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Abstract. The effective isolation of radioactive waste (RW) from the environment is the main problem for the further
development of nuclear power. The main phases in titanate-based ceramics are perovskite, rutile, zirconolite and
murataite. Murataite grains have a zonal structure with high content of rare earth elements at the center of structure
and low content of these at edges, that precludes their leaching in contact with a solution. Murataite-based ceramics
containing simulated rare earth elements of high level waste (HLW) were produced via melting of oxide mixtures in a
resistance furnace at 1500°C. All samples were composed of mainly murataite and minor perouskite, crichtonite,
zirconolite, and pyrophanite/ilmenite phases. Thus, murataite is the dominant host phase for a sample containing
zirconium oxide. All samples were analyzed by scanning electron microscopy with an energy dispersive X-ray
spectroscopy. Elemental leaching rates from the ceramic with low perovskite content were lower by one order of

magnitude then leaching rates for high perovskite content.
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1. INTRODUCTION

The two-component nuclear power generating
system is based on the use of thermal and fast neutron
reactors and it provides for the reprocessing of spent
nuclear fuel (SNF) and partitioning of the resulting
radioactive waste [1]. The newly developed technology
for SNF reprocessing provides for the separation of
americium for its subsequent transmutation, as well as
for the production of a curium-rare earth elements
fraction (Cm-REE fraction) for temporary storage or
disposal in deep formations [2].

In the last decade, the possibility of actinide
containing fractions solidification into crystalline
matrices of various structures was considered [3-5].
Crystalline matrices have many advantages: high
corrosion resistance, incorporation of HLW without
the formation of additional soluble phases, the
presence of natural analogues as evidence of their long-
term stability in the geological environment [6].

One of such minerals is murataite - a natural
mineral with a crystal chemical formula: AsB12C4TX40,
where A =Y, Na; B=Ti; C=Fe; T =Zn; X = O,
F (a = 14.89 A, Z = 4), this structure was initially found
in the titanate ceramics containing HLW surrogate of
the Savannah River Plant, USA [7]. The structure of
murataite contains several cationic positions:
A - distorted cube, B - octahedron, C - trigonal
bipyramid and T — tetrahedron [8]. The properties of
murataite phases make it possible to consider this
mineral as a unified matrix for the incorporation of RW
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of various compositions. It was shown in the work [9]
that the composition of ceramics: 55% TiO2, 10%
MnO-, 10% CaO, 5% Al-0Os, 5% Fe203, 5% ZrO. may
incorporate waste of various chemical composition
with a mass fraction of up to 10%. Ceramics of such
composition based on murataite can be obtained by
melting of the initial powders composition with
components of radioactive waste at a temperature of
1,300-1,600 °C.

During the synthesis of some murataite-based
matrices, compositions which also included phases
with a perovskite structure were found [10]. Perovskite
is also considered as promising for the disposal of RW.
It accumulates radionuclides (Sr, actinides), fission
products, technological impurities (for example, Na).

In our work, we investigated the effect of the
dominant crystalline phase on the matrix hydrolytic
stability for the immobilization of the Cm-REE fraction
of high-level waste of a closed nuclear fuel cycle.

2. EXPERIMENTAL

The composition of samples selected for the
synthesis differs from the basic content of zirconium
and titanium oxides: 55 + x% TiO2, 10% MnO2, 10%
CaO0, 5% Al203, 5% Fe203, 5 + x% ZrO2, where x = 5
(Table 1). Samples were obtained by melting in a muffle
furnace at 1500 ° C for 30 minutes in glassy carbon
crucibles and cooling in a switched off furnace.
Neodymium was used as a chemical analogue of
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trivalent actinides (Ams3*, Cms3*), and as one of the
main components of HLW.

