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HIGHLIGHTS GRAPHICAL ABSTRACT

e Single-phase  La;_xPuxPO4-monazite
solid solutions with molar fraction of
Pu up to x = 0.15 were synthesized at
1300 °C.

e At a higher Pu content (x = 0.50)
residues of unreacted PuO, were
detected.

e X-ray absorption spectroscopy (XAS)
analysis confirms the incorporation
of Pu' in the single phase (La,Pu)PO,
solid solutions.

e LaPO4 local environment is adjusting
by the incorporation of Pu, whereas
local environment of Pu remains

La, ,Pu,PO,
s

PuPOy-like.
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solutions were obtained for materials with x = 0.00—0.15 and confirmed by a linear dependence of the
lattice parameters on composition according to Vegard's law. X-ray absorption spectroscopy (XAS)

analysis at the Pu-Ly; and La-Ly; edges confirmed the +III valence state of plutonium in the monazite solid

Keywords:
Plutonium

Monazite atoms in the La-Pu-monazite lattice.

solutions. The local environment of Pu is PuPOy-like along the solid solution series, except for the longest
fitted cation-cation distance, which may be an indication of cluster formation consisting of a few Pu-

Waste form © 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
Solid state synthesis (http://creativecommons.org/licenses/by/4.0/).

Solid solutions
XRD
EXAFS

* Corresponding author.
** Corresponding author.
E-mail addresses: karin.popa@ec.europa.eu (K. Popa), s.neumeier@fz-juelich.de (S. Neumeier).

http://dx.doi.org/10.1016/j.jnucmat.2017.06.034

0022-3115/© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
mailto:karin.popa@ec.europa.eu
mailto:s.neumeier@fz-juelich.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2017.06.034&domain=pdf
www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat
http://dx.doi.org/10.1016/j.jnucmat.2017.06.034
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.jnucmat.2017.06.034
http://dx.doi.org/10.1016/j.jnucmat.2017.06.034

Y. Arinicheva et al. / Journal of Nuclear Materials 493 (2017) 404—411 405

1. Introduction

The strategies for the safe management and disposal of radio-
active waste in deep geologic formations include immobilization of
radionuclides in a durable waste form as one of the engineered
barriers. Various ceramic materials have been proposed as potential
waste forms for the immobilization of specific nuclear waste
streams, such as separated plutonium from civilian or military
sources unsuitable for further use. Among the envisioned immo-
bilization matrices, monazite (monoclinic LnPOy4, Ln = La — Gd)
appears as a promising candidate [1—4] due to its high structural
flexibility [5—8] and specific physico-chemical properties including
high chemical durability [5,9—12] as well as high radiation resis-
tance [13—15]. Monazites are also attractive in terms of criticality
issues [16]. For the immobilization of fissile 2>?Pu, stable isotopes of
Gd, possessing extremely large  neutron-cross-sections
(5(1>’Gd) = 254,000 b), can be incorporated in a tailored LnPO4
host-crystal system.

Phosphate ceramics with monazite structure have been the
object of extensive research activities. These studies comprise in-
vestigations of the structure and properties and have been per-
formed on the pure LnPO4 endmembers [17—22] and on solid
solutions containing mainly surrogates for tri- [11,16,23—26] and
tetravalent [27—31] actinides (An).

