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Abstract

The gas-phase conversion of U30s, M00O3, SrO, and their mechanical mixtures, and also of ZrO; into
water-soluble compounds in the atmosphere of (NOx + vapor H,0) or HNO3 (vapor) was studied. In
the course of gas-phase conversion, U30g and SrO transform into water-soluble compounds (ni-
trates, hydroxonitrates), whereas MoO3 and ZrO; undergo no changes. The principal possibility of
separating U from Mo and Zr by gas-phase conversion of the oxides in the atmosphere of (NOy +
vapor H20) or HNO3 (vapor) was demonstrated.
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1. Introduction

The current plans calling for the transition to fast-neutron reactors, as well as to reactors with a high fuel burn-
up have stimulated an active search of spent nuclear fuel (SNF) reprocessing techniques that would be alterna-
tive to the classical Purex process. One of the promising technologies of short-cooled SNF reprocessing is vo-
loxidation (volume oxidation) of both SNF and zircalloy fuel cladding, followed by treatment of voloxidation
products in the atmosphere of NO, gases. This technology is being developed in Russia and other countries.
Voloxidation allows volatile components (°*H, *C, **I, radioactive noble gases) to be removed before starting
the radiochemical reprocessing of the fuel; in addition, strong zirconium fuel claddings transform into ZrO, [1],
and UO, transforms into UsOg. However, this treatment does not eliminate regular problems with colloid forma-
tion in the step of SNF dissolution in HNOa. It seems more promising that the oxidative recrystallization be fol-
lowed not by the dissolution of SNF voloxidation products and fuel rods in nitric acid, but by their treatment
with nitrogen oxides to obtain weakly hydrated water-soluble uranium compounds.

The main relationships of the reaction of uranium oxides with liquid N,O,, gaseous nitrogen oxides, and solu-
tions of N,O, in organic solvents were studied in [2]-[6]. The formation of NO[UO,(NOs3)s] in the reaction of
uranium oxides with liquid N,O4 was proved. It was found that the reactions with UO, and Us;Og occur consi-
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derably more slowly than with UOs;. However, the reaction rates considerably increase with hydration of the
oxides. Revenko et al. [7] studied the conversion of uranium oxides into nitrates with an N,O,4-H,O mixture in
an autoclave at a pressure of 0.5 - 1 MPa and a temperature of 100°C - 140°C and with an N,O4-H,O mixture
using supercritical extraction with CO, in an autoclave at a pressure of 7 - 15 MPa at a temperature of 10°C -
75°C. As a result, uranyl nitrate solutions with a U concentration of 1000 - 1100 g/L and HNO; content of 1.5 -
7 M were obtained. Liyang et al. [8] demonstrated the possibility of direct conversion of ceramic UO, fuel into
nitrates in the N,O4-H,O system. Voloxidation performed in an O, atmosphere prior to starting the conversion
considerably simplifies the further process. A two-step scheme of reprocessing oxide SNF from light water
reactors was presented in a US patent [9]. The first step involves the oxidation of UO, to UsOg using NO,, and
the second step, the treatment of U305 with NO, vapor. It is stated in [9] that U and Pu in the course of the gas-
phase conversion will transform into water-soluble compounds, whereas the fission products, in particular, Tc,
will remain in the oxide form. Bondin et al. [10] studied the conversion of the real irradiated fuel from a
WWER-1000 reactor and of its simulants in the N,O4-H,O system. The possibility of the conversion of real SNF
to obtain nitric acid solutions with high uranium concentration was demonstrated.

Despite the advantages of the technology of gas-phase SNF conversion in an atmosphere of nitrogen oxides,
the behavior of fission elements in the course of conversion is still poorly understood and requires additional
study. Therefore, this study was aimed at checking the possibility of gas-phase conversion of U;Og (simulating
the voloxidation product of oxide SNF), MoOs, SrO (both simulating fission element oxides), ZrO, (simulating
the product of oxidative recrystallization of fuel rod claddings), and their mechanical mixtures into water-so-
luble compounds in the atmosphere of (NO, + vapor H,O) or HNOj3 (vapor) atmosphere (later-nitrating atmos-
phere).