The samples were characterized by scanning
electron microscopy (SEM) using a JSM—5610LV unit
with energy dispersive X-ray spectrometer (EDX) JED-
2300 (25 kV Voltage, 1 nA beam current, 1—3 um probe
diameter, 100 s pulse collection time, metals, oxides,
and fluorides as standards). The samples for SEM/EDX
analysis were polished using diamond paste, all SEM
micrographs were generated in backscattering electron
(BSE) mode.

Table 1. The estimated composition of the samples

Sample A1203 CaO [TiO:=| MnO Fe203 ZrO- Nd203

RE-1 10]%] 10 3 10
RE-2 5 50 5 10

The hydrolytic stability of the samples was
investigated in accordance with the GOST R 52126-
2003 standard [11], close to the MCC-1 and MCC-2
tests [12]. Monolithic samples were placed in
autoclaves with Teflon inserts, filled with bidistilled
water and kept at 90 and 150 ° C (imitation of
conditions for disposal of heat-generating waste). The
solution was replaced on 1, 7, 14, 21, 28 days after the
start of the experiment. The surface of the samples was
calculated from their geometric dimensions. However,
the actual area considering the porosity and uneven
surfaces is larger then geometric area, so the leaching
rate values represent the upper limit value.

The differential leaching rate of the i-th element for
the n-th time interval Rn, g/(cm’-day), was calculated by
the formula:

. rni

RL = 1—n (1)
M, -S-At,

where miy is the mass of the element leached in the n-
th time interval, g; Mion - mass concentration of an
element in the sample at the beginning of the n-th
period, g/g; S is the surface area of the sample in
contact with water, cm?; Aty is the duration of the n-th
leaching period between solution changes, days.

The mechanism of neodymium leaching from the
matrix was evaluated according to the de Groot and
van der Sloot model [13], which can be represented as
an equation of linear dependence (2):

lgY, = Algt + const (2)

where Yi is the total release of element i from the
sample during contact with water, mg/m2; t - contact
time, days.

3. RESULTS AND DISCUSSION

According to SEM / EDS data (Fig. 1, table 2 and 3),
the main phase in the RE-1 sample is perovskite (P),
and the content of murataite (M) does not exceed 5
vol.%. RE-1 sample also contains phases with the
structure of crichtonite (Cr), pyrophanite (P/I), and
rutile (R). Murataite phase dominates in sample RE-2,
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which also contains phases with the structure of
zirconolite, perovskite, and crichtonite. The ideal
formulas for these phases are: (Ca,Nd)(Ti,Al)O3
(perovskite), (Ca,Nd)(Zr,Ti)(Ti,AL,Fe)-O, (zirconolite),
(Mn,Fe)TiO4 (pyrophanite),
(Ca,Nd)(Fe,Mn)2Ti,Al):8038 (crichtonite),
(Ca,Mn,Nd)e(Ti,Zr,Mn,Fe,Al);O43 (murataite), TiO2
(rutile). Their real compositions are much more
complicated due to isomorphic exchanges in the crystal
structure. Ca2* positions include large cations (Mn2*,
Fe2+, RE3+), Ti4* can be replaced by Al3*, Fe3+, Zr4*. An
increase in the TiO2 content relative to the basic
composition leads to an increase in the amount of
perovskite and a decrease in the proportion of
murataite in ceramics. The bulk of neodymium in
sample RE-1 is accumulated in perovskite and to a
lesser extent in crichtonite, in sample RE-2 it is
concentrated in murataite and, to a lesser extent, in
crichtonite.
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Figure 1. SEM image of sample RE-1(a) where perovskite (1),
crichtonite (2), pyrophanite/ilmenite (3), rutile (4) and
RE-2(b) where murataite (1), perovskite (2), zirconolite (3),
crichtonite (4).