In contrast only a few studies on transuranium elements-
bearing monazite materials are available in the literature. Am-
[32,33], Cm- [34—37] as well as Cf-, Bk-, and Es-phosphates [38]
have been synthesized and characterized. Monoclinic PuPO4 was
obtained originally by Bjorklund [39] by precipitation of Pu'V-
oxalatophosphate followed by its thermal decomposition, as well
as by dehydration of rhabdophane-like PuPO4-nH,0. However a
refined crystal structure of the hydrated Pu-phosphate compound
as well its XRD pattern have not been reported so far. Therefore it
can be assumed, that the “rhabdophane” phase for the precipitation
product was suggested in the literature solely analogously to the
Ln-rhabdophane [40]. Taking into account the recently reported
monoclinic hydrated and two distinct anhydrous (monoclinic and
hexagonal) Ln-rhabdophane structures [41,42] further in-
vestigations of wet chemical routes for synthesis of actinide-
bearing monazite compounds would potentially lead to discovery
of new structures of actinide phosphates. The preparation of
PulPO4-monazite via solid state synthesis from Pu'YO, and
NH4H,PO4 in inert atmosphere was reported by Bamberger [43],
Glorieux [44] and Bregiroux [37]. Recently the refined crystal
structure and oxidation state + III of PuPO4 samples derived by
solid state reaction have been solved by Rietveld analysis of XRD
data and high resolution X-ray Absorption Near Edge Structure
(XANES) spectroscopy, respectively [45]. The thermal behavior of
Pu'POy, such as lattice parameter evolution and decomposition
was studied by Jardin et al. [46].

The solid state synthesis route has already been adopted suc-
cessfully to synthesize La;_xPuyxPO4 (x = 0.01—0.1) solid solutions
by Popa et al. [47] and Zhang et al. [48]. XRD analysis for all
compositions revealed single phase materials with monoclinic
structure and the oxidation state +III of Pu was confirmed by
diffuse reflectance spectroscopy [48]. Finally for self-irradiation
studies PuPOy4 (7.2 wt% 23%Pu) and (La,Pu)PO4 (8.1 wt% 233Pu)
were synthesized by wet chemical method based on precipitation
from aqueous nitrate solutions by Burakov et al. [49]. However,
the incorporation of pure Pu'V by coupled substitution into a
monazite-cheralite system Lnj_xCagsxThosxPO4 as well as the
synthesis of pure CaPu'VPOy failed so far. Instead Bregiroux et al.
[50] and Deschanels et al. [51] prepared mixed-valence com-
pounds such as PullyPul5Call 3P04 and Cag ggPug.gglag 73Thg 0gPO4,
respectively.

Wet chemistry methods, such as precipitation from acidic
plutonium solutions after the reprocessing, may offer some ad-
vantages over the solid state route by the immobilization of Pu with
respect to the safe handling of radionuclides. The drawback of the
solid state synthesis methods is an increased contamination risk
due to the dust formation, as repeated milling of PuO, powder is
often necessary to facilitate the plutonium diffusion and thus to
obtain homogenous final material. Nevertheless solid state chem-
istry methods play an important role regarding the immobilization
of existing separated inventories of Pu as it is currently stored
intermediately as PuO,. In this case the merits of using the wet
chemistry methods vanish taking into account the criticality risks,
and thus much smaller industrial batches, as well as the efforts
needed to dissolve the hardly soluble PuO; in glove boxes. Despite
the fact, that PuO; is low soluble in aqueous media [52,53] and
relatively highly radiation damage resistant [54,55], it should be
considered for long term storage as a Pu-bearing solid solution
immobilized in an inert matrix rather than in its pure form or as
PuO,-particles dispersed in an inert matrix. The reasons for it are
criticality issues, heat emission, He-formation and swelling, leading
to the deformation and failure of the waste matrix or/and storage
container [55]. Hence, within this work the structural incorporation
and loading limitations of Pu' in monazite-type phosphate ce-
ramics by solid state synthesis using PuO, as starting material has
been investigated systematically for the first time. The refined
crystal structure of the (La,Pu)PO4-monazite solid solutions has
been studied by a combination of XRD and EXAFS. Particular
attention has been paid to the determination of the valence state of
plutonium in the solid solution using XANES since Pu'VO, has been
used as precursor material for the solid solution preparation under
inert atmosphere.

