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Abstract

The monazite-type solid solution La;_,Pr, PO, was synthesized by solid-state reaction and extensively investigated
using electron microprobe and thermogravimetric analyses, differential scanning and high-temperature oxide melt
solution calorimetry, powder X-ray diffraction, infrared and Raman spectroscopy. Lattice parameters and Ln-O bond
lengths show a decrease with increasing Pr content. A small excess volume is observed for the solid solution. IR
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spectra of the solid solution members present no detectable differences, while a blue shift of the PO4-related modes
is seen in the Raman data. This shift can be attributed to the lanthanide contraction. Within errors, calorimetry data
show no systematic deviation from an ideal behavior, though one might interpret the data as an indication of a slightly
asymmetric mixture. All data indicate that deviations from ideality of the solid solution — if present — are very small.

Keywords: Monazite, Rare earth phosphate, Solid solution, Powder X-ray diffraction, Raman spectroscopy,
Calorimetry, Enthalpy of mixing

1. Introduction

Monazite has been investigated for more than six decades for numerous reasons, ranging from potential techni-
cal applications as luminophors or lasers [1, 2, 3] to geochronological studies [4, 5, 6, 7, 8, 9]. It is an important
source for thorium, lanthanum and cerium and proposed as a host matrix for long term storage of high-level radioac-
tive nuclear waste [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24]. The immobilization of nuclear waste
is a pressing topic in the context of deep geological final repositories. An optimal waste form must be chemically
durable against alteration due to reactions with groundwater [e.g. 25, 26, 27]) and it must be able to withstand the
cumulative radiation damage produced by the decay of the radioactive nuclei and the environmental conditions in
the repository without mechanical, chemical or structural disintegration [e.g. 11, 28, 29]. Mineralogical evidence
suggests that monazite fulfills these requisites: monazite is occurring as an accessory mineral in granites, gneisses or
alluvial fans and it is very flexible with respect to chemical substitution [20, 21, 23, 30]. Natural monazite can contain
high amounts of tetravalent Th or U [12]. Despite the substantial incorporation of radioactive elements, monazite is
mostly found in crystalline form rather than being metamict and recovering after self-annealing[24]. An expected
amorphization due to accumulation of radiation damage is, in fact, observed at laboratory conditions. This is com-
pensated for by the low critical temperature of amorphization (i.e. low recrystallization temperature), as was shown
by ion-irradiation experiments [31, 32, 33, 34, 35, 36]. Some swelling caused by the retention of He had been re-
ported [6, 7, 8]. These properties are the reason for the community’s interest in monazite as a ceramic host matrix
for the immobilization of long-lived radionuclides such as the minor actinides and Pu [24, 37, 38, 39]. Many stud-
ies partly use Ln3* as surrogates for the minor actinides. The formation of solid solutions is essentially influencing
these properties. Most of the published studies on LnPO, solid solutions were concerned with the phase transition
between the monazite- and the xenotime-type structures (Ref. [30] and references therein). Both structures are rare
earth orthophosphates, but while monazite incorporates La-Gd which are the lighter Ln ions, in xenotime, heavy Ln
are incorporated [40, 41, 42, 43, 44, 45]. In the present study, we applied several analytical techniques to extensively
characterize a monazite-type solid solution. Such broad investigations are rather scarce [46, 47, 48, 49, 50, 51, 52],
and mostly on Ce, Gd or Eu concerning sintering behavior. We chose Pr to fill this knowledge gap. It was used as a
surrogate for minor actinides. Its ionic radius (0.99 A) is very close to Np3* [1.01 A 53] and their outer shell electron
distribution is similar (4 f35d°6s2 and 5f46d'7s2, respectively, [50]. To investigate the influence of Pr substitution
in LaPOy4 on structure and properties, we synthesized powder samples by solid state reaction and characterized them
by electron probe micro analysis (EPMA) and thermogravimetric analysis (TGA) , differential scanning calorimetry
(DSC), powder X-ray diffraction (PXRD), infrared (IR) and Raman spectroscopy, and high-temperature oxide melt
solution calorimetry.
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2. Materials and Methods

