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Abstract

Transition metal and rare earth cations are important fission psogiegent in used nuclear
fuel, which in high concentrations tend to precipitate crystallinegshiasvitreous nuclear waste
forms. Two phases of particular interest are powellite (Calo@nd oxyapatite
(CaREg(Si04)602). The glass compositional dependencies controlling crystallization o thes
phases on cooling from the melt are poorly understood. In the presenttbictffect of rare
earth identity and modifier cation field strength on powellite apatite crystallization were
studied in a model Mog&xontaining alkali/alkaline-earth aluminoborosilicate glass with focus on
(1) influence of rare earth cation size (for RECe, La, Nd, Sm, Er, Yb) and (2) influence of
non-framework cations (RE Mo®, Na', C&"). Quenched glasses and glass-ceramics (obtained
by slow cooling) were characterized by X-ray diffractiofRD), Raman spectroscopy, X-ray
absorption (XAS), and electron probe microanalysis (EPMA). gdimples were X-ray
amorphous upon quenching, except the Ce-containing composition which agdtaikria
(Ce(), and the sample devoid of any rare earth cations whichatiiged powellite (CaMog).

On heat treatment, powellite and oxyapatite crystallized in the nyagdrthe samples with the
former crystallizing in the volume, while the latter on the atef The EPMA results confirmed
a small concentration of boron in the oxyapatite crystal structureaR@&ns were incorporated
in the glass, as well as in powellite, oxyapatite, and in tse c&Yb*, keiviite (Yb,Si,O).
Raman spectroscopy showed that the primary vibration band ftybdate MoQ? in the
glasses was strongly affected by the ionic field strength of the nmglifations (alkali, alkaline
earth, and RE), suggesting their proximity to the Mo®ns in the glass, though the Mo-O bond

length and coordination according to XAS suggested little localgeha

Keywords: Rare earth ionswuclear waste immobilization, molybdate, glass-ceramic
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1 Introduction

Borosilicate glasses are one of the most suitable matrices forhitiraton of nuclear
waste worldwide due ot their high nuclear waste loading capacity, low tendency for
crystallization, high chemical durability, and high self-irradiation tesce [1]. Nuclear waste
from reprocessing of used nuclear fuel (UNF) contains a laggeety of fission products,
including large quantities of the rare-earBE} and transition metals (TM), with molybdenum
being a particularly problematic due tts high fission yield and low solubility in borosilicate
glass [2]. In some countries, the research effort is directedrdeswhae development of glass
waste form with no crystallization, or at least minimal crystallization &f darable phases [3]
Another suggested approach being pursued is the developireglass-ceramic waste form of
a desired phase assemblage by controlled crystallization, thdisdeto higher waste loading
and superior chemical durability in comparison to its glassy cowartd#s8]. Two crystalline
phases of particular interest are powellite (CaMoQand oxyapatite (nominally
CaREg(Si04)60,), which are the primary crystalline phases accommodating Mo andrREn
these nuclear waste glass-ceramic systems [5].

1.1 Molybdenum in borosilicate glass and glass-ceramics

In order to design a borosilicate-based glassy waste foigrnipiperative to understand the
compositional and structural drivers governing the solubility of budyum oxides in the
relevant glass chemistries. Based on the existing literftk#], the solubility of MoQ in alkali
borosilicate glasses is limited to ~1 nfasshen no rare earth ions are present (see below) [12].
This threshold limit of Mo® solubility affects the total loading of HLW into the base glass
matrix, which leads to the increase of the total volume of the vitnfiaste. Depending on the
specific waste stream the maximum waste loading may be as letBamass%. Higher amounts
of MoO; (>1 mass%) in borosilicate glass is known to induce phase aseparand

3
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crystallization [10, 13] The phase separation and crystallization of Mo phases can é&ave
deleterious effect on the durability and safety of the vitrified wdste.compositions rich in
alkali, MoG; usually phase separates and crystallizes as an alkali molyb@ateNgMoO,)
which is soluble in water [14]. Also, the alkali ions in,M&@O,4 can be partially or fully replaced
by other alkali cations (short-live'Cs or long-lived'**Cs) resulting in water-soluble alkali
molybdates such as @&&a(MoQy),;, CsNaMoQ:-2H,0 and CsMoO, [14-16] It is known tha
the distribution of N&in the glass can be controlled, such as witfOsz, B,Oz and CaQthus
forcing molybdateto partition and crystallize powellite (CaMa@©which is more durable in
water than alkali molybdates [10, 17]

In alkali borosilicate glasses, the molybdenum cation exists primarilg imxielation state
(as molybdate oxyanionnd in the dilute limit as an Maf tetrahedron, based on evidence
from Mo K-edge X-ray absorption [18, 19], and molybdate vibral frequency changes with
the average charge density of modifier [19]. Molybdate oxyanionghemeght to be located in
the depolymerized region of the glass structure surrounded by alkali and alleatimeagions
[12]. Recent ab initio molecular dynamics simulations have shownwhen Li* is substituted
for Na', however, some longer Mo-O bonds result in connection with the boatsiletwork
and an effective M8 charge [20]

