNi7¢ — UN, obtained in the previous
operation, in a vacuum or inert atmosphere at elevated
temperature. In this case, the fuel volume decreases by
30 % (Table 2), and the fuel element cladding remains
expanded. In addition, the BCC phase of UNi7s with the
BCC lattice is replaced by the FCC phase of UN. This
transformation also leads to grinding of the fuel and
promotes the release of volatile fission products.

When UN.7s, obtained at the nitriding stage, is heated
in a flow of argon at 1100-1200 °C, decomposition
reactions occur. These Reactions (10) and (I) are the
reverse Reactions of (8) and (9):

UN1.73 = UNI.S + 0.115N2,
AG =-18.7 k]/mol at 1200 °C

UN, ¢ = UN + 0.25N,,
AG = +16.7 kJ/mol at 1200 °C

(10)

(1N

As can be seen, at such a temperature intermediate
nitride UNi7z (UNi7s) decomposes only to UNis. Further
decomposition of this nitride at such a temperature does
not occur spontaneously. The change in Gibbs energy
during Reaction (12) is positive. However, the reaction
product is nitrogen, and if it is removed from the reaction
zone, the equilibrium will constantly shift towards the
products. This statement can be characterized
quantitatively. For example, at nitrogen pressure of
0.0001 atm (~ 10 Pa) the Gibbs free energy change for
Reaction (1) will change by -1l k] making this reaction
clearly possible.

Figure 2 shows the nitrogen vapor pressure in the
UN-UNi7s system depending on the temperature
according to data from [39,43]. These are the most
different data reported in the literature; however, it is
clear that they are practically identical.

Other data are collected in [36]. At 1100 °C the
nitrogen pressure is 34 mm Hg, and at 1200 °C it is
already 133 mm Hg. Thisis sufficient for nitrogen to be
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Figure 2 Nitrogen vapor pressure in the UN-UNi7s system
depending on temperature.

gradually removed in a stream of argon. However, this is
still a much slower reaction than nitriding.

The decomposition of UNizs at the temperatures
above 800 °Cin an inert atmosphere should theoretically
lead to the formation of a nitrogen-deficient phase
B-Uz2Nsz, which will further decompose to UN. However,
in [30, 36] it was noted that g-U2N3 was not detected
during the decomposition of higher nitrides. This may be
due to the presence of oxygen in the samples, which
stabilizes the a-phase. For example, in the work [30] it is
indicated that UN-UzNz samples contained 2.2-3.2 %
Uuo..

At the stages of nitriding and denitriding, volatile
fission products can be removed: inert gases, cesium,
rubidium, cadmium.

2.3. Separation of the cladding

During nitriding and denitriding operations, the
cladding material does not enter into any chemical
interactions and does not contaminate the fuel [44].
Therefore, the cladding should be separated from the fuel
after denitriding, before the start of oxidation, using
sieving, magnetic separation, or other methods.

2.4. Voloxidation and reduction

The ultimate goal of the HTT is to obtain uranium
dioxide, which is well pressed into tablets suitable for
subsequent electrochemical reduction (metallization)
[1-3]. Both metallic uranium and its compounds usually
yield triuranium octoxide, U3zOs, when oxidized.
Therefore, UO: is obtained sequentially in two stages -
oxidation and then partial reduction.

2.4.1. Voloxidation (oxidation)

There are dozens of published works devoted to the
oxidation of uranium mononitride with oxygen, air,
nitrogen oxides, carbon monoxide, water vapor, nitric
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acid and all kinds of their mixtures with argon and with
each other. Kul’'ykhin et al. [45] reviewed the majority of
works devoted to the UN oxidation. The voloxidation
process is described in detail in work reported by several
authors [46-50].

The probable oxidation reactions of UN are as
follows:

UN + 0, = UO, + 0.5N,, (12)

UN + 1.1670, = 0.333U30, + 0.5N,, (13)
UN + 1.3330, = 0.333U504 + 0.5N,, (14)
UN + 1.50, = UO; + 0.5N,. (15)

The change in Gibbs energy during Reactions (12)-
(15) is illustrated in Figure 3. As can be seen from this
figure, AG of these reactions are close to each other and,
therefore, all these reactions occur simultaneously,
although in different proportions.

Oxides have different thermal stability. Figure 3
illustrates the solid lines break off at the point, where
thermal decomposition begins. However, in solid
solutions, the thermal stability of substances can be
significantly higher.

In addition to Reactions (12)—(15), oxidation reactions
with the formation of nitrogen oxides are
thermodynamically possible:

UN + 1.5830, = 0.333U504 + 0.5N,0, (16)

UN + 1.8330, = 0.333U504 + NO, (17)
UN + 2.3330, = 0.333U504 + 0.5NO,, (18)
UN + 2.5830, = 0.333U504 + 0.5N,0s. (19)

The change in Gibbs energy during Reactions (16)-
(19) is shown in Figure 4.