2.1. Synthesis

Powder samples of La; _,Pr, PO, were prepared by solid state reaction, essentially following the route described

by Bregiroux et al [29]. The reactants were LayO3 (Rhone-Poulenc, 95 %), ProOs (Sigma-Aldrich, 99.9 %) and
NH4H3PO, (Alfa Aesar, 98 %).
For the Ln oxides, loss on ignition was determined at 1273 K. For ammonium hydrogen phosphate, an excess of
10 wt-% (with respect to a stoichiometric mixture) was used to account for the high vapor pressure of P,O;¢ at el-
evated temperatures. The powders were homogenized, pelletized and heated in Al,O3 crucibles at 1523 K for 24 h
at ambient atmosphere. Samples were prepared in molar steps of Ax=0.1. For the calorimetric measurements, two
additional Pr rich samples were prepared with £ =0.85 and 2 =0.95.

2.2. Experimental methods

For chemical characterization, EPMA were performed on a JEOL JXA 8900R. The electron beam had a diameter
of 1 um and was operated at 20kV acceleration voltage and 40 nA current. 15 different grains were analyzed for
each composition. Calibration standards for P, La and Pr were CePO4 (USNM 168484), LaPO4 (USNM 168490) and
PrPO4 (USNM 168493), respectively (Smithsonian Institution, Washington) [54].

TGA and DSC were performed on a Netzsch STA 449 F3 Jupiter system to check for phase transitions and
reactions. Approximately 30 mg of each sample were heated in a covered corundum crucible from room temperature
to 1373 K at a rate of 10 K/min and kept at this temperature for 10 min before cooling down at the same rate. Corundum
was used as reference material. The base line was corrected using an empty crucible.

Laboratory PXRD was performed at room temperature on a PANalytical X’ Pert Pro diffractometer in Bragg-
Brentano 0--geometry to check phase purity. The system is equipped with Cu-tube and Ni-filter, yielding Cu — Kq1 2
radiation, and an X’Celerator semiconductor strip detector. Measurements on flat samples were recorded in the 26
range 10— 110 °© with a step-size of A26 = 0.008° for an acquisition time of 37 s per step. Synchrotron PXRD data for
structural refinement were collected at the High Resolution Powder Diffraction Beamline P02.1 at PETRA III (DESY,
Hamburg, Germany). The system is equipped with a Si(111) monochromator and a PerkinElmer XRD1621 fast area
detector. A wavelength of A = 0.207120 A was employed, using CeOy (NIST 674b) and Si (NIST 640d) as calibrants.
Samples were placed in SiO4-glass capillaries of 0.5 mm diameter. Measurements were recorded for 100 s under am-
bient conditions and at 100 K, spinning the sample capillaries. The sample-to-detector distance was determined from
the Si data using Fit2D [55], which was also used for the integration of the two-dimensional diffraction data. Structure
refinements were carried out against both, laboratory and synchrotron data, employing the Rietveld method [56] as
implemented in the program Topas Academic [57]. In the refinement, a (6 to 12 coefficients) background polynomial,
a modified pseudo-Voigt profile function [58], reflection asymmetry, sample height (for flat samples only), lattice
parameters and fractional coordinates for all sites, as well as isotropic thermal displacement parameters for each atom
were allowed to vary. The monazite structure published by Ni et al [40] was used as a starting model.

IR spectroscopy was performed on a Bruker AXS EQUINOX 55 FT-IR spectrometer. Spectra were recorded in the
wavenumber range of 4000 — 400 cm™! with a resolution of 2c¢cm~!. For the measurements, 1 mg of sample was
mixed with 250 mg KBr and pressed to pellets. These pellets were measured directly after preparation. The data was
analyzed with OriginPro 9.0.0G [59].

Raman spectroscopy was recorded on a Renishaw RM-1000 spectrometer. The system is equipped with a 20x objec-
tive and a 1800 grooves/ mm grating, operating in quasi-backscattering geometry without polarization analysis. The
exciting source was a Nd:YAG laser (A = 532 nm wavelength, 2mW output power on the sample) filtered by Notch
filters. Spectra were recorded either in the wavenumber range of 100-1200cm ™! during 10's or in static mode be-
tween 530-1380cm ™! for 10 accumulations of 1s each. The resolution is 2 cm~!. Peak fitting including calculations
of the full width at half maximum (FWHM) were carried out with OriginPro 9.0.0G [59].