2. Experimental details
2.1. Synthesis

La;_xPuyPO4 solid solutions were synthesized by conventional
solid state method under inert atmosphere in order to avoid
possible formation of traces of tetravalent plutonium phosphate
[31,45]. The synthesis was carried out in alpha-tight glove box
designed to handle radioactive materials. Lanthanum oxide
(Aldrich. 99.9%), plutonium(IV) oxide (>98% Pu, metal basis), dia-
mmonium hydrogen phosphate (Aldrich, 99%) were used as start-
ing reagents without further purification. LapO3, PuO; in
corresponding stoichiometric ratios and (NH4),HPO4 (10% molar
excess) were mixed and grinded in an agate mortar. Subsequently
the synthesis of the La;_xPuyPO4 compounds was performed in
inert atmosphere (Ar or N,) for reduction of Pu" using the
following conditions:

- for the desired molar fraction of Pu x = 0.50: 1000 °C, 1100 °C
and 1200 °C, 12 h, Ar-atmosphere with subsequent grinding
after each sintering step.

- for the desired molar fraction of Pu x = 0.01, 0.05, 0.10, 0.15:
1300 °C, 5 h, Ny-atmosphere.

By increasing the temperature of the synthesis up to 1300 °C the
reaction time was reduced to avoid phosphate decomposition
leading to volatile P401¢. The choice of the synthesis parameters is
discussed in detail in the section “Results and discussions”.

2.2. X-ray diffraction

The synthesized compounds were characterized by powder X-
ray diffraction (PXRD) at room temperature using a Bruker D8
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diffractometer mounted in a Bragg-Brentano configuration with a
curved Ge (1, 1, 1) monochromator, a ceramic copper tube (40 KkV,
40 mA) equipped with a LynxEye position sensitive detector. The
data were collected by step scanning in the angle range
10° < 20 < 120° with a 26 step size of 0.0092°. For the measure-
ment, the powder was deposited on a silicon wafer to minimize the
background and dispersed on the surface with several drops of
isopropanol. The radioactive sample holders were covered by Mylar
film to prevent any material dispersal. The phase composition and
crystal lattice constants were refined with the Topas software
(Bruker AXS GmbH) using the Rietveld technique.

2.3. X-ray absorption fine structure spectroscopy

Powdered samples were diluted with boron nitride powder,
pressed into pellets and encapsulated in a double sealed confine-
ment prior the experiment. Pu-Ly; edge (18057 eV) or La-Ly; edge
(5483 eV) XAFS spectra were collected at ambient temperature at
the Rossendorf Beamline (ESRF, Grenoble, France). A water-cooled,
1.4-m long, Rh-coated, meridionally-bent silicon mirror was used
for beam collimation into a water-cooled Si(111) double crystal
monochromator. The monochromatic beam was then focussed onto

turbomolecular pump are mounted inside a glove-box in order to
keep the contaminated pieces in a confined space. The primary
vacuum system, water cooling circuit and acquisition electronic are
placed outside, preventing those parts from contamination by the
active samples. The microscope is equipped with Secondary elec-
trons detector (SE) which gives a morphology-related signal,
Backscattered electrons detector (BSE) which provides images with
Z-related contrast, and Energy dispersive X-ray spectroscopy (EDS)
used to obtain elemental analysis of the samples; the beam was
always operated at 20 kV. As the samples were in the form of
powders, the coating of the same to avoid the electronic charging
was not necessary. No further preparation was necessary for the
samples.

3. Results and discussions
3.1. Powder X-ray diffraction

The conventional solid state method, reported previously for
synthesis of Pu'PO, with monazite structure [37,45], was applied
in this work to obtain La;_xPuyPO4 monazite solid solutions ac-
cording to equation (1).