According to [51], N2O decomposes into elements
above 500 °C, NO is thermally stable up to 1000 °C, but
in the presence of oxygen it is immediately oxidized to
NO2, N203 is stable below -4 °C; N20s gradually
decomposes above +10 °C. Thus, only nitrogen dioxide,
NOg, should be taken into account.
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The thermodynamic modeling of the equilibrium
composition formed during the UN treatment with a gas
mixture of (Ar + 20 % O2) at 850 °C was performed. The
results are shown in Figure 5.
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Figure 3 Change in Gibbs energy during Reactions (12)—(15)
depending on temperature.
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Figure 4 Change in Gibbs energy during Reactions (16)-(19)
depending on temperature.
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Figure 5 Equilibrium composition formed during the treatment
of UN with a gas mixture (Ar + 20 % O2) at 850 °C.

ARTICLE

The simulation results indicate that the process
proceeds in a complex manner through a number of
intermediate products. During the initial oxidation stage
(up to ~ 0.36 kmol of O: flow), released nitrogen does not
flow to the gas phase, it interacts with unoxidized UN with
the formation of a mixture of higher nitrides (UNisi,
UNis5, UNis9, UNigs, UNi73). This mixture of nitrides is
the same as nitrogen-superstoichiometric a-UNis+x That
is, uranium is oxidized both by oxygen and by released
nitrogen.

When the amount of Oz flow exceeds ~ 0.36 kmol,
nitrogen evolves into the gas phase and a fracture of
higher nitrides decreases. This is confirmed by the
experimental data [45, 52, 53].

At a ratio of UN : Oz =1:1(mol.) individual UO is
formed. Upon further treatment with a gas mixture
(Ar + O2), a mixture (UO2 + U+Oy + U3zOs) is formed,
which is converted into individual UzOs, when
approximately 1.4 mol of Oz per I mol of the initial UN is
passed. The sequence of transformations is shown in the
Scheme (20):

UN - (a-UN; 5., +UO,) - UO, — (20)
- (U0, + U409 + U30g) — U30g.

The high process temperature (800-850 °C) was
chosen to exclude the formation of UQO3, see Table I.

Theoretically, when passing a stoichiometric amount
of oxygen (UN:O2=1:1mol), it is possible to obtain
UO:; already at the oxidation stage, if the oxidizer at the
right moment is not supplied. In practice, this is unlikely
to be feasible since, in a real apparatus, the reaction may
proceed unevenly. In addition, an excess of oxidizer is
usually used to complete the reaction. Therefore, UN is
oxidized to UzOs and then the operation of reducing
UzOs to UO: is necessary.

The equilibrium composition shown in Figure 5 does
not contain nitrogen oxides. However, it should be noted
that this is the equilibrium composition in a closed system.
According to the data illustrated in Figure 4, the
formation of nitrogen oxides is very likely from the
thermodynamic point of view. But in the closed system
they are totally consumed for the UN oxidation. For
instance, nitrogen dioxide itself is a strong oxidizer and a
number of studies have proposed using it to oxidize SNF
[47, 48]:

UN + 1.333N0, = 0.333U305 + 1.167N,,

AG = -881 k] at 850 °C (21)
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2.4.2. Reduction

The thermal reduction of UzOs to UO2 occurs
according to Reaction (22).

U308 = 3U02 + 302. (22)

The change in Gibbs energy during Reaction (22) is
shown in Figureé. It is positive over the entire
temperature range. Therefore, the reaction can proceed
only due to a shift in equilibrium associated with the
removal of oxygen from the reaction zone, similar to
Reaction (11).

The oxygen pressure over UzOg as a function of
temperature is shown in Figure 7. According to [54], at
1200 °C this pressure is only ~ 65 Pa. Therefore, such
reduction can be expected to proceed slowly.

The reaction can be significantly accelerated, and the
temperature can be lowered if an argon-hydrogen

280
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Figure 6 Change in Gibbs energy during Reaction (22)
depending on temperature.
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Figure 7 Oxygen pressure over UzOs according to [54].
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mixture is used instead of argon. In this case, the reduction
occurs according to Reaction (23):

U;0g + H, = U0, + H,0, (23)
AG = -69 k] at 600 °C

The recommended temperature is 400-650 °C.
Above 650 °C, the rate of this reaction does not increase
due to some sintering of the UO2 powder [55, 56].

There are other methods of reduction described in
the literature. Thus, in article [57] it is stated that if U3zOs
oxide is immersed into the LiCl-Li2O melt, then UzOs is
spontaneously reduced to UOx.

3. Conclusions

1. The properties of uranium oxides and nitrides were
analyzed and compared.

2. Based on the difference in the properties of lower
and higher nitrides and oxides of uranium, a method for
high-temperature reprocessing of nitride spent nuclear
fuel has been proposed and substantiated.

3. The proposed method consists of successive
operations: nitriding — denitriding — cladding
separation — oxidation - reduction. Uranium dioxide
UO: is a target product that is suitable for pressing and
transfer to the reduction stage.

4. The next step should be an experimental
verification of the proposed method for reprocessing
nitride spent nuclear fuel.
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