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Abstract

This paper shows a simple way to synthesize a series of Ce;4SrkPO,4 ceramic materials using
acetate solutions of Ce and Sr instead of nitrate which were used so far. For synthesis, the
preparation method was used by simple mixing of acetate solutions of Ceand Sr( with NaH,PO,
at room temperature, and the studied compositions were Ce;Sr«PO, (where x =0, 0.1, 0.2, 0.3,
0.4, 0.5). The disintegration of Sr in monazite structures in different sintering temperature ranges
from 600 °C to 1000 °C was investigated. The X-ray diffraction was used to track the evolution
of the phase composition with thermal treatment. The morphology of sintered ceramics was
obtained by scanning electron microscopy and vibrational bands of selected spectra were
observed using the FT-IR method. Relative geometric density of selected samples was evaluated.
The most favorable conditions for obtaining high-temperature Ce, Sr phosphate-based ceramic

material are reported.

! Corresponding author: Miljana Mirkovi¢
Email: miljanam@vinca.rs



https://doi.org/10.2298/SOS220811024M
mailto:miljanam@vinca.rs

Keywords: Monazite; Strontium; Sintering; XRD; SEM

1. Introduction

Monazite is a phosphate mineral and it is the major commercial source of Ce. The chemical
composition of monazite is very complex and changeable since it rarely appears as pure CePOs,.
The natural mineral commonly contains large amounts of uranium and thorium [1]. It is very
durable and has a high isomorphic capacity for the incorporation of radionuclides [2], implying it
IS a superb alternative ceramic matrix for nuclear waste immobilization [3]. Two billion years
old monazite deposits from Brazil are still stable, although containing different radionuclides [2].
The main advantage of monazite as the ceramic host is that it is a single-phase material and can
include radionuclides as a solid solution in its crystal structure due to its flexible structural
features [4]. In ceramic waste forms, radionuclides may occupy specific atomic positions in the
structure of the constituent phase. The coordination polyhedral in structure impose specific size,
charge and bonding compulsive on the radionuclides that can be incorporated into the structure
[5]. So far, different types of rare earth phosphates have been prepared by diverse methods, such
as wet chemical precipitation [6], high temperature solid state reactions [7], hydrothermal
synthesis [8], and hot pressing [9]. Based on the similarity between the ionic radius of the
alkaline earth and lanthanide ions, phosphate ceramics doped with different amounts of Sr can be
interesting as potential Sr or U disposal materials [10]. Although monazite compounds loaded
with Sr ions can be fabricated by the aforementioned synthetic methods, the most cost-effective
and easiest method is the precipitation procedure from nitrate solutions [11,12].

. Investigating the stability of strontium doped monazite structure itself under high temperature
conditions, is of great importance especially if monazite is to be used as a host for strontium

incorporation and removal [13-15]. The main goal was the investigation of the disintegration of



Sr in monazite structure at different temperatures, to obtain the higher temperature stability of
investigated solid solutions, especially with higher contents of Sr. The aim of this work was a
development of a new pathway for the synthesis of Ce;«SrxPO,4 materials from acetate solutions.
Several methods were applied in order to study the phase and chemical composition, thermal
evaluation, and the sintering behavior of synthesized materials.

2. Experimental

All the chemicals used in the sample preparation were of p.a. grade and produced from Sigma
Aldrich. Compositions of nominal formula Ce;.xSr«PO4 were obtained (where x =0, 0.1, 0.2, 0.3,
0.4, 0.5). The calculated amounts of Ce and Sr acetate for each nominal composition were
dissolved in 50 cm® of deionized water and mixed with 50 cm® NaH,PO, solution at 60°C for
one hour. Reactants were added in the calculated mass ratio to obtain pure monazite and
monazite with mass of 10%, 20%, 30%, 40% and 50% of Sr in structure. After the precipitation
reaction, the resulting precipitates were left to cool down for one hour at room temperature. The
precipitates were washed with distilled water, centrifuged six times for 10 minutes at 3500 rpm,
and dried at 70 °C overnight. The obtained powders were pressed in a steel mold into pellets
with a diameter of 7 mm and thickness of 2 mm at 50 MPa. The density of selected sintered
samples is determined in relation to theoretical density of monazite structure (5.247 glcm®) [9].
Sintering of compacted powders was carried out at different temperatures (from 600 °C, 800 °C,
and 1000 °C) in a horizontal tube furnace (Protherm furnace, Turkey) under ambient atmosphere
at a heating rate of 10 °C/min for 2 h in an alumina crucible. The phase stability, chemical
composition, and microstructural features of sintered materials were investigated.