(1 — x)Lay03 + 2xPu’V 0, + 2(NH,),HPO, — 2La; _,Pux"PO, + 4NH3 1 + 3H,0 + %4x0, 1 (1)

the sample by a 1.3-m long, Rh-coated, toroidal silicon mirror,
achieving a rejection of higher order harmonics by at least four
orders of magnitude. Several spectra were collected in transmission
(T) or fluorescence (F) mode using gas-filled ionization chambers
and a high-purity, 13-element Ge detector (Canberra) with digital
spectrometer (XIA XMap), energy-calibrated using the absorption
edge of a simultaneously measured Zr foil (17998 eV) for each
sample, and averaged to improve the signal-to-noise ratio using
Sixpack [56].

Extended X-ray absorption fine-structure (EXAFS) spectra were
extracted from the experimental XAFS spectra using WinXAS [57]
following routine procedures. Spectra were normalized by fitting
first-order polynomials to the pre-edge and second-order poly-
nomials to the post-edge region, and then converted into k-space
by arbitrarily assigning the first edge inflexion point to the onset of
kinetic energy of the photoelectron. The EXAFS spectra were then
extracted by fitting spline functions to the post-edge region using
the auto-background module of WinXAS. The k>-weighted EXAFS
spectra were then Fourier-transformed using a Bessel window with
the Bessel parameter set to three. The local structure was deter-
mined by shell-fitting (WinXAS) using theoretical phase shift and
amplitude functions calculated by FEFF8.2 [58] based on the
structure of La monazite [6].

2.4. Scanning electron microscopy with energy dispersive
spectroscopy

The actual chemical compositions of the synthetic monazites
La;xPuyPO4 with x = 0.01, 0.05, 0.10, 0.15 were determined using
scanning electron microscopy with energy dispersive spectroscopy
(SEM-EDS). The SEM observations were performed on a Philips
XL40 SEM (Philips, Amsterdam, Netherlands), which has been
adapted for the examination of highly active or irradiated nuclear
materials [59,60]: the high voltage unit, column, chamber and

PXRD patterns of the resulted compounds with the corre-
sponding references from COD (Crystallography Open Database)
are shown in Fig. 1.

According to the XRD data, the first attempt to synthesize
Lag50Pug50PO4 solid solution by the conventional solid state
method at 1000 °C, led to the formation of several phases: (La,Pu)
PO,4 monazite solid solutions with varying Pu-loadings and a cubic
PuO, phase. The corresponding diffraction pattern (1.a) is shown in
Fig. 1, red stars highlight the characteristic Bragg reflections of the
PuO, phase. The splitting of the (200) Bragg reflections of the
monazite phase (insert of Fig. 1) indicates the formation of at least
two monazite phases with different molar fractions of Pu. A similar
effect was already observed by Bregiroux et al. [19] for mixed
lanthanide orthophosphates. It seems to be challenging to obtain a
pure and homogeneous monazite phase of mixed orthophosphates
by a solid state method due to the differences in reaction kinetics
for different cations. In the case of lanthanum and plutonium ox-
ides the differences in reaction kinetics are apparently caused by
the reduction of Pu" during the solid state synthesis. By increasing
the synthesis temperature up to 1100 and 1200 °C a single solid
solution with monazite structure was obtained, but the PuO, Bragg
reflections remained evident, too (Fig. 1, diffraction patterns 1.b and
1.c). The phase ratio and lattice parameters of the monazite phase
were determined using Rietveld refinement of the XRD data. The
increase of temperature from 1100 to 1200 °C led to increase of the
monazite phase fraction by 5% reaching 86 + 1%. However the
molar fraction of Pu remained constant within the uncertainties of
the refinement (0.15 + 0.03 and 0.22 + 0.05, respectively). No
further heating has been applied, bearing in mind the thermal
behavior of PuPO4 endmember.

