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bstract
Phase composition of the murataite ceramic containing 10 wt.% PuO2 and oxidation states of the elements composing this ceramic have been
tudied. The ceramic is composed of three murataite polytypes with five-, eight-, and three-fold fluorite unit cell forming core, intermediate zone
nd rim of the murataite grains and minor crichtonite. Manganese, iron, and plutonium exist mainly in di-, tri-, and tetravalent forms, respectively.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Murataite is considered as a promising host phase for
ctinides and rare earths as well as corrosion products and pro-
ess contaminants in high level waste (HLW) and, therefore,
urataite-based ceramics may be perspective for immobiliza-

ion of complex actinide-containing wastes such as actinide
r actinide/rare earth fractions of HLW [1,2]. Murataite as
ell as pyrochlore has a fluorite-derived structure [2–4].

n general, pyrochlore, AVIII
2BVI

2O7−x (A = REE3+, An3+/4+,
a2+; B = Ti4+, Zr4+, Hf4+) and murataite, AVIII

3BVI
6CV

2O20−x

A = REE3+/4+, An3+/4+, Zr4+, Ca2+, Na+; B = Ti4+, Fe3+,
n3+/4+, Al3+; C = Mn2+, Fe2+) being structure-related com-

ounds form a polysomatic series of the phases with modular
tructure and two- (2C pyrochlore), three- (3C murataite), five-
5C), seven- (7C), and eight-fold (8C) elementary fluorite unit
ell [5]. All the phases with three-fold elementary fluorite unit
ell and higher multiplicity, i.e. containing murataite modules
n their structure are considered as murataite polytypes. The

urataite structure contains four distinct cation sites capable
o accommodate variable size cations [6]. Suitability of the
urataite-based ceramics as potential nuclear waste forms was
lso confirmed by their good radiation resistance [7,8].
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icroscopy (TEM); X-ray photoelectron spectroscopy; X-ray diffraction

Previously we synthesized and examined Pu-bearing
urataite-based ceramics [9–12]. In the present work the Pu-

earing murataite ceramic is characterized in more details in
articular using X-ray photoelectron spectroscopy (XPS).

. Experimental

The murataite ceramic with specified composition (wt.%): 5 Al2O3, 10 CaO,
5 TiO2, 10 MnO, 5 Fe2O3, 5 ZrO2, 10 PuO2 was prepared by melting in
ir of oxide mixtures in a platinum ampoule at 1500 ◦C for 3 h followed by
uenching. The sample was characterized with X-ray diffraction (XRD) using
DRON-4 diffractometer (Cu K� radiation), scanning electron microscopy –

nergy dispersive system (SEM/EDS) using a JSM-5300 + Link ISIS unit, and
ransmission electron microscopy (TEM) – selected area electron diffraction
SAED) using a JEM-100c + KEVEX-5100 unit. XPS spectra were measured
ith an electrostatic spectrometer MK II VG Scientific using Al K� and Mg K�

adiation under 1.3 × 10−7 Pa at a room temperature. Electron binding energies

b (eV) were measured relatively to the binding energy of the C 1s electrons
rom hydrocarbons absorbed on the sample surface accepted to be equal to
85.0 eV.

. Results

According to the XRD, SEM/EDS, and TEM/SAED data, the
urataite ceramic is composed of predominant murataite-type

hases: 5C, 8C and 3C, and minor crichtonite, also suggested

s a waste form [13] (Figs. 1–3). Core of the murataite grains is
omposed of the 5C phase (the lightest on SEM-image) with the
ighest Pu content. The 8C phase with intermediate Pu content
omposes major bulk of the grains (light-gray). Rim is formed
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4. Discussion
ig. 1. XRD pattern of the Pu-doped murataite ceramic and computer sim-
lation of major peak due to murataite (inset). M—murataite polytypes and
—crichtonite.

y the 3C phase (gray) with the lowest Pu content. Crichtonite
dark-gray) crystals contain traces of Pu.