2. Experimental

Experiments were performed with SrO, MoOs, and monoclinic ZrO, (all chemically pure grade). UsOg was pre-
pared by the decomposition of UO»(NOs),-6H,0 in air at 900°C for 4-6 h. Mechanical mixtures U;Og-M0QO3 (10
wit%) and U30g-M0Os (5 wt%)-SrO (5 wt%) were prepared by mixing weighed portions of Us0g, M0Q3, and
SrO.

Gas-phase conversion experiments were performed in nitrating atmosphere. Weighed portions of U;Og, M0Os,
SrO, and their mechanical mixtures, and also of ZrO, were placed in glass cups, which, in turn, were arranged in
the system. The system was either left in a fume hood at room temperature or placed into a furnace with forced
evacuation of the gas-phase. The desiccators were left closed for 1 to 12 d at room temperature (20°C - 30°C) or
for 1 - 10 h at a temperature of 70°C to 150°C in nitrating atmosphere. After a definite time, the desiccators were
cooled, opened, and ventilated, and the samples were taken off. The final products were weighed, and samples
for X-ray diffraction analysis were taken. The remaining part of the final product was treated with distilled water.
At incomplete conversion, a water-insoluble precipitate remained in the system. It was separated from the moth-
er liquor by centrifugation. The precipitate was dried to the airdry state and weighed. The content of metals and

NO; in the mother liquor was determined. The U(VI) and NO; content was determined by spectrophotome-
try. The absorption spectrum was taken on a Specord M40 spectrophotometer in quartz cells with the working
space thickness of 0.1 - 5 cm. The UO%+ concentration was calculated from the absorption intensity at A = 413
nm (¢ = 7.8 L/mol-cm), and the NO; concentration, from that at 1 = 301 - 302 nm (¢ = 7.0 L/mol-cm). The
content of Zr, Mo, and Sr in the mother liquors was determined by ICP-MS.

The powder X-ray diffraction patterns of the initial oxides and their nitration products were obtained with an
ADP-10 diffractometer (Philips) using CuKa radiation.

Thermal gravimetric analysis of the products of gas-phase conversion of SrO, MoQOs, and U;0g, and also of
UO,(NO3),-6H,0 was performed with a Q-1500D derivatograph (MOM, Hungary) in platinum crucibles in air.
The heating rate was 10 deg/min.

The IR absorption spectrum of the gas-phase was recorded with a Specord M80 spectrometer in the 4000 -
400 cm ! range in a 125 cm® cell with KBr windows and working space length of 200 mm.

3. Results and Discussion
3.1. U305 Conversion

The gas-phase conversion of U;Og with the formation of water-soluble compounds in nitrating atmosphere can
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be described by the following reaction equations:

U305 + 6NO, + 20, + 3nH,0 = 3U0,(NO5),-nH,0 (n = 0, 1, 3 or 6) (1)
U;0g + 3H,0 + 3NO, + 1/20, = 3UO,(OH)(NO) @)

U305 + 8HNO; = 3UO,(NO5),-nH,0 + 2NO, + 4H,0 (n =0, 1, 3 or 6) 3)
U30g + 5HNO; = 3UO,(OH)(NO5) + 2NO, + H,0. (4)

The formation of a mixture of uranyl nitrates and hydroxonitrates cannot be ruled out.

In accordance with Equations (1)-(4), the conversion should lead both to an increase in the sample weight and
to a change in its color. Indeed, depending on the experiment conditions, samples of UsOg conversion products
had either black or yellow color. The change in the sample color from black to yellow was accompanied by a
noticeable increase in the sample weight.