The Pu'"V to Pu" redox-reaction may inhibit the formation of a
pure single phase monazite-type La;_xPuxPOj4 solid solution by the
solid state reaction, especially at higher Pu-content. Moreover it
explains the presence of residual PuO, after solid state reaction. A
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Fig. 1. Diffraction patterns of the synthesized La; xPuyPO4 compounds with x = 0.01, 0.05, 0.1, 0.15, (0.50) with the corresponding references from COD (Crystallography Open
Database) for the LaPO4-monazite (green) and PuO, (red). Red stars highlight the characteristic Bragg reflections of the PuO, phase. The (200) and (120) reflections of the monazite
phase are shown in the insert. The (200) Bragg reflections marked with the dashed line are magnified by factor 7 relatively to the corresponding diffraction patterns. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

thermal decomposition of PuPO4 at 1200 °C in inert atmosphere
according to Jardin et al. [46] (s. equation (2))

4 PuPO4—2 Puy03 + P4019 1 (2)
can definitely be excluded because in detailed evaluation of the
XRD patterns no PuyO3 was found. Therefore the residual PuO,
appears to be unreacted and not reduced precursor material of the
synthesis. The formation of a single phase solid solution bearing a
higher Pu content can be expected by optimizing the synthesis
parameters in terms of the excess of (NH4),HPO4. Additionally, La;-
xPuyPOy4 solid solutions with relatively low molar fraction of Pu
might be stabilized by the high thermal stability of the LaPO4 ma-
trix (melting temperature 2072 °C) [61] that would allow for solid
state reactions at a temperature above the decomposition tem-
perature of pure PuPO,.

Based on these considerations the target molar fraction of Pu
was reduced and pure-phase La;xPuyPO4 solid solutions with
monazite structure were successfully obtained at 1300 °C for the
compositions with x = 0.01, 0.05, 0.10, 0.15 according to the PXRD
data (Fig. 1, diffraction patterns 3.a — d). No characteristic Bragg
reflections for PuO, are evident in the PXRD patterns. The insert of
Fig. 1 demonstrates exemplarily the linear shift of the (200) and
(120) Bragg reflections towards higher 20 values on increasing the
Pu-loading. This effect is caused by the lattice contraction due to
the incorporation of the slightly smaller Pu** ions compared to
La®* (1.187 A [45], estimated from David [62], and 1.215 A [63],
respectively (radii are given for a nine-fold coordinated environ-
ment)). As a consequence the lattice parameters decrease linearly
as a function of Pu-content confirming solid solution formation
according to the Vegard's law (Fig. 2). The corresponding refined
cell constants are summarized in Table 1.
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Fig. 2. Evolution of the lattice parameters of the La;_4PuyPO4 solid solutions with
monazite structure (x = 0—1). Lattice parameters for LaPO4 [6], PuPO4 [3] as well as for
LagoPug1PO4 [47] are marked with open symbols.

The reaction to form a solid solution appears to be more favor-
able from a kinetic point of view compared to the plutonium
phosphate decomposition which possibly starts from 1200 °C.
PuPO4 seems to be stabilized at this temperature due to the
incorporation into the lattice of the LaPO4 host matrix forming a
solid solution.

3.2. Scanning electron microscopy with energy dispersive
spectroscopy

The chemical composition and the microstructure of the single
phase solid solutions have been investigated using SEM-EDS. The
EDS analysis confirmed the homogeneity of the samples as well as
the actual compositions of the synthesized solid solutions. The
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Table 1
Refined unit cell parameters of the synthesized La;_xPuyPOy4 solid solutions.
Xpy a(A) b (A) c(A) B() v (A%)
0.01(1)? 6.83530(20) 7.07295(20) 6.50377(17) 103.2694(19) 306.035(15)
0.05(0)" 6.83161(16) 7.06925(17) 6.50172(16) 103.2890(17) 305.588(13)
0.10(0) 6.82551(20) 7.06221(21) 6.49611(17) 103.3110(20) 304.722(15)
0.15(0)° 6.82067(15) 7.05651(16) 6.49266(17) 103.3322(19) 304.071(15)
1[45] 6.759(1) 6.980(1) 6.447(1) 103.63(1) 295.59
0.1[47] 6.8396(8) 7.0777(1) 6.5008(2) 103.2(7) 306.38
Mean value of the molar fraction of Pu derived from 23 and 2 EDS measurements.
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Fig. 3. SEM images of microstructure (a) and average grain diameters (b) of the La;_xPusPO4 solid solutions with monazite structure in dependence on composition. The apparent
increasing error bars with increasing Pu content represent the uncertainties of a grain size distribution.

resulting molar fraction of Pu is given in Table 1.