The phase composition of synthesized powders and sintered samples as well were examined

using X-ray diffraction (Rigaku Ultima IV, Japan). The X-ray beam was nickel-filtered CuKa; >



radiations 4 = 0.1540 nm, operating at 40 kV and 40 mA. XRD data were collected from 5° to
65° 20 at scanning rate of 2°/min using Scintillation counter. Phase analysis was done by using
PDXL2 software (version 2.0.3.0) [16], with reference to the patterns of the International Centre
for Diffraction Data database (ICDD), card number which were used were: PDF Card - 01-083-
0650, monazite, PDF Card - 01-087-0561, aSr,P,07 [17], version 2012,

Microstructure and chemical composition were investigated with Au/Pd coating using a scanning
electron microscope (SEM) Vega TS 5130MM, Tescan, coupled by EDS (INCA PentaFET-x3,
Oxford Instruments).

Infrared spectra of the synthesized powder samples were recorded at ambient conditions between
4000-400 cm-1(mid-IR region) with a Nicolet IS 50 FT-IR Spectrometer by using the ATR
sampling technique.

3. Results and discussion

XRD results of synthesized CeSrPO, are presented in Figure 1.
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Figure 1. XRD results of Monazite-CePO, with defined amounts of Sr in structure:
CGo_gSI’o.1PO4, CeggSrg P04, Ceq7Srg3POy, CGo,eSI’o,4PO4, and Cep5SrosP0O4 a) as-prepared

samples, b) sintered at 600 °C, 2h; c) sintered at 800 °C, 2h and c) sintered at 1000 °C, 2h.

The Monazite-type monoclinic crystal structure in P12;/nl space group was obtained. The
diffractograms of as-prepared samples are shown in Figure 1a. Double peak at about 28.7° and
31.3° 20 presents main monazite hkl reflections: 120 and 012. With the increase of Sr in the
structure, an increase in intensity and symmetry of reflection was observed. The peak at about
41° 26, corresponding to reflection 031, became more intense and sharper with the higher Sr
amount in the structure. Furthermore, the slight deformation of the monazite structure occurred

caused by the incorporation of Sr. This is indicated by the slight shift of the peaks to the left,



Figure 1. The powder diffractograms given in Figures 1b and 1c contains reflections of pure
monazite phase, indicating the absence of contamination and secondary phases in the prepared
samples.

As can be clearly seen, with the increase in sintering temperature to 600 °C, a partial
arrangement of the crystal structure occurs. Somewhat more defined and sharper peaks were
observed, Figure 1b. The diffractograms for the samples sintered at 800 °C showed a much better
arrangement of the crystal structure. The peaks are much sharper, narrower and with higher
intensities in contrast to the peaks of the samples sintered at 600 °C. The results of the XRD
analysis of the samples sintered at 1000 °C are shown in Figure 1d. An increase in Sr content
(30%, 40% and 50%) in samples Ceg7Srp3POs, CepsSro4PO4 and CepsSrosPO4  led to the
separation of the distrontium diphosphate secondary phase (a-Sr,P,O7, marked by a black circle
in Figure 1d), indicating that the monazite structure remains stable at 1000 °C only with the

addition of 10% and 20% of Sr (samples: Ce¢Sro1PO,4 and CegSro2PO4).
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Figure 2. SEM micrographs of a) CePOy, b) Ce9Sro.1PO4, ¢) Cey7Sr0.3P0,4 and d) CegsSrosPO4

sintered at 1000 °C

The morphologies of the samples sintered at 1000 °C for 2 hours have been investigated using

SEM and are shown in Figure 2. On Figure 2a micrograph of pure CePO, monazite sintered



ceramic is shown. The monazite grains have proper prismatic monoclinic appearance, with
approximate sizes between 30 pum and 50 pum. Figure 2b shows morphology of sintered
Ceo.9Sro1PO4 and relives some larger grains than in pure monazite, with elongated monoclinic
prismatic appearance. Grains are randomly oriented in main matrix, with sizes between 50 um
and 100 um. The morphology of sintered Cep 7S10.3PO4 is shown on Figure 2c, and it shows some
larger and smaller prismatic grains that are interconnected together and forming blocks. The
influence of temperature with a slightly higher mass addition of Sr leads to greater grain growth,
but also to mutual compaction, creating a somewhat more homogeneous basic matrix. The
smaller grains are about 20 um in size while the larger blocks are over 100 um in size. At Figure
2d CeosSrosPO4 sample is shown, and micrograph reveals large prismatic grains with a size of
about 90 um in length and 30 pum in width, also in the matrix slightly brighter dotted fields are
observed that most likely originate from the secondary phase. In all cases, the samples were
uniform and consisted of large, compacted particles. An abundant agglomeration was presented,
irrespective of Sr amount added.

FT-IR spectra of selected Ce;«SrPO, for as-prepared and samples sintered at 1000 °C are
presented in Figure 3, while detailed assignments are given in Table 1. The presence of lattice
water and surface adsorbed water in as-prepared samples gave rise to two peaks at ~3300 cm™
and ~1620 cm™. However, these peaks were not visible for samples sintered at 1000 °C due to
water evaporation. In the case of as-prepared samples, bands at approximately 990 cm™ and 930
cm™ originated from asymmetric and symmetric stretching vibration modes of P-O bonds in
orthophosphates. Bands at ~600 cm™ and ~500 cm™ were related to bending vibrations of P-O
bonds [18-22]. Peaks of orthophosphates were also visible at spectra of sintered samples. Since

the asymmetric and symmetric stretching vibration modes of terminal pyrophosphate POz groups



could be found in the same region [18], orthophosphates bands were overlapped with
pyrophosphate bands. The weakening of the phosphate bands at about 960 cm™ and 600 cm™

with increase of Sr content in well-ordered sintered monazite structure were also observed.
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Figure 3. FT-IR spectra of Monazite-CePO, with addition of 10% Sr, 30% Sr, and 50% Sr a) as-
prepared, b) sintered at 1000 °C

Table 1. IR assignments for Monazite-CePO, with addition of 10% Sr, 30% Sr, and 50% Sr
Assignments (Wavenumber, cm )

Monazite Orthophosphate, PO, Pyrophosphate, P,O;* Water, H,0
25 °C 1000 °C 25 °C 1000 °C 25 °C 1000 °C

996,944 967,910 3370

CeosS101POs 614530 602 514 1625
993,937 975,923 3321

CeorS1osPOs 605 506 599 500 1102,923 1435
989,932 976, 903 3335

CeosSrosPOs 610508 605, 507 1094,910 1454

The theoretical densities of CeggSrg1PO4, Ceq7Sre3PO4, CepsSrosPO4 were calculated in relation

to the pure theoretical density of monazite (5.247 g/cm®). The relative density was obtained in
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relation to the theoretical density and amounts 80% for Cey¢Sro1PO4 (5.097 g/cm?®), 79% for
Ce.7Sr0.3PO, (4.865 g/cm®), and 77% for CeosSrosPO4 (4.632 g/cm®). The theoretical density is
lower as the addition of Sr in the monazite structure is higher.

4. Conclusion

The Monazite type materials with different amounts of strontium (Ce;xSrkPQO4, x=0.1, 0.2, 0.3,
0.4) were successfully synthesized by precipitation method from acetate salts and sintered at 600
°C, 800 °C, and 1000 °C. Better crystallinity and structure ordering with increase of strontium
content and sintering temperature were observed in all samples. XRD results revealed that pure
monazite structure remained stable at 1000 °C for Ceq1SrooPOs and Ceg,SrogPOs, while at
higher Sr concentrations separation of secondary a-Sr,P,0O; phase occurred. The addition of
strontium did not affect morphology. FT-IR results were in accordance with XRD analyses,
confirming the presence of secondary phase for Ceg 3Sro7PO4 and CeysSrosPOy sintered at 1000
°C. The theoretical density decrease with increase of strontium in monazite structure, where in
our case it can be explained that there is a disturbance of the density due to the separation of the
secondary pyrophosphate phase in samples with a strontium content higher than 20% in the
monazite structure. The obtained results indicate that such material might be successfully
potentially used as a thermally stable and cost effective matrix for nuclear waste immobilization.
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experimental measurements of samples. The authors would like to thank the Ministry of
Education, Science and Technological Development of Republic of Serbia (Grant Nos. 451-03-
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Ancmpaxkm

YV o0eom paody je npuxazam jeonocmasan Hauurn oa ce cunmemuuie cepuja Ce14SryPOy
Kepamuukux mamepujara xopuuthervem ayemamuux pacmeopa Ce u Sr ymecmo 0o cada
Kopuwhenux Humpama. 3a cunmesy je xopuuihien memoo npunpeme jeOHOCMABHUM MeUldrem
pacmesopa Ce(CyH307)3:xH0), Sr(C,H30,),, u NaH,PO, xao npexypcopa wna cobnoj
memnepamypu, a ucnumuganu cacmasu cy Cei1xSrPO, (20e je k = 0, 0,1, 0,2, 0,3, 0,4, 0,5).
Hcnumueana je Oesunmezpayuja SI y cmpykmypama MOHA3UmMa y — pasiudumum
memnepamyprum pacnounuma cunmeposarba 00 600 °C do 1000 °C. Juppaxyuja penocenckux
spaxa Ha npaxy (XRD) je kopuwhena 3a npaherwe esonyyuje ¢pasnoe cacmasa cunmemucanux u
cunmeposanux ysopaka. Mopgonocuja cunmeposane Kepamuxe UCNUMUBAHA je CKeHupajyhom
enekmponckom muxkpockonujom (CEM), a subpayuoe mpake 00abpanux cnekmpa cy ucnumate
OTUP memooom. 3eyuwirbasarbe U e8onVyuja Mukpocmpykmype cy oopehene kopuwhersem
penamusHe ceomempujcke cycmune o0abpanux y3opaka. Ilpuxkasanu cy HajnososHuju yciosu 3a
Odobujarbe gucoxomemnepamypHoz kepamuykoz mamepujanra na 6azu Ce, Sr gpocghama.

Kuwyune peuu: Monayum, Cmponyujym, Cunmeposarve, penozencka ougppaxyuja, CEM
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