Table 2. Phase composition of samples

Sample Phases
RE-1 P>Cr>P/I~R>>M
RE-2 M>Z~P~Cr

where P - perovskite, Cr - crichtonite,
P/I - pyrophanite/ilmenite, R - rutile,
M - murataite (all varieties), Z - zirconolite.
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Table 3. Phase composition in the atomic quantities of the
elements

Phas Al‘Ca‘Ti|Mn‘Nd|Fe|Zr‘ 0

€ RE-1

P 0.7 | 13.3 | 19.9 - 4.7 - 61.4
Cr | 38| 21 |239( 38| 0.6 | 21 63.7
P/I | 0.2 | 0.2 | 19.4 | 13.9 - 5.2 61.1
R 0.2 | 0.1 [331] 0.1 - - 66.5
M 63|39 [180]| 71 | 03 | 2.9 61.5
Phas RE-2

M | 44| 43 |182| 40 | 11 | 1.4 | 3.9 | 62.7

P 29 |11.9 | 189 | 1.4 | 29 | 0.9 - 61.1

Z 29 | 46 |175| 35 | 1.4 | 1.0 | 6.0 63.1

Cr | 38| 17 211 | 51 | 03] 46| o07]| 627

3.1. Hydrolytic stability

The results of hydrolytic stability test are shown in
Fig. 2a, b. It was found that the lowest differential
leaching rate is characteristic to Ti. As the temperature
rises to 150°C, the elements leaching rate increases,
except for Fe.

@, ORE-1 FIRE-2

Figure 2. Differential leaching rate R (g/(cmz2-day)), from
samples RE-1 and RE-2 on the 28th day of interaction at
90°C (a) and 150°C (b).

Differential rates of Nd leaching on the 28th day of
contact are up to (2-3)-107 g / (cm2-day) (Fig. 2a). This
is 1—3 orders of magnitude lower than the rate of Nd
leaching from aluminophosphate glasses under the

same conditions [14]. In experiments at 150°C, a falling
of 2—3 orders of magnitude in the differential rate of
Nd leaching is observed (Fig. 2b). The leaching rate at
150°C on the 28th day is equal to (1-7)-104
g/(cm2-day).

The obtained data agree with the results of
perovskite stability in comparison with the other
actinide phases, consisting of perovskite, zirconolite,
hollandite in the study of Synroc [15].

3.2. Leaching mechanism

To clarify the mechanism of leaching of neodymium
from the murataite matrix at 90°C and 150°C, a
dependence was plotted according to the de Groot and
van der Sloot model (Fig. 3).
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Figure 3. Logarithmic dependence of the Nd from the RE-2
sample yield on the time of contact with water

The slope of the resulting straight line corresponds
to the predominant leaching mechanism. Earlier in
works [16-19] it was shown that the values of the
coefficient A in the equation correspond to the
following mechanisms of leaching of elements: <0.35 -
leaching from the surface of the compound; 0.35-0.65
- diffusion from inner layers; > 0.65 - dissolution of the
surface layer of the compound.

The main mechanism of neodymium leaching for
both temperatures at the first moment of time is the
dissolution of the surface, and then it changes to
dissolution of the surface layer and leaching from the
surface at temperatures of 9o and 150°C, respectively
(Fig. 3). Such differences in the mechanism of leaching
after 7 days are probably related to the effect of
temperature on the formation of the diffusion layer,
rather than the composition of the matrix.

4. CONCLUSION

An increase in the TiO- content due to the exclusion
of ZrO. from the matrix leads to an increase in the
perovskite fraction and a decrease in the murataite
fraction and, as a result, to an increase in the leaching
rate. With an increase in temperature, the leaching rate
increases for both samples by about three orders of
magnitude to (1-7)-104 g/(cm2-day) at 150°C versus
(2-3)-107 g / (cm2-day) at 90°C. The difference in the
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mechanism of leaching depending on the temperature
for murataite ceramics was established.

Thus, the composition of the titanate-based

ceramic in the range of 50-55 wt.% TiO2 and 5-10%

ZrO2 makes

it possible to increase the more

hydrolytically stable phases of murataite.
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