1.2 Rare earth cations (BB in borosilicate glass and glass-ceramics

Molybdate and RE ions interact strongly in borosilicate glasses, @ttater exerting a
significant impact on the solubilityf former (increases to 35 mass%) in the glass structure
[1, 21] However, the mechanism of their interaction resulting in higher siyubdlf
molybdenum in borosilicate glasses is still debated [11]. The welsknown hypothesis is the
close relationship between BEand [MoQ]* tetrahedral entities in the depolymerized region of

the glassy network, where the REons tend to disperse any molybdate clusters leading to an

4



94 increase in the molybdenum solubility in the glassy waste form. Orotiteacy, the removal of

95 RE® from the glassy matrix (for example, by crystallization of raréheemntaining oxyapatite

96 phase) results in the crystallization of alkali/alkaline-earth molybdatsepta, 21, 22]. Further,

97 both RE (Nd, Gd, etr[10, 23-25] and actinide ions [26] can be incorporated in the poasvellit

98 crystal structurgas well as the related Na-Nd molybdate scheelite structur@§27,

99 The sequence of crystallization of oxyapatite and powellite is highperdient on
100 several parameters. Generally, for a glass containing both/AVia@ RE*, the crystallization
101 (upon heatingrbm room temperature) initiates through the formation of poweilitne volume
102 followed by oxyapatite on the surface [21], while this sequeagerses during crystallization
103 from the melt under slow cooling [11]. In fact, molybdate crystallin@asph (NgVioO,,
104 CaMoQ) have been suggested as nucleation sites for apatite crystdlsH@dever, as
105 mentioned above, this sequence of crystalline phase assemblageds tsuthange based on the
106 glass/melt chemistry and thermal conditions
107 Most studies of oxyapatite crystallization in nuclear waste glassfhaused on NgD3
108 as the primary RE oxide addition, and the phase producedMd&t&iO,)sO, [1, 2, 4, 29] The
109 stoichiometry of this phase is variable, witkendency to be Ca-rich, Nd-poor, and O-poor, i.e.,
110  CaxNdsx(Si0s)602-0.5x [30, 31], though likely the stoichiometric range is quite largeuating
111 Caabsent Nd-only versions of the crystal [32he CaNdg(SiO,)sO, oxyapatite has been well-
112 studied for radiation damage due to its chemical and structurdamtynto target phases for
113 actinide immobilization [33, 34]

114 The composition of RE oxyapatite can be quite variable, and mattyesignpure phase
115 RE oxyapatites have been reported containing Ca (or Ba,@&moiMPb), including La, Nd, Sm,

116 Dy, Er, Lu, as well as Y [35]. Several studies have been cosdilmbking at the compositions
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of oxyapatites crystallizing from the simulated nuclear waste glassmiplivated starting glass
compositions, energy dispersive spectroscopy (EDS) has showmtiitgile RE cations, for
example, Y, L&, ce’/ce™, PP, Nd®*, Snt*, along with alkali (for exampleNa"), and
alkaline earth ions (for exampl€&*, S**) can simultaneously incorporate into the oxyapatite
structure [5] In comparing La, Nd, and La+Nd in Na-Ca aluminoborosilicatesgksit was
observed that the amount BfE,O; that could be accommodated in the glass before apatite
crystallization was higher for La than Nd, and that overall tgpatimposition depended on the
RE cation present [36].

According to a studyonducted on elucidating the effect of the RE identity and heat
treatment protocol on the oxyapatite crystallization in a Mo{iffa€a aluminoborosilicate glass
[37], crystallization behavior of glasses depends on the ionic rfatie oare-earth cation, where
the smaller the size of the rare-earth cation, the more sluggishe tendency towards
crystallization. This effect was most pronounced for the smallest S ions (LU**, Yb*,

Er*, Y*"), where no crystals were seen on slow cooling of the raethinor amount of
crystallization was viewable in monolithic samples (under an eleatioroscope) when heated

from room temperature, and crystals in amounts detectable by XRD waneeobonly in glass-

ceramics produced through nucleation and crystallization in glass mov@&lmilar results have

also been reported by Goel et al. [38] for rare-earth contaglkaline-earth aluminoborosilicate
glass-ceramics. All oxyapatites large enough to be measuredNik ere CaRE oxyapatites

with mostly the target RE with a minor amount of Nd (included in all $&srtp facilitate optical

absorption measurements)Of the four RE cations investigated in the study [3Jhsses

containing ¥+ and Ef* showed crystallization oR[\DSDWLWH DQG DQ XQLGHQWLII

while the compositions containingb®* and L&* showed only the unidentified RE containing



140 phase and no oxyapatite. The authors [37] postulated that tite RE=RE apatite must be close
141 to the size of the Ghion (in CN=9 3 |’or CN=7 3 K sites in oxyapatite) in order to favor
142  crystallization, which suggests that smaller 3+ cations (Y, Er, IXf), may not favorably
143 incorporatdanto the oxyapatite lattice.