High-temperature oxide melt solution calorimetry was performed using a custom-built Tian-Calvet-type twin calorime-

ter [60, 61, 62]. On both sides of the calorimeter, Pt-crucibles were filled with 20 g of sodium molybdate (3 Na2O - 4 MoO3)

each, which was used as the solvent at 973 K. The melt was stirred by “bubbling” [62] with oxygen (rate 5.9 ml/min)
to assure oxidizing conditions. Bubbling also enhances the dissolution and prevents local saturation of the solvent
[62]. Additionally, a constant flow of Oy gas (40 ml/min) was flushed through the calorimeter chamber to generate
a constant gas environment above the solvent and to remove any evolving gases. The calorimeter was calibrated by
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measuring the heat content of a-Al;O3 pellets. The calibration was cross checked by dropping a number of TiO,
pellets (in-house standard).

Samples for the calorimetric measurements were thermally treated at 1073 K for at least 8 h to remove any water from
the surface. For the measurement of the enthalpy of solution (A Hy), approximately 5 mg of the sample were pressed
to a cylindrical pellet and dropped into the solvent. 8-10 drops were measured per composition. The calorimetric
curves returned to the baseline signal within thirty minutes, consistent with rapid sample dissolution. The heat-flow
signal was integrated over time to determine f ;s using the software Calisto SETARAM. The achievable accuracy
of AHys is in the range of +1 kJ/mol. By employing appropriate thermochemical cycles (Table 1), enthalpies of
formation from oxides and elements as well as the enthalpy of mixing were calculated. A full description of the
methodology has been published elsewhere [63].

3. Results and Discussion

3.1. Chemical and thermal characterization

EPMA revealed that the grains were not individual crystals but aggregates of micron-sized crystallites. The sam-
ples were highly porous (a picture of an exemplary sample can be found in the electronic supplemental material),
probably due to the loss of NH3 and HyO during the synthesis. A higher synthesis temperature may have enhanced
sintering of the sample and therefore porosity might have been reduced. Within 1o, no deviation from the nomi-
nal composition was detected, indicating reasonable homogeneity of the samples: The molar ratios La/Pr varied as
expected from the general formulaLa; _,Pr,PO,, demonstrating that solid-state reaction can be used to synthesize ho-
mogeneous monazite solid solutions. In the following, compositions determined by EPMA were used in calculations,
graphs, and tables.

Thermal characterization by TGA and DSC did not show any phase transitions or reactions. All samples showed
similar behavior except for PrPO,4. This end member showed a slightly higher weight loss of about 1 % (0.30 mg)
compared to the other samples. In an additional, second heating cycle, the mass stayed constant. We cannot exclude
that this behavior is due to the loss of absorbed water or surplus P4O1¢ (excess of NH4H2POy) in the first heating
cycle or due to redox reactions of Pr3*. However, structural analyses did not reveal any additional P or Pr phases (see
chapter below).

3.2. Structural Characterization

High-resolution synchrotron data were used for refinement of the structural model proposed by Ni et al [40].
Further details of the crystal structure investigations may be obtained from FIZ Karlsruhe (on quoting the deposition
numbers CSD-431743 to -431753 for LaPO4 to PrPO4). Monazite is a monoclinic orthophosphate (space group
non-standard setting P 27 /n, Z = 4) with the generic formula LnPO4. The Ln37T cations (from La™3 to Gd*3) are
ninefold coordinated by O [64]. The main structural feature in monazite is alternating chains of edge-sharing LnOq
polyhedra and PO, tetrahedra along the ¢ axis (see Fig.1).

According to the diffraction patterns, the samples were single-phase monazite for all compositions. Figure 2
depicts a selected synchrotron Rietveld structure refinement of La; _,Pr,POy,.

The lattice parameters decrease linearly with increasing Praseodymium content, while the monoclinic angle 8
increases (Fig. 3 left). Due to the smaller radius of Pr3* (1.179 A) compared to La?t (1.216 A) [53], this behavior
could qualitatively be anticipated. The unit cell volume (Fig. 3 middle) shows a small deviation from linearity (and
hence, Vegard’s Law [65]). This was previously reported for La;_,Ln, PO, solid solutions [46, 66, 47].