The results of an experimental study of the gas-phase conversion of U;Og in nitrating atmosphere show that in
virtually all the cases the sample weight increases, suggesting the occurrence of the gas-phase conversion with
the formation of either uranyl nitrates or uranyl hydroxonitrates.

The analysis of the angles 20 for the strongest lines of the X-ray diffraction pattern of products of gas-phase
conversion, obtained at the maximal degree of U;Og conversion in nitrating atmosphere, show that the strongest
reflections (I,ax = 100) characteristic of UO,(NO3),-6H,0 in the range 26 = 13.408°-5.032° [11] are also present
in the X-ray diffraction patterns of the UsOg conversion products (13.465°, I = 90; 3.195°, | = 74). In addition, a
number of diffraction lines of the conversion products are close in positions to the lines given in the literature for
uranyl hydroxonitrate [12] [13]. Analysis of the black samples revealed reflections corresponding to the initial
U304 [14].

It is necessary noted that TG curves for uranyl nitrate and products of U;Og in nitrating atmosphere have a
similar course. In addition, similar endothermic effects associated with the elimination of water molecules are
observed in the DTA curves at 50°C - 60°C and 240°C - 260°C. The data obtained suggest that the major product
of the U3Og conversion is hydrated uranyl nitrate.

On the other hand, it is known from the published data [2] that one of the products formed in the reaction of
uranium oxides with anhydrous N,O, is nitrosonium trinitratouranylate (NTN) NO[UO,(NOs)s]. It was interest-
ing to examine the possibility of the NTN formation in our reaction system. The NTN formation is possible in
the following reaction:

U305 + 20NO, = 3NO[UO,(NO3)s] + 4N,0 + 40, (5)

accompanied by the formation of N,O in the gas-phase. To identify N,O, we recorded the IR spectrum of the
gas-phase formed in the course of the UzOg conversion in the NO,—H,O (vapor)-air atmosphere (Figure 1). The
spectrum obtained contains a weak absorption peak at v = 2236 cm *, corresponding to published data for N,O
[15]. The presence of N,O in the gas-phase suggests that one of possible intermediates in U3Og conversion in the
NO,—H,O (vapor)-air atmosphere is NTN, which subsequently undergoes hydrolysis to form hydrated uranyl
nitrate or hydroxonitrate.

After the contact with water, the yellow conversion product rapidly dissolves to form a yellow solution. The
UO,** absorption bands are clearly seen in the absorption spectrum of the aqueous solution obtained by dissolv-
ing the Us0g conversion products in nitrating atmosphere. It can be concluded from the absorption spectra that
the gas-phase conversion results in the formation of water-soluble uranyl compounds.

For the water-soluble conversion products, we determined the [ NO; ]: [U(VI)] ratio by spectrophotometry. In
the case of the U304 conversion in, the [ NOS]: [U(VI)] ratio varies from 1 to 2 in the experiments performed
both at room temperature and on heating. There is no correlation between the [ NO; ]: [U(VI)] ratio and reaction
time in these experiments. The observed [ NO; ]: [U(VI)] ratio suggests the formation of a mixture of uranyl ni-
trate and uranyl hydroxonitrate, which is relatively readily soluble in water [14]. The degree of the U3Og conver-
sion increased both with the reaction time and with the temperature of the medium. At room temperature, the
conversion increased from 87.2% to 100% as the reaction time was increased from 1 to 6 d. At 70°C, the con-
version was higher than 50% at all the reaction times, and at 110°C - 150°C it was close to 100% irrespective of
the time of keeping U3Og in nitrating atmosphere.