The low binding energy XPS from murataite exhibits the
uter valence molecular orbitals (OVMO) structure attributed
o the outer Ca 4s, Pu 5f,7s, Zr 4d,5s, Fe 3d,4s, Ti 3d,4s, Mn

d,4s, Al 3s,3p, and O 2p electrons, as well as the inner valence
olecular orbitals (IVMO) structure due to the Ca 3s,3p, Pu

s,6p, Zr 4p, Ti 3p, Mn 3p, and O 2s electrons (Fig. 4, Table 1). m

Fig. 2. SEM-image with X-ray mapping of the murataite ceramic 1
ompounds 444–445 (2007) 606–609 607

his binding energy range exhibits only the lines typical of the
ompounds studied. The Pu 4f spectrum of the sample exhibits
he fine structure typical of the Pu4+ ions (Fig. 4) with the
oublet split at �Esl = 12.5 eV. On the higher binding energy
ide from the basic peaks at �Esat = 7.4 eV the typical shake
p satellite of about 19% intensity was observed. The oxida-
ion states of the elements were determined to correspond to
he following ions: Ca2+, Ti4+, Mn2+, Fe3+, Zr4+, Al3+ and
u4+.

The O 1s spectrum consists of the two peaks at 530.0
nd 532.1 eV. Taking into account equation RM–O = 2.27
Eb − 519.4)−1, derived in [14], on the basis of the O 1s bind-
ng energy the interatomic distances RM–O (nm) calculated are
.214 and 0.173 nm. As follows from this equation the O 1s bind-
ng energy decrease as the interatomic distance RM–O increases.
robably the value 0.173 nm can be attributed to the hydroxide
roups on the surface of the sample. It agrees with the elemental
nalysis data indicating that the O 1s binding energy for Pu- and
p-bearing samples is the same. The value RM–O = 0.214 nm

orresponds to average M–O distance in the murataite structure
6].
The phase composition and texture of the Pu-bearing
urataite ceramic are typical of those for the murataite ceramics

, 2, 3 – 5C, 8C and 3C murataite polytypes, 4 – crichtonite.
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Table 1
Binding energies Eb (eV) and FWHM valuesa (eV) of the outer (MO) and core electrons for the actinide-doped murataite ceramic

MO Pu 4f7/2 Ca 2p3/2 Ti 2p3/2 Mn 2p3/2 Fe 2p3/2 Zr 3d5/2 Al 2p O 1s

4.4; 22.0 530.0
24.7; 30.5 426.1 346.7 458.5 641.0 711.0 182.2 74.0
36.9; 43.5 7.4 sat (1.6) (1.2) (2.4) (2.9) (1.2) (1.4) 532.1
48.3 (1.3)

a FWHM values are given in parentheses relative to the FWHM of the C 1s-peak accepted to be 1.3 eV. Initial C 1s FWHM for Pu-bearing murataite is 2.1 eV.
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Fig. 3. EDX-spectra and SAED-patterns of the 5C, 8C, a

roduced by melting and crystallization [1,2,9–12]. Such ceram-
cs are composed of zoned murataite grains with increasing of the
umber of the murataite modules in the structure of the murataite
olytypes from core to rim in the single grain. Because actinide

ontent reduces in a series: 2C (pyrochlore) > 7C > 5C > 8C > 3C
murataite) [2,5] actinide depletion of the rim with respect to
he core creates an additional barrier against their leaching by
nderground water and release into environment.

i
H
b
d

Fig. 4. Low binding energy (a) and Pu 4f (
phases composing the murataite-based ceramic sample.

As follows from the XPS data such elements as Ca, Al, Ti,
nd Zr have their typical oxidation states—Ca2+, Al3+, Ti4+, and
r4+. Transition elements—Mn and Fe were found to be mainly
i- and trivalent, respectively. Occurrence of trivalent iron (Fe3+

¨
ons) is consistent well with Mossbauer spectroscopy data [15].
owever admixture of Mn(III), Mn(IV), and Fe(II) states may
e also present. XANES data exhibit 60–70% of total Mn in a
ivalent and 20–30% in a trivalent form [16]. Pu was found to

b) XPS from the murataite ceramic.
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e in a tetravalent form due to oxidizing conditions of synthesis
melting in air atmosphere).

. Conclusion

Murataite ceramic with specified chemical composition
wt.%): 5 Al2O3, 10 CaO, 55 TiO2, 10 MnO, 5 Fe2O3, 5
rO2, 10 PuO2 produced by melting in air is composed of
ajor murataite-type phases and minor crichtonite. Among the
urataite-type phases varieties (polytypes) with five-, eight-,

nd three-fold fluorite unit cell forming core, intermediate zone,
nd rim of the murataite grains were found. Pu enters murataite
hase and its concentration is the highest in the core of the
urataite grains and reduces towards their rim. As follows from

he XPS data, Pu exists in a tetravalent form, Mn is mainly diva-
ent and Fe is trivalent. Other elements (Ca, Al, Ti, Zr) have their
ypical oxidation states.
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