The SEM-micrographs in Fig. 3a) show the microstructures of
the selected compounds with x = 0.01 and x = 0.15 at different
magnifications. The sponge-like microstructure of the samples in-
dicates a vigorous reaction during the heat treatment accompanied
by active gas release. These observations confirmed self-
homogenization of the reaction mixture during the heat treat-
ment. The average grain diameter for each composition determined
from the corresponding SEM micrographs is presented in Fig. 3b) as
a function of composition. It is noticeable, that the grains for the
composition with the molar fraction of plutonium x = 0.15 are
larger whereas its porosity is smaller in comparison to those for
x = 0.01 (Fig. 3a). A linear increase in the average grain diameter
with increasing molar fraction of plutonium was observed. It sug-
gests that Pu content increases the grain growth rate of the solid
solutions at the given temperature.

3.3. X-ray absorption spectroscopy

The Pu-Ly; edge X-ray absorption near-edge structure (XANES)
spectra of the synthesized solid solutions (x = 0.01, 0.05, 0.10, 0.15)
are presented in Fig. 4. The white line position of the solid solutions
matches that of the purely trivalent monazite endmember
(x = 1.00), and is about 5 eV lower than that of the Pu'V reference
PuO,. A subsequent analysis of the spectral series by iterative
transformation factor analysis (ITFA) [64,65] confirmed that all

exp.
linear combination
PuO,*
x=1.00%]
é x=0.15
= 1
2 %
e -
- | £
g‘ x=0.10 3
_Q S
< x=0.05
J\/ x=0.01 |
18030 18050 18070 18090
Energy (Ev)

Fig. 4. Experimental Pu-L;; XANES spectra (black) and their reproduction (red) by the
two reference spectra show on top (Pu'™ and Pu'V). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

i

samples contain at least 95% of Pu", as expected for the synthesis

under inert atmosphere [46].



Y. Arinicheva et al. / Journal of Nuclear Materials 493 (2017) 404—411 409

The atomic environment of the incorporated Pu atoms in the
crystal structure has been studied as a function of composition of
the synthesized solid solutions (x = 0.01, 0.05, 0.10, 0.15) by
extended X-ray absorption fine-structure (EXAFS) spectroscopy.

Fig. 5 shows from top to bottom the Pu-Lj; edge Fourier trans-
form magnitudes (FTM) of the pure Pu-monazite endmember, of
the Pu-doped La-monazite samples sorted along decreasing Pu
molar fraction, and finally the La-Lj; spectrum of the pure La-
monazite endmember. The FTM of the Pu-La series are almost
identical independent of Pu-doping; while the FTM of pure Pu-
monazite has distinct features in the regions of the next P neigh-
bors (marked in orange) and of the next Pu/La neighbors (marked in
purple). In contrast, the spectrum of LaPO4 shows a longer distance
of the oxygen coordination shell (red), in addition to different peak
shapes in the P and Pu/La regions.