Thus, our experiments show that in the course of the gas-phase conversion in nitrating atmosphere U;Og
transforms into water-soluble nitrate compounds (uranyl nitrate and/or hydroxonitrate).
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Figure 1. IR spectrum of the gas-phase formed in the course of the U;Og conversion
in the NO,-H,0O (vapor)-air atmosphere.
3.2.Sr0 Conversion

The gas-phase conversion of SrO with the formation of water-soluble compounds in nitrating atmosphere can be
described by the following reaction equations:

SrO + 2NO; + 1/20, = Sr(NO3),, (6)

2SrO + 2NO; + H,0 + 1/20, = 2Sr(NO3)OH )

SrO + 2HNO; = Sr(NOs), + H,0 (8)

SrO + HNOj3 = Sr(OH)NO; 9)

The formation of strontium nitrate and hydroxonitrate is also possible through the reaction of SrO with water
vapor:

SrO + H,0 = Sr(OH), (10)

Sr(OH), + HNO; = Sr(OH)NO;3 + H,0 (11)

Sr(OH), + 2HNO; = Sr(NO3), + 2H,0 (12)

In accordance with Equations (6)-(12), the SrO conversion in nitrating atmosphere should lead to an increase
in the sample weight.

Preliminary experiments showed that keeping SrO in water vapor at a high temperature does not lead to the
sample weight gain. This fact suggests that the major conversion product is strontium nitrate. Also, the forma-
tion of strontium hydroxonitrate cannot be ruled out.

The experimental results obtained in the course of studying the gas-phase conversion of SrO in nitrating at-
mosphere show that in virtually all the cases the sample weight increases, suggesting the occurrence of the
gas-phase conversion with the formation of strontium nitrate and hydroxonitrate.

The phase composition of the conversion products was studied by powder X-ray diffraction. The analysis of
diffraction data show that the 26 angles for the strongest lines of the X-ray diffraction pattern shown that the
reflections in the 20 ranges 19.642° - 22.718° and 38.127° - 39.893°, characteristic of Sr(NOs), [16], are also
present in the X-ray diffraction patterns of the SrO conversion products (19.7648°, | = 84; 19.7198°, | = 93;
38.3489°, | = 100; 38.3048°, | = 100; 40.1048°, | = 81; 40.0598°, | = 76). In addition, it should be noted that in
some experiments we detected the diffraction lines characteristic of Sr(OH), [17] and SrO [18].

In all the experiments, the SrO samples did not change their color, remaining white, and a colorless solution
was formed upon their dissolution in water. In some experiments, the dissolution was incomplete, and a white
insoluble precipitate remained in the system. At room temperature, the degree of the SrO conversion in nitrating
atmosphere increased from 67.7% to 82.6% with increasing time of keeping SrO in the nitrating atmosphere. An
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increase in the temperature of the system led to a noticeable increase in the rate of the SrO conversion. The de-
gree of the SrO conversion on keeping for 1 - 10 h at 70°C - 150°C was in the range from 26.8% to 75.4%.
However, we cannot speak of any rigorous correlation between the experimental conditions (time, temperature)
and degree of conversion.

Thus, the gas-phase conversion of SrO in nitrating atmosphere yields water-soluble products: Sr(NOs), (major
product), Sr(OH)NOs3, and Sr(OH)s,.

3.3.MoOs; Conversion

The gas-phase conversion of MoQs in nitrating atmosphere with the formation of water-soluble compounds can
be described by the following hypothetical reaction equations:

MoOs + 2NO; + 1/20, = M0O,(NO5), (13)

MoOs; + 4NO;, + O, = MoO(NO5), (14)
MoO; + 2HNO; = MoO,(NO3), + H,0 (15)
MoO; + 4HNO; = MoO(NOs), + 2H,0 (16)

In accordance with Equations (13)-(16), the conversion of MoOQ; in nitrating atmosphere should lead to an in-
crease in the sample weight due to the formation of molybdenum oxonitrates. However, no weight gain was ob-
served in the course of the experiment.

The powder X-ray diffraction pattern of the products of the MoO3 conversion in nitrating atmosphere is well
consistent with the patterns calculated theoretically from the crystallographic data available in JCPDS-ICDD for
MoO; [19].