144 This article builds on the aforementioned work, and focuses oeffinet of RE cation on
145 aluminoborosilicate glasses containing Mo®oth from a structural point of view in the
146 quenched glasses and the effects on crystallization upon slow coolirgilasbe experienced in
147 the glass-ceramic proceddnderstanding the partitioning of alkali cations towards Mo and RE
148 oxyanions are important considerations for minimizing the formatiopoofly durable alkali
149 molybdate crystalline phaseBhe current study aims to assess the effect of RE catieros the
150 partitioning of RE ion to molybdate and apatite phases@addertain the partitioning of alkali,
151 alkaline earth, and RE ions near molybdate oxyanions

152
153 2 Experimental methods

154 2.1 Synthesis
155 2.1.1 Quenched method synthesis

156 A simplified nuclear waste glass-ceramic composition comprising 12.3@ Nd3.58
157 CaO £3.15 ZrQ £3.53 MoQ %5.14 ALO; +11.95 BO3;+£50.51 SiQ (mol%) was chosen as
158 the baseline for this work. The baseline composition above has leeeeddfrom the more
159 complexGC-Mo 5.86 glass-ceramic composition being considered for immobdizafi a waste
160 stream derived from aqueous reprocessingUbiF [6]. The simplification has been made
161 assumingNaO represents the total fraction of alkali oxides DLi,O+Cs0), CaO represents
162 the alkaline-earth oxides (CaO+BaO+SrO), and each RE in the stadimab of glasses

163 represents the total rare-earth oxidega#+ La,O3+ Ce03+ PrO3s+ Nd,O3 + SmpO3+ Ew,O3 +
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Gd0Os) in the nuclear waste glass-ceramic, on a molar biasihis work, a series of glasses
have been made with varying RE element (REa, Ce, Nd, Sm, Er, Yb) with nominal
composition 11.54 N® +12.91 Ca0+2.99 ZrQ +3.36 MoQ +4.93RE;O; +4.89 ALO; +
11.36 BO3; £48.02 SiQ (mol%). These particular RE were chosen due to their prexalas
fission products (La, Ce, Nd, Sm), their possible multivalent ng@e¢ and their small size for
contrast (Er, Yb). Additionally, most of the RE have accdss#bsorption or luminescent
transitions for investigating local site symmetry in future studs@snple names reflect thRE
used, i.e. CeNaCaMo, where the Ce glass was batched using @efursor but assuming
Ce0s stoichiometry for the batch calculations.

To see the partitioning of alkali and alkaline earth cations towardsaiMbior RE
oxyanions a second series of samples was also synthesized, where certain cusp@ave
been individually normalized out, suchRE;O3, NgO + CaD, orMoOs. The only exception to
this formulation is one glass where Ravas removedand an equal molar concentration of CaO
was added (i.eL.aCaMo). In this series of glasses, La was used as thdnR&ach case the
component removed is represented by removing the element frorsathple name, e.g.,
NaCaMo (LaOs; removed) LaCaMo (NaO removed) LaMo (NaO and CaO removed)
LaNaCa (MoQ removed). Since ADs, B,O3, Si0O,, and ZrQ are in all compositions, they are
not included in the sample namex summarizes the batched compositions of oxides of the
glasses being investigated in the present study, in mol% (mask¥s are provided in
Supplementary Informatiqgi able S-).

All glasses were prepared by melt quenching. Homogeneous migfuteatches
corresponding to 20 g oxides (in accordance with compositions pedsari ) were made

using the following precursor#l,O; (Fisher Chemicals), #80; 99% (Fisher Bioreagents),



187 CaCQ 99% (Fisher chemicals), NaO; 99.5% (Fisher Chemicals), Si®8.6% (MIN-U-
188 SIL®10), Zr0G, 99+% (STREM Chemicals), Maf99.5% (Alfa Aesar), and RBs; [La,0s
189 99.99% (Acros Organics), N@s 99.9% (Alfa Aesar) SpD3; 99.99% (Alfa Aesar), BEO3; 99.9%
190 (Alfa Aesar), YbBO3; 99.9% (Alfa Aesar), Ce99.9% (Acros Organics)]. The batches were
191 melted in a 90% P&10% Rh crucible at 1300 °C for 2 h followed by quenching theilsle in
192 water at room temperature. The LaMo sample had a higher migthggerature in comparison to
193 other batchesThereforeit was meltedat 1600 °C for only 15 min, to avoid the elevated loss of
194 volatile components. Thassynthesized samples were crushed to powder usifgngsten
195 carbide mill and re-melted under the same conditions to ensure haraigen There-melt
196 temperature was limited to 1300 °@dluding LaMo sample) in order to decrease the volatility
197 and to emulate the targeted operating temperature (~13p0f°tBe cold crucible induction
198 melter (CCIM), in which these glasses would ultimately be meltednfiking nuclear waste
199 (glass-ceramics [6]. After the second melt, the samples insidiblesigvere again quenched in
200 water then annealed near their glass transition temperature {i.2207°C), as determined by
201 thermal analysis to remove any effects of stress. Portions ofjl#sses were crushed into
202 powder (particle size <125 um) for x-ray diffraction (XRD) andmi@a spectroscopy
203 measurements. It is noteworthy that though the compositional analykesasmelted samples
204 was not performedninimal change in the batched versus melted composition is egpéetsed
205 on results obtained in our recent study where negligible volatilizatas observed from glass
206 melts of similar compositions melted at 1460500 °C [11].