With space group P 1 21/n 1(14), the monazite structure shows
poor radial distribution ordering of the atoms around the cation
centers. In LaPOy, for instance, the coordination shell of nine oxygen
atoms has La-O distances (Ria0) ranging from 2.45 to 2.78 A; the
seven P atoms from the phosphate units directly linked to this LaOg
polyhedron have distances ranging from 3.20 to 3.79 A, followed by
3 La neighbors from 4.08 to 4.15 A and another three La neighbors
from 4.30 to 4.36 A. Since the distal resolution of EXAFS is limited
by 7/(2*Ay), shells have to be separated by at least 0.21 A, given the
limited k-range available (2.0-9.5 A). Therefore, the different in-
dividual interatomic distances had to be grouped into shells for
EXAFS fitting. The most stable fits were obtained with the following

o
X(k) K
I

Fourier Transform Magnitude

T T T T T

0 1 2 3 4 5 6 7
R + AR (A)

Fig. 5. Pu-Ly; EXAFS spectra of Pu monazite and Pu-La monazite solid solutions in
comparison to the La-Ly;; EXAFS spectrum of La monazite. Experimental data are given
as black lines, blue lines are the reconstruction of the Pu-Ly; spectra by two principal
components. The large figure gives the k>-weighted Fourier transform magnitudes
(FTM), the insert the k3-weighted chi-spectra. Major contributions from the nine
coordinating oxygen atoms are within the red area, those of the seven nearest phos-
phorous atoms are within the orange area, and those of the six nearest Pu/La atoms are
within the purple area. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

grouping: a coordination shell of 9 oxygen atoms, 3 shorter and 4
longer cation-P distances, 3 shorter and 3 longer cation-cation
distances. The results derived from the corresponding fits are
shown in Table 2.

In all Pu-containing monazites, the coordination shell could be
fitted with 9 Pu-O paths, giving average distances of 2.47—2.48 A
and a relatively high local disorder expressed by Debye-Waller
factors of ~0.01 A? in line with the expected distorted tricapped
prism structure (Table 2). For LaPOy, this distance is significantly
larger (2.53 A), owing to the larger ionic radius of La>* versus Pu*.
Furthermore, the two Pu-P paths provided distances at 3.20 and
3.74 A, with no significant change of distances or disorder from
100% to 1% Pu.

For PuPQy4, the following two Pu-Pu shells were fitted with
average distances of 4.07 and 4.24 A, well in line with the monazite
structural model. For the Pu-La solid solution series, however, the
backscattering elements of the shorter and longer cation-cation
interactions may be La or Pu, with a prevalence of Pu-Pu for high
Pu content, and a prevalence of Pu-La for lower Pu. We tried to
identify the prevalent backscattering element by wavelet analysis
[66], but could not distinguish contributions from La and Pu due to
the k range (2.0—9.5 A) limited by the presence of the Am daughter
nuclide. We therefore tried different combinations of Pu-Pu and Pu-
La paths. For all samples, with the molar fraction of Pu ranging from

Table 2
EXAFS shell fit results of Pu-doped La-monazites in comparison to PuPO4 and LaPO4
(Pu-Ly; and La-Ly; spectra, respectively).

Sample Path CN R[A] o?[A?] AEg[eV] SB Yres [%]
PuPO4 Pu-0 9 247 0.0103 9.9 070 74
(T) Pu-P 3 321 00117

Pu-P 4 3.74 0.0105

Pu-Pu 3 4.07 0.0061

Pu-Pu 3 424 0.0057
LaggsPup15P04  Pu-O 9 248 0.0094 9.2 0.77 63
(T) Pu-P 3 320 0.0122
1.&0_90PUO_10P04 Pu-P 4 3.75 0.0083
) Pu-Pu 3 410 0.0014

Pu-la 3 433 0.0010

Pu-0 9 248 0.0098 89 079 63

Pu-P 3 3.20 0.0125

Pu-P 4 3.74 0.0085

Pu-Pu 3 4.05 0.0016

Pu-la 3 432 0.0010
LaggsPuposPO4  Pu-O 9 248 0.0094 8.8 0.78 6.6
(T) Pu-P 3 320 0.0130

Pu-P 4 3.74 0.0082

Pu-Pu 3 4.06 0.0014

Pu-lLa 3 433 0.0010
LagogPugoiPOs Pu-0 9 248 0.0100 92 074 76
(F) Pu-P 3 320 0.0112