Analysis of data on the Mo content in the aqueous phase after the contact of the products of the MoO; con-
version in nitrating atmosphere with water shows that the Mo concentration in the aqueous solution obtained is
on the level of the MoOj solubility in water, equal to 7.4 x 107 M at 18°C [20].

The results obtained show that the gas-phase conversion of MoOj; into water-soluble compounds in nitrating
atmosphere does not occur to noticeable extent.

3.4.7Zr0; Conversion

The gas-phase conversion of ZrO, in nitrating atmosphere with the formation of water-soluble compounds can
be described by the following hypothetical reactions:

Zr0, + 2NO, + 1/20, = ZrO(NO3),, 17)
Zr0, + 4NO, + 0, = Zr(NOy),, (18)
Zr0, + 2HNO; = ZrO(NOy), + H,0, (19)
Zr0, + 4HNO; = Zr(NOy), + 2H,0. (20)

In accordance with Equations (17)-(20), the conversion of ZrO, in nitrating atmosphere should lead to an in-
crease in the sample weight due to the formation of oxonitrates and nitrates of zirconium. However, no weight
gain was observed in the course of the experiment.

The powder X-ray diffraction pattern of the products of the ZrO, conversion in nitrating atmosphere is in
good agreement with the X-ray diffraction pattern presented in the JCPDS-ICDD database for ZrO, [21].

The solubility of the products of the ZrO, conversion in nitrating atmosphere was evaluated by ICP-MS. No
Zr was detected in the aqueous phase (its content was below the detection limit of the ICP mass spectrometer
used). Thus, in contact of the products of the ZrO, conversion in nitrating atmosphere with water, Zr does not
noticeably pass into the aqueous phase.

The results obtained show that the gas-phase conversion of ZrO, into water-soluble compounds in nitrating
atmosphere does not occur to noticeable extent. The behaviour of ZrO, is similar to behaviour of M0oO;.

3.5. Conversion of the U305-Mo00Os; Mixture

Despite the fact that real SNF is not a mechanical mixture of oxides but is a solid solution of Mo, Sr, and Zr in
uranium dioxide, in the course of voloxidation this solid solution can partially transform into a mixture of oxides.
Therefore, we studied the behavior of the U3;0g—Mo0O; (10 wt%) mechanical mixture in nitrating atmosphere.
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The results of experiments on the gas-phase conversion of the Us0g-M0O; (10 wt%) mixture in nitrating at-
mosphere show that in virtually all the cases the mixture undergoes weight gain. In most cases, the color of the
mixture changed from black to yellow. When the products of the conversion of the U3;0g-M00O; (10 wt%) mix-
ture in nitrating atmosphere were treated with water, a yellow solution formed, and a black or white precipitate
remained. The black precipitate remained in the case of incomplete conversion of U;Og. In the case of complete
conversion of U;Og, the precipitate had white color characteristic of MoOs.

The yellow solution formed upon interaction of the conversion products with water had the absorption spec-
trum identical to that obtained upon the gas-phase conversion of UsOg. The optical absorption spectrum of the
solution corresponded in the shape to the absorption spectrum of UO,%".

The powder X-ray diffraction pattern of the products of conversion of the U;0g-M0O; (10 wt%) mixture in
nitrating atmosphere contains lines observed previously in the X-ray diffraction patterns of the products of the
gas-phase conversion of U;Og and MoQ3, taken separately, in nitrating atmosphere, i.e., the gas-phase conver-
sion of the mechanical mixture of the oxides occurs by the same mechanisms as the conversion of the individual
oxides.

Analysis of data on the content of U and Mo in the aqueous phase shows that the aqueous solutions contain
virtually no Mo. The U amount in the aqueous phase increases as the temperature of the gas-phase in the course
of the experiment and the time of keeping the mixture in nitrating atmosphere are increased. In the experiments
performed at room temperature for a time from 1 to 12 d, the observed values of the U;Og conversion varied
from 50% to 88%, with the MoO; conversion being as low as 1%-2%. In the experiments performed at 70°C -
150°C, the U304 conversion was in the range from 70% to 88% at all the keeping times, and the MoOj3; conver-
sion was also within 2%. No significant correlation can be revealed between the U;Og conversion and experi-
mental conditions. The Mo concentration in the solution in all the experiments was on the level of the MoQ; so-
lubility at room temperature.

Thus, in the course of conversion and subsequent dissolution, UsOg partially transformed into water-soluble
nitrates, whereas MoO; virtually fully remained in the precipitate phase. The data obtained suggest the principal
possibility of separating U and Mo in the course of conversion of the Us0g-M0O3; mechanical mixture in nitrat-
ing atmosphere.

3.6. Conversion of the U30g-M003-SrO Mixture

The results of experiments on the gas-phase conversion of the U;0g-M0Oj3 (5 Wt%)-SrO (5 wt%) mixture in ni-
trating atmosphere show that in all the cases the sample weight increases. After the experiment completion, the
products of the conversion of the U3Og-M0O3 (5 wt%)-SrO (5 wt%) mechanical mixture had yellow or black
color.

The observed weight gain suggests the occurrence of the gas-phase conversion of U;Og and SrO with the
formation of uranyl nitrates and hydroxonitrates and of strontium nitrate, hydroxonitrate, and hydroxide.

The powder X-ray diffraction pattern of the products of conversion of the Us0g-M0O; (5 Wt%)-SrO (5 wt%)
mixture in nitrating atmosphere show that the positions and intensities of the main reflections contains lines ob-
served previously in the X-ray diffraction patterns of the products of gas-phase conversion of U;Og, M0O3, and
SrO.

Treatment of the product mixture with water resulted in the formation of a yellow solution, with a white or
black precipitate remaining. The black precipitate remained in the case of incomplete conversion of U3QOg. In the
case of complete conversion of U;Og, the precipitate had white color characteristic of MoO3; and SrO.

The absorption spectrum of aqueous solutions formed when the products of conversion of the UsOg—Mo00O; (5
wit%)-SrO (5 wt%) mixture in nitrating atmosphere were treated with water was identical to the spectra obtained
upon gas-phase conversion of U;O0g and U3;0g—Mo00QO3 (10 wt%) mixture in nitrating atmosphere.

Analysis of data on the content of U, Mo, and Sr in the aqueous phase shows that, when the experiments were
performed at room temperature for 1 - 12 d, the U3;Og conversion varied from 74% to 89%, the SrO conversion,
from 37% to 75%, and the MoO; conversion did not exceed 2%. In the experiments performed at 70°C-150°C,
the U;Og conversion was in the range from 75% to 100%, the SrO conversion, in the range from 67% to 90% at
all the treatment times, and the MoO; conversion was low. No significant correlation was revealed between the
degree of conversion of U3Og and SrO and the experimental conditions. The Mo content in the solution was on
the level of the MoOjs solubility at room temperature in all the experiments.

Thus, in the course of conversion and subsequent dissolution, UsOg and SrO partially transformed into wa-
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ter-soluble nitrates, whereas MoO; virtually fully remained in the precipitate phase. The data obtained suggest
the principal possibility of the separation of U from Mo in the U3;0g-Mo0O5-SrO mechanical mixture, but the se-
paration of U from Sr under the same conditions of conversion in nitrating atmosphere is impossible. Thus, the
gas-phase treatment of the U;0g-M00O3 (5 wt%)-SrO (5 wt%) mechanical mixture in nitrating atmosphere does
not allow quantitative separation of U and Sr. However, the gas-phase conversion of the oxides allows virtually
complete separation of Mo, because the major fraction of Mo remains in the water-insoluble precipitate.

To conclude, the gas-phase conversion of U and Sr oxides into water-soluble compounds allows not only se-
paration of U from Mo and Zr, but also solution of a number of problems associated with the behavior of Mo
and Zr in hydrometallurgical reprocessing of SNF.
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