The excess volume (inset in Figure 3 middle) is attributed to non-ideal mixing / strain effects caused by the
different size of the Ln cations. Both, symmetric and asymmetric excess functions gave comparable fits with the
maximum at 0.5 < x < 0.6. Since the excess volume is very small (0.14 %), we cannot exclude any one of the
models.

Within experimental uncertainty, the P-O bond lengths stay virtually constant (1.55 & 0.02 A), in good agreement
with the sum of the individual ionic radii (1.56 A from Shannon [53], inset in Fig. 3 on the right). An angular
distortion of the PO, tetrahedron is observed for all compositions studied: three O-P-O angles are larger (up to
116.1£5°), and three O-P-O angles are smaller (down to 101.84+3°) than the ideal intratetrahedra angle (109.5°).
This is due to Coulomb repulsions arising between the Ln3T and P>+ atom which both share two O atoms along the
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Figure 1: Crystal structure of monoclinic Ln-monazite-type orthophosphate after Ni et al [40]. Red: Ln3, blue: P5+, green: 02—, respectively.
In gray: POy tetrahedra. On the left: Chain structure formed by LnOg and PO4 polyhedra; on the right: View of the unit cell along the [001]
direction.
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Figure 2: Rietveld plot of Lag.5Prg.5PO4, synchrotron data, A = 0.207120 A. Open circles: measured intensity, black line: calculated intensity;
gray: difference curve. Vertical lines: tic-marks for the position of calculated peaks for monazite [40]. Inset shows the 26 range 8-12.5 °.

chain structure of monazite which is yielding a shorter O-O edge length. While in principle this angular distortion is
known for various monazites [64, 67, 68, 69], no significant compositional trend can be read from our data within error
bars. Hence, in a first approximation, the POy tetrahedron can be considered as a rigid body. However, a significant
decrease of the average Ln-O bond length is observed with increasing Pr-content (Fig. 3 right). Generally, the average
distance is shorter than the sum of the average ionic radii[53] (2.596 A and 2.559 A for La-O and Pr-O, respectively)
indicating some covalent bonding character.
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Figure 3: PXRD results for Laj —,Pr;PO4 as a function of « (Pr molar fraction) for different parameters: (Left) Lattice parameters a (circles), b
(up-pointing triangles) and ¢ (down-pointing triangles), and the monoclinic angle 3 (open diamonds). (Middle) Unit-cell volume and as an inset
excess volume. (Right) Averaged Ln-O bond-length and as an inset averaged P-O bond length. Solid lines in all figures are guides to the eye, while
in some cases error bars are smaller than the symbols.
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Figure 4: Vibrational spectra for Laj_;PrzPOy4: (Left) Typical IR spectra. (Middle) Typical Raman spectra. The insets represent the PO4
symmetric or asymmetric stretching and bending modes. Note that the spectra are stacked for the sake of clarity. (Right) Wavenumber of the
v1 mode for Laj _,PrzPO4 as a function of = (Pr molar fraction) with the solid line as a guide to the eye and as an inset the full-width at half
maximum (FWHM in cm 1) of this line. In some cases error bars are smaller than data points.

3.3. Vibrational spectroscopy

Figure 4 (left) presents IR spectra of three La; _,Pr, PO4 compositions while only the range is shown that is in-
fluenced by PO4 modes of monazite. Spectra for all compositions are qualitatively comparable and available in the
on-line supporting material. All IR active vibrations related to stretching and bending of the phosphate group[70] were
observed. A broad band between 1094-993 cm~! and a sharper band at 957-953 cm ™! can be assigned to asymmetric
(v3) and symmetric (v1) stretching modes, respectively. The asymmetric bending modes (v4) are located between
621-538cm ™!, while the symmetric bending mode (12) only appears as a small shoulder of 4. Due to the limited
resolution, its position (~ 488 cm~1) is difficult to render more precisely. At higher wavenumbers, the vibrational
modes of HoO and CO5 molecules are visible. These modes can be explained by the presence of these molecules in
air and due to adsorption on the sample surface and on KBr which is known for its hygroscopic character. Within
experimental resolution, none of the IR modes show a dependence on x.

Raman spectra for the same compositions as mentioned above are depicted in Figure 4 (middle). According to
factor group analysis, 36 Raman active modes are allowed. 16 of those could be assigned unambiguously. The most
intense modes are those related to the phosphate group.