Pu-P 4 3.74 0.0083

Pu-Pu 3 4.06 0.0012

Pu-la 3 433 0.0010
LaPO4 La-O0 9 2.53 0.0106 10.2 0.63 138
(F) La-P 3 331 0.0205°

La-P 4 3.73 0.0205°¢

La-La 3 4.08 0.0082°¢

La-La 3 438 0.0082¢
LaPO, La-0 9 2.56
(XRD) [6] La-P 3 3.32

La-P 4 3.76

La-La 3 411

La-La 3 432

CN: coordination number, R: radial distance, 6%: Debye-Waller term, AEy: phase
shift, S3: amplitude reduction factor, Yres: Tesidual error, c: parameters were
correlated during the EXAFS fit, T, F: EXAFS data collected in transmission or fluo-
rescence mode, respectively.
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1 to 15, the best fit was obtained with Pu-Pu paths for the shorter,
and Pu-La paths for the longer distance. This may be an indication
for an inhomogeneous distribution of Pu in the La-Pu-monazite
lattice, i.e. a certain clustering of Pu cations, which changes little
as is revealed by the invariant FTM pattern in the La/Pu region. With
Rpu-pu between 4.05 and 4.10 A, the solid solution samples do not
vary significantly from the distance of 4.07 A found for the pure
PuPO4 endmember, further supporting the clustering of Pu atoms.
In contrast, the Pu-La distances at 4.33 A are significantly longer
than the corresponding Pu-Pu distance of 4.24 A in PuPQy4, and
similar to the La-La distance in LaPOg4.

In conclusion, the local environment of Pu remains PuPOg4-like
along the solid solution series, except for the longest fitted cation-
cation distance, which is always LaPOg4-like. Such an effect is most
consistently explained by clustering, i.e. a heterogeneous distribu-
tion of cations in solid solutions at the molecular scale, which is
observable by short-range probes like EXAFS, but not by long-range
probes like XRD as was observed for instance for metal oxides,
silicates and phosphates [67—74]. Even more relevant, a similar
effect was recently observed by EXAFS for (La,Eu)PO4 and Cm-
doped (La,Gd)PO4 monazite solid solutions, where Eu or Gd
served as inactive surrogates for trivalent actinides [75,76]. For both
solid solution series bond lengths in the local environment of Eu
and Cm, respectively were significantly shorter in comparison to
those in the local environment of La. This indicates that the local
environment of La with relatively longer and therefore weaker
bonds is adjusting by the incorporation of smaller cations in the
LaPO4 monazite matrix.

4. Conclusions

Single-phase La;_ Pu",PO4-monazite solid solutions with molar
fraction of Pu up to x = 0.15 were synthesized by a solid state
method at 1300 °C. At a higher Pu content (x = 0.50) residues of
unreacted PuO; were detected. Due to the absence of Pu,0s,
however, decomposition of formed PuPO4 or associate solid solu-
tion can be excluded. Moreover the formation of single phase solid
solutions with higher Pu content can be expected after optimiza-
tion of synthesis method. XRD and SEM analysis the solid solutions
are found to be single phase and homogeneous. X-ray absorption
spectroscopy (XAS) analysis of the single phase (La,Pu)POg4 solid
solutions at the Pu-Ly; and La-Ly; edges proves the incorporation of
Pu" into defined lattice sites of the monazite structure and in-
dicates clustering of few Pu atoms in the La-Pu-monazite lattice.
Comparison of XRD and EXAFS data reveals adjusting of LaPO4 local
environment by incorporation of Pu, whereas local environment of
Pu remains PuPOgy-like for the entire solid solution range. This work
demonstrates that monazite-type ceramics with a reasonable
amount of Pu (10—15%) for nuclear waste applications can be
fabricated by conventional solid state reaction at 1300 °C.
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