207 2.1.2 Slow Cool Heat Treatment

208 To understand the crystallization behavior for the proposed glessicewaste forma

209 heat treatment similar to the 1x canister centerline cooling (@@gi)e, given in Crum et al.
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[6] was used, as shown in . To perform the slow cooling experimetwice melted and
guenched samples were crushed to powder and loaded agaB0% Pt +10% Rh boat and
heatedat 10 °C/min to 1300 °C, held for 1 h to ensure melt homogeneity, & dooled
according to the profile given in . At 400 °C, (temperature below the glass transition)
samples were taken out from the furnace and cooled in aootm temperature. The slow
cooled samples were labeleX -after the corresponding quenched sample name (e.g.,
ErNaCaMo-X) For characterization purpasethe obtained samples were partrushed to

powder and partly polished in parallel slabs

2.2 Characterization

Glasses and glass-ceramics were characterized using X-ragctioifr (XRD) with a
3$1DO\WLF PO ushg B OuK(1.541874 A) line with the tube at 45 kV and 40 mA. The
data were collected in the 2ange of 10£90° with a step size of 0.05° and dwell of 0.10 s at
each step. Six scans were obtained for each sample, andalysea were performed on the
summed results. For quantitative phase analysis purpb8evass% corundum AD; (Fisher
Chemicals) was added as an internal standard, and quantitative gtagsis was performed
using Rietveld refinement and Highscore 4.5 or Topas softwaefind®nent comparison
between two software packages and two operators suggested aneesfittiagy error of ~5%
(of the baseline value) on the total amorphous fraction, while a laergarof 1/4 £2/5 of the
crystal fraction value on the individual crystalline phases, whichedrfigpm 2 £20 mass%
abundant.

Raman spectra were obtained by using a Renishaw InVia Raman mieegitom 632
nm (red) laser excitation source with acquisition tmhd0 se¢cand three repeated spectra being

summed. To confirm homogeneity, data were collected at muttgpies.
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Mo K-edge X-ray absorption spectroscopy (XAS) was performadansmission mode
on beam line BL-27 at the PF Ring at the Photon Factory synchrateility (Tsukuba, Japan).
The PF Ring operates at 2.5 GeV with a 300 mA ring current. BeaaXperiment details are
provided in the Supplementary Information. Spectra were recordecdre 19800 and 21060
eV with energy steps of 2 eV (198G019960), 0.5 eV (1996@20060), 2 eV (2006G:20460),
and 4 eV (20460+£21060). An accumulation time of 1 s stepas used for all regions. For
each sample six spectra were averaged to improve the sigmalis® ratio. Spectra were
recorded for five glasses and six crystalline standards. The crystsiifindards used were:
MoO, (Sigma Aldrich) containing MB in octahedral coordination, MaQSigma Aldrich)
containing M§* in octahedral coordination, BdoO; and three molybdates (CaMg@O
SrMoQ,, BaMoQj) which were all synthesized in-house [39] and contairf Nt tetrahedral
coordination. All standards were confirmed to be phase pure by X-ray diftra. Samples for
XAS were dispersed in PEG with ratios optimized to achieve appabeiynone absorption
length thickness while maintaining a suitable Mo K absorption e@gga reduction and
subsequent analysis was performed using the Demeter suite cdrprogs (Athena, Artemis,
and Hephaest)ig40], where analysis of X-ray Absorption Near Edge Structure (XAN&®)
Extended X-ray Absorption Fine Structure (EXAFS) analysis wertonpeed, details in the
Supplementary Information

To observe the phase separatiasyell as crystalline structure present (if any) in both

guenched and heat treated samplbe samples were further analyzed by electron probe

microanalysis (EPMA) using a JEOL JXA-8500F field emission eleatnamoprobe equipped
with five wavelength-dispersive X-ray spectrometers (WDS). Analytioaditions, counting

times, and calibration standards for quantitative WDS analyses mawrm ifo Supplementary

11
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> Back-scattered electron (BSE) images and qualitative energysingpX-ray spectra

(EDS) were also collected using the same electron microprobe.