After background removal, a pseudo-Voigt function was used to model each mode. The v, v2, 3 and v4 vibrations
are observed between 960-975cm™?, 460-470cm ™!, 1050-1060cm ! and 615-625cm ™!, respectively. These four
modes show a linear increase of the wavenumber with increasing Pr content, as shown for the v; mode in figure 4
(right).

Although this blue shift was already reported previously [71, 47], its origin is still a matter of debate [72]. On the
one hand [73, 74], a compression of the POy, tetrahedron in terms of shorter P-O distances is proposed, resulting in
a denser packing of polyhedra. On the other hand [75, 76], the blue shift is attributed to a bond length contraction at
the Ln site, in terms of shorter Ln-O distances. X-ray diffraction data from this work show that (within resolution) the
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P-O bond lengths remain constant, while the Ln-O distances decrease. Hence, it appears more obvious that the blue
shift originates in a contraction on the Ln site.

For the sake of completeness, the full-width at half maximum (FWHM) for the series is given in the inset in figure 4
(right). Apart from sharper bands in LaPO, (probably due to the high porosity of the samples and therefore the poor
focusing), the FWHM does not change significantly with composition.

3.4. High-temperature solution calorimetry

High-temperature solution calorimetry on La; _,Pr,PO4 was used to determine enthalpies of formation from the
oxides (AH? OX) and from the elements (AHY el) as well as the enthalpy of mixing (A H,ix) for the solid solution
(see Table 2). The calorimeter measures the heat-flow of a sample which is dropped into a molten oxide solvent at a
constant temperature (isoperibol setup) [60, 61, 62]. The heat-flow consists of the heating up of the sample to 973K
and the dissolution of the sample in the solvent, as well as possible changes in the valence state of the dissolved
compounds. Since Pr is known for its affinity to higher valence states at oxidizing conditions, the oxidation of Pr*3
in the solvent was accounted for in the thermochemical cycle (see Table 1). Ushakov et al [63] showed that PrO; g3 is
the stable species of Pr in the solvent because of the oxidation of Pr3* to Pr3-56+ in the solvent. For the calculation of
the formation enthalpy from the oxides (A H(10)), several steps are required as shown in Tab. 1. At first, the enthalpy
of dissolution of PrO; g3 (AHys PrO; g3, AH(3)) needs to be determined. Then the energy needed to heat oxygen to
the calorimeter temperature (A Hogs_g73 O2, AH (4)) is subtracted from the first part. Finally, the difference between
the elemental enthalpy of formation of PrO; g3 (AH JQ PrO; g3, AH (7)) and half a formula unit of elemental enthalpy
of formation Pr,O3 (AH? Pry03, AH(6)) is calculated, which is added. This equals AH(3)-0.165 AH4) + AH(7)
- 0.5 AH(6). This calculation is simalar to that by Ushakov et al. [63] for CePO4 which shows an oxidation form
Ce37 to Ce*t in the solvent.
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Figure 5: Enthalpy of solution A H 4, at 973 K versus Pr concentration () in the solid solution Laj —,Pr;PO4. Where not visible, error bars are
smaller than the symbols used.

The measured enthalpy of solution is shown in Fig. 5. A straight, dotted line indicates ideal mixing behavior, a
polynomial fit (to our data points except the one for z =0.81) of forth order is also given. Thermochemically, a 2nd
order polynomial would be reasonable. With regard to the scattering of our data around the trend of an ideal solid
solution, we chose the polynomial of the lowest order which gave an acceptable fit. The original values for pure La
and Pr monazite [63] are included, and they show a clear deviation from our results. Fortunately, it was possible to
remeasure Ushakov’s LaPO, sample with our set-up. The obtained value is in very good agreement with our LaPOy.
Several samples of PrPO4 were synthesized following the route described in the synthesis section. Accidentally, a
PrPO4 sample containing a PrP3Og impurity phase was used for calorimetric measurements in the initial experiments,
giving a result identical to the original value of Ushakov et al [63]. A heat-treatment at 1773 K for 12h eliminated
the phosphorous excess phase. After checking purity by PXRD, the stated enthalpy of solution was obtained for
PrPO4 (Fig. 5). This resulted in an almost linear trend for the whole solid solution. It may be that the sample used
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Table 2: Enthalpies of solution (A Hgg 9735 ) in 3 Na2O -4 MoOg3 at 973K as a function of molar fraction of Pr (x) in solid solution and number
of measurements (n), enthalpies of formation from oxides (AHP | ) and elements (AHY ) at 298K, and enthalpy of mixing (A Hpy;y) for
Laj—4Prz POy solid solution. All enthalpies in kJ/mol.

x n AHdS_’973 AH;,ox AHfC),el AHmix
0.00£0.00 10 151.134+2.30 —346.01+3.92 —1994.26+4.25 —

0.08+0.03 8 148974+ 1.13 —342.18+3.26 —1991.17+4.10 —1.90%+1.27
0.28+£0.03 9 148.924+£1.08 —338.20+£2.96 —1988.98+4.83 —1.23+1.29
0.53+0.06 8 14713 +£0.66 —331.56+2.42 —1984.54+5.54 —2.14+1.12
0.72+£0.05 8 149.444+£0.99 —329.98+2.16 —1984.73+£6.15 +0.87+1.44
0.81+0.02 9 145754+ 0.67 —324.544+1.83 —1980.08+6.34 —2.504+1.29
0.90+0.02 6 149.95+1.16 —327.00£1.86 —1983.33+6.63 +2.01£1.65
091+0.02 8 151.48 £1.87 —328.224+2.34 —1984.69+6.83 43.59+2.21
0.94+0.00 8 150.58 £1.04 —326.88+£1.69 —1983.56+6.71  +2.78%£1.59
1.00£0.00 8 147.57+0.96 —322.59+1.46 —1979.84+6.86 —

by Ushakov et al [63] probably contained the same impurity phase and hence, showed the same behavior as our
contaminated PrPO, sample.

The enthalpy of mixing as given in Table 2 was determined as the deviation of the measured enthalpies of solution from
ideal behavior (dotted line connecting the end-members in Fig. 5). Within experimental uncertainties, no deviation
from ideal behavior can be statistically confirmed. However, neglecting the data point for z = 0.81, a 4" order
polynomial resulted in the best fit (R? = 0.63) as shown in Fig. 5 as a solid line. It might be that e.g. a minor impurity
phase (< 2 wt%) as observed for the PrPO,4 sample measured first could lead to the observed misfit of this particular
data point. In this case, such a phase was possibly below the detection limit of the PRXD and EPMA measurements,
but sufficient to bias calorimetric data. In that case, La;_,Pr,PO, could be interpreted as a slightly non-ideal solid
solution as suggested by the polynomial fit in Fig. 5. Anyhow, the deviation from the ideal behavior is not of the
order of magnitude to assume a miscibility gap. The absence of such a miscibility gap is confirmed throughout this
extensive investigation.

4. Summary and conclusions

A monazite La; _,Pr, PO, solid solution was successfully synthesized by solid-state reaction. Chemical, thermal

and structural analyses confirm chemical and phase purity. From diffraction, the PO4 polyhedron is interpreted as
slightly distorted, but a rigid tetrahedron, and the LnOg polyhedron contracts due to the lanthanide contraction. While
IR spectra do not significantly change with composition, Raman spectra clearly demonstrate a blue shift of the PO4
related modes. This could be attributed to a stiffening of P-O-bonds due to stronger Ln—O-interactions. This result
substantiate the advantage of combining global, long-range (diffraction) and local, short-range (spectroscopy) methods
for extensive structural investigations. Drop solution calorimetric measurements yield a consistent set of solution
enthalpies for La; _,Pr, POy, thereby correcting published data for the end-members [63]. The results once again
emphasize the importance of phase-pure material for calorimetry. This is, however, a matter of the detection limits of
the methods used for prior characterization.
The extensive investigation reported here shows that La; _,Pr, PO, constitutes an almost ideal solid solution without
a clear evidence for a miscibility gap. Thermodynamically stable solid solutions without miscibility gaps are crucial
prerequisites for their use in nuclear waste management. It is also most likely that the advantageous properties of the
monazite end-members (like high aqueous insolubility, waste loading and radiation tolerance [19]) can be expected
for the whole solid solution.
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