3 Results and Discussion
3.1 Quenched glasses

3.1.1 Visible observation

As shownin , all the glasses with 4.93 m@&d.(~20 mass%) of RIDs, except
CeNaCaMo, were transparent despite containing 3.36%m@i6 mass%) Mo@ The same
composition withRE;Oz normalized out (i.e., NaCaMo) was opaque, indicating the importance
of RE for enhancing Mo solubility as has been observed by athbors, e.g. [11].

For the CeNaCaMo sample, phase separation in the \gkssevident, [ lower
image, showing top and bottom/quench side), aydllowish phasaevas noted on the surface
which was in contact with the crucible bottom. A brown-colored glasslyix was present on
the top side of this glass. The coloration of Ce-doped borosiligagses has been described
[41], indicating that 100% Cé in a borosilicate glass matrix is hard to achieve, and tisere
always some C& still present. In general, the color ofCedoped borosilicate glass changes
from yellow to brown with latter being a characteristic of 4+ otkaaastate being dominant.
Therefore, the brown-colored glasses observed in the cutuelytisdicate a high concentration
of Ce in the 4+ state. However, that does not negate the presdbet of these glasses #sis
known from the literature that Ce is always present in botanga states (3+ and 4+) in
borosilicate glasses [41-43]. Most other RES, including ther &B&s in the current study, should
only be present in the +3 state in a borosilicate glass [44]

In the second series of glasses, where single components wereederglasses were
white and opaque, exgeLaNaCa where Mo@was removed from the compositionid ).

12



280 This result suggests that the Mp@ay be responsible for the opacity in the other samples, i.e.,
281 NaCaMo (REO; removed), LaCaMo (N® removed), and LaMo (N@ and CaO removed).
282 Note that two phasesere macroscopically evident in LaCaMo even after re-meltnig@aque

283 white phase and, (ii) a thin transparent layer. The observed ypiadue to light scattering,
284 from either crystalline phases or amorphous phase separation, wéscfurther determined by

285 XRD and microscopy (see below).

286 3.1.2 SEM and EDS analysis

287 To ensure homogeneity of the quenched samples as well asawelphase separation
288 and/or crystalline phases present (if any), samples were adabyg SEM with BSE images.
289 Also, to check for any volatile element loss, a semi-quantitative EDS pamlysas was
290 performed done oa minimum of three different arbitrary spots. The obtained SEM images a
291 shown in : SEM analysgwere consistent with the XRD results, in that crystalline phases
292 were observed in NaCaMo and 493Ce samples. All other samplesregpehemically
293 homogeneous. Even in the cases of LaCaMo and LaMo, désitg visibly opaque and having
294 minor SEM-BSE color contrast, EDS shedwnearly identical chemical compositions in all spots
295 The color contrast was possibly from B-enriched and B-pooreghakich could not be detected
296 from EDS. Further discussion is provided in tBepplementary Information

297 3.1.3 XRD analysis

298 All quenched samples in both seriegre X-ray amorphous (seé ), except
299 CeNaCaMo from series 1 and NaCaMo from series @adt notable thataCaMo andLaMo
300 from series Avere visibly opaque yet amorphous by XRD, indicating either a smalidraof
301 crystals below the detection limit of XRBr amorphous phase separatidm the case of the

302 other opague samples, crystallization appddo be the cause. The NaCaMo XRD showed

13
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powellite (CaMoQ) crystals and the CeNaCaMo XRD showett-doped ceria ey oZro.102)
crystals.

To see the influence of re-melting (used to aid homogenizatgqm@ntification was
performed both after initial melting and after re-meltihgall cases, the fraction of crystalline
phases decreased after re-meltiNgtably, ceriain the CeNaCaMo sample reduced from ~4.4
mass% to 3.1 mass%. XRD analysis of the LaMo sample afteirsharielting showed 1.08
mass% of zircon (ZrSig) and ~0.12 mass% of quartz ($)Cbut no crystals were observed after
the re-melting The disappearance of crystal peaks in LaMo sample efterelting did not,

however, produce a transparent sample.

3.1.4 Raman Analysis

Raman spectroscopy was performedhelp in understanding the local structure of
borosilicate glass, particularly the local vibrational environmeM®{45]. Raman spectra of all
guenched samples after re-meltirigg( 2) were consistent with the literature data on similar
compositions [10, 25, 46The main characteristic basmdf powellite (Raman spectrum of pure
synthetic CaMo@ added in ) at 879, 848, 796, 393 and 322 trexactly matckd the
bands observed in NaCaMo, indicating good agreement with the XRtsteThese five
vibrational modes correspoadto the modes of the Maf tetrahedron [25]. The peak at 879
cm’?, corresponding to the symmetric stretch of the Mo-O bonds in ffda€trahedraywas the
most intense and characteristic peak for CaMofserved in the glasses and glass-ceramics
[45]. NaCaMo contaiad both Na andCa, and therefore could theoretically form their respective
molybdates (NaMoO, and CaMo@). However, Mo crystallizes preferentially with Ca in this
system, as indicated by the absence of the characterisiit d18891 cnt for NaMoO,. The

likelihood of formation ofNaeMoO, versus CaMo@depends upon relative concentrations of

14
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various glass componentsuch as N#®, CaO, BOs, and Al,O3, as described in the literature
[10, 14]

In the case of RE containing samples, the most intensewsesafound to be at 9lem®
or higher wavenumbers. The band at 914%car higher wavenumbers was also assigned to
MoO,** tetrahedra symmetric stretching, with the shift of original baamh 1879 cnf to 914
cm® or higher wavenumbers due to the partial replacement 8f ISaRE®* as the nearest
neighbor. It is known from the literature that REs can act as ml&nd compete for non-
bridging oxygen (NBO) with monovalent Nand bivalent C3 [37, 47, 48]. A Raman band at
~919 cnt® has been observed a simplified SiG-CaO glass, containing a total of <1 mol%
Nd,Os plus MoQ, presumably due to isolated Mg®with nearby C& [49] or available N&
located in close proximity to the Ma® This effect of theRE** ion on the molybdate oxyanion
stretch is further confirmed by the LaMo spectrum. Due to tiserece of charge balancing Na
andCa" cations,La>* cations play the role of charge balancing and occupy all the NB@splac
resulting in the characteristic Raman band appearing at evieer higvenumber, 938m®. The
origin of this 914 cnf band from a C&/RE**- influenced molybdate iowas further confirmed
by the absence of this peak in the LaNaCa sample.

Additionally, there isahump or shouldeat ~879 cni which can be observed especially
in LaNaCaMq CeNaCaMgNdNaCaMo and SmNaCaMo samplesich could be due to partial
phase separation of powellite crystals (not detected in XRRmrphous-like CaMog with
the latter being more likely due to the broad nature of the.p&lédrnatively, this lower
frequency feature could be due to the antisymmetric stretéhRfO \ E Gsp whidh is ~60 cnt
ORZHU WKDQ WKH W)\ in mblydate Rith' WateHiyafds [50]. One final possibility

is that this mode is due to symmetric stretch of a different Mbs@nce or a slightly different
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environment, as exemplified by the different vibrational modes ¢egdor Mo-O of different
MoO4**sites in G&(MoO,)s, ranging from 959 to 851 cfn[45]. Even as charge density varies
for each RE, the Mo-O stretching frequency of 914%émsimilar for RE ions close in size to
cd" (La*, C€*, Nd*" and Sni"), whereas for smaller RE ions fEand YB™) the band shifts to
922 cni*, confirming the different local environment around Mo for these smalieioRs. This
shift of Mo-O stretching frequency is due to stronger coupling betweenMafd small RE'
ions, i.e., more Cé cations replaced by smaller BHons (EF* and YB") (see Supplemental
Information for more discussion)

In the case of CeNaCaMo, as can be seen fiom?, the most intense band is at 467"

', which is due to the Fibrations of the cubic CeQor CeyoZro 10 [44, 51] and consistent
with the XRD resultsin addition, therewere also other features similar to those found in the
otherRE-containing glasses, such as a band at 912 smggesting that some €én the glass
was participating as a charge compensator around the maydde remaining Ce fored a
ceria-rich layer on the bottom surface of the quenched glass$i(seg-1). This observation of
Cein dual oxidation state is consistent with the EELS (electron enhesgyspectroscopy) study
of Ce-doped borosilicate glasses, where it has been observed tkat ihglassy phase adopts
primarily +3 state and the remaining Ce adopts +4 state as G@fcrystal phase separated
from the glass [41, 52].

While considering the effect of alkalt, is useful to compare of spectra of LaNaCaMo
(which includes both Na and Ca) with LaCaMo (only Ca) and LaMd\@ar Ca). In the LaMo
sample, the molybdate band shifts to the highest wavenumber obs@82eun(®), which can be
understoodasLa®* cation acting as a charge compensator arddon®,”*due to the absence of

Na" or C&" cations. In the case of LaCaMo,’Car L&" will perform this charge compensator
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372 role for molybdate, and for any other species such as og*Al@l BQ™* From ; the
373 mean charge density of LaCaMo is slightly lower than thaa®do. Therefore, a slightly lower
374 Mo-O shiftwas expected for LaCaMo than LaMo, and for LaCaMo thedbat 924 cnt. This
375 confirmed the association of both aand C&" surrounding MoGF *as a charge compensator.
376 For all studied samples, molybdate asymmetric and symmetrichétrg lies in the range of 810
377  +840cm® and 880+930 cnt', respectively, strongly suggesting that Mo is in the 6+ state in
378 tetrahedral coordination. The octahedral Mo stretching bands eOMerminal bond give
379 Raman vibrations in the range of 960 Tr1000 cri® [46].

380 The above results support either of the currently debated wslichodels about the
381 incorporation of molybdate ions in the glass structure. In the model ptbpgs€houard et al.
382 [22], MoOs>*and RE" are found near to each other in the depolymerized. Ztenatively, in
383 the model proposed by Bréhault et al. [11], MG@nd RE" are found near each other in a RE-
384 Mo-borate glassy phase. The Raman spectra can only show thatMo® RE* are proximal,
385 not whether they are in a silicate, borate, or mixed borotlieavironment. The above results
386 did provide insight into the mechanism of Mo solubility enteament in the presence of BE
387 cations Since C&" cations were replaced by BEaround MoG** the MoQ?*tetrahedral
388 species became more compact, which reduced the possibitilystéring of Mo-O-Mo andGa,
389 Na)MoO, formation. Also, due to the trivalent nature of ®REit cross-polymerized the
390 borosilicate network, compensating multiple NBOs. This may expiéip, even though RE
391 and/or C&"* surrounded Mo@, no rare earth - molybdate crystalline phase (i.e., REMoO
392 and/or RECa xM0Q,) or phase separation was observed in any of the queRikedntaining

393 samples.
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3.1.5 X-ray Absorption Spectroscopy

The Mo XANES spectra for the glasses and the standards are shbwn3ia There are
distinct changes in the spectra as a function of both oaidaiate and local coordination
environment. To minimize the interference between the gge-@and edge, the edge position
was defined as the energy where the edge jump is equal to@.hexe is a pseudo-linear
variation between the edge position and the oxidation state as shéwn & There is a small
spread of edge position for the [Mgl® (molybdate)-containing reference compounds which is
related to residual interference effects from slight diffeeenio the features on the low energy
side of the absorption edge and also in the XANES region atezdfge. These are related to
subtle changes in the local structural environment of the Mbeirreference compounds. The
measured position of the absorption edges for the glass saamplegven in ; all the
values fall within those given for the suite of molybdate refexasmanpounds. The presence of
the pre-edge feature in the glass samples is a clear sigmédiiMoO,]> molybdate moieties and
consistent with the measured absorption edge position (see Sepfdeyrinformation)

In order to investigate the local coordination environment of tbarvthe glass samples
the EXAFS region of the spectra were analyzed. The amplitude reddattor (39 was
therefore determined from fitting the EXAFS data acquired for G@Masing the structural
model reported by Hazen et 3]. The¥ N DQG WKH 5'),BRhé&nD @iR2
and the fit results are given in 3 The nearest-neighbour Mo-O contribution at
approximately 1.35 A (corresponding to an actual distance ofdh@8 phase shift effects have
been taken into account) dominates the RDF although weaker featuresnb2taee 4 A are
related to contributions from other Mo-O, Mo-Ca, and Mo-Mo dati@ns. The refined value

for the nearest-neighbour (Mo-O) contact distance (1.78 A + @) consistent with the
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structural information and fitted values reported by Farges et a).NBKeown et al[19], and
Shortetal. [23].

The K k) and the RDF data for the glass samples are showimint overlaid with the
data from the standards. The kk) consists of a unique damped sine function whose intensity
decreases with increasing k value. This is consistent with thelesgmepg amorphous in
character and lacking any long range order beyond the firststagighbour coordination shell.
No significant contributions can be seen beyond the first peak in the Ridfating the Mo
atoms are not connected to the borosilicate glass network. Fronh imispeection it is clear that
the molybdenum environments in the glasses are similar to the Jfd€trahedral units in
CaMoQ,. The glass data were fit with a model consisting of a single nearest-neigiibe@r
contribution and R 4 DQG (( ZHUH D O O Rez%f @asMiRedYab WA3.ZTKd. fiting
results are shown in and for all the glasses the refingld-O distances are all statistically
equivalent to the tetrahedral Mo-O distance in Calld®e fitted K k) and the corresponding
RDF for LaNaCaMo are shown in as an example of the quality of the fits for the glass
samples. The coordination numbers for the LaNaCaMo, SmNaCaMoYkaddCaMo glasses
are all statistically equivalent to 4.0 which is also indicative dfakedral molybdate
environments. The refined coordination numbers for the LaCaldd.aMo glasses are smaller
at 3.2 £ 0.4 and 2.9 £ 0.4, respectively, though this differémmenm 4.0 may not be significant.
Attempts to incorporate contributions into the model from an additionaD\Msbiell at a slightly
further distance proved unsuccessful even when the number wis ato the shell was
constrained. Adjustment of the weighting of this path in incrésneh N = 0.5 resulted in a

progressive increase in the residual R-factor.
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3.2 Heat-treated samples

As mentioned earlier, to understand the crystallization behavior amiater, all samples
were slow cooled from the melt and further analyzed shows selected samples after heat
treatment, all of which became opaqas,expected from crystallization and consequent light

scattering

3.2.1 Electron Micrographs

Electron microscopy (backscattered electron, BSE, images) andamatysis were used
to observe the microscopic structure of crystalline phases growngdsiomly cooled heat
treatment of the samples. The obtained morphology of sometesglsamples is shown fin
Further images and an extended discussion are provided. ig-7.

In general, powellite crystals were present in all RENaCaMous plaC#lo-X and
LaCaMo-X samples, generally in a cross-like structure. The Miohcontaining sample which
did not show powellite was LaMo, which on heat treatment showed teuttgmplex phase
separation. Powellites in this morphology have been obsemvegkvious nuclear glass-ceramic
studies [6]

Oxyapatite crystals were observed for all RENaCaMo-X plus LaNaQag S-73. In
YbNaCaMo-X, apatites were difficult to distinguish. No apatiteuld be seen in LaCaMo-X or
LaMo-X. Most oxyapatite crystals observed had skeletal morphdlikgyin [6]), while some of
them were arranged in flower-like structures with faceted morgkolor tree/pyramidal
structures (similar to structures observed in [1, .5Bpedle-like oxyapatites are also seen,
depending on the orientation of the crystal, as seen in the literatuteZ1, 37]The presence of
multiple morphologies indicates that both short- and long-rariffigsion or short-range and

melt-crystal interface mechanisms are responsible for this eypdistribution and growth of
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462 crystals [56]. Similar skeletal and pyramidal structures were olibemveother glass-
463 crystallization studies with Nd and Mo-containing borosilicate glassaues [6, 37].

464 Additionally, LaNaCaMo-X indicated that oxyapatite crystals weadase nucleated
465 whereas powellite crystalseyw in the bulk matrix. This was confirmed by repeated polishing of
466 the samples and subsequent imaging (not shown), whees bbserved that oxyapatite crystals
467 were removed with polishing whereas powellite crystals were still fouttte matrix.

468 In the case of CeNaCaMo;Xeria crystals were present (intense white phase) with
469 powellite as another phase (gray crosses similar to earlier sn&yeprisingly, no apatite phase
470 was observedthough the small amount observed from XRD (see below) may have been
471 polished off during sample preparation

472 In the case of YbNaCaMo-X, as observed from XRD, in additiorppdwellite and
473 oxyapatite crystalline phases, one additional phase is obseikewiite (Yh,Si,O;). Since the
474 elemental compositionf both oxyapatite and keiviite are the same (Yb, Si, O), the asindf

475 both phases in microprobe imaga® nearly same, so they are difficult to distinguish by thi
476 means However, from XRD analysis (see below), oxyapatite phase frationuch smaller
477 compared to keiviite, so observed dendrite clusters (showm irc) are likely keiviite. Probably
478 keiviite is the unidentified phase produced in Yb- and some Er-camgaigiass-ceramics
479 previously reported [37].

480 In LaCaMo-X replacing N& with C&* shows a dramatic influence on heat treatment
481 behavior. Powellite still formed, mostly in chains with some cdset there is the formation of
482 an additional flower-like Si@ phase in the sample (dark phase in BSE image), which is

483 presumably amorphous according to XRD. It is significant to thatg even thougiNa' is not
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needed in the typically observe Ca-RE oxyapatite phase, itacabge the glass composition
shows prevention of oxyapatite formation.

In the absence of both Nand C&" in LaMo-X, the main result of heat treatment was
multiple large-scale glase-glass phase separations. In this case, no powellite or oxgapatit
crystals were observed, but a small fraction of zircon was identiffe¥RD. These zircon
crystals can be seen in the micrographs as black spamsiogeneously distributed in the matrix
producing a gray color (for more clarity, see mapping image with Zr distribution).
Another white/gray phase present was a B, Mo and La-richpdmoos phase, and the dark phase
was a Si-rich amorphous phase. This clearly showed the importaia ahd/orC&* for the
powellite and oxyapatite formation. The most significant aspect isf $hmple was the
identification of what appears to be avMB-La amorphous phase (see ) predicted in the

recently discussed theory of Bréhault e{&1].

3.2.2 XRD phase analysis

All heat-treated glasses formed at least one crystalline phasenasoseeXRD patterns

( ). The obtained crystalline phases and quantified relative amounts from Rietveld
refinement are shown in | The actual Rietveld refinement fitting of each sample is shown
in From the quantitative values of RENaCaMo-X, it was observed thanhdinear

trend in the amount of each phase was found moving smaller inrR&zie from LaNaCaMo-X

to YbNaCaMo-X. The amount of amorphous phase first increases uplN@aQ¥Mo-X and
subsequently decreases, while crystalline phases (i.e., povegitit®xyapatite) both decrease
then increase. Themere small deviations in this trend due to additional crystal phases being
formedin CeNaCaMo-X (ceripand YbNaCaMo-X (keiviite, Y§5i,07) in addition to oxyapatite

and powellite.
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Note that the oxyapatite phase obtained initially by the fitting softuwaesach case is
somewhat different. In the LaNaCaMo-X, the oxyapatite sedeas the best fit was $.65i6025.,
which contaird no Ca. Note that this phase was also formed in the LaNaCa-X glawever,
after analysis of the microprobe data (see below) it was shatrCthwas invariably present in
apatite found. Therefore, all the apatites were analyzeda#®EESisO,s for quantification,
where RE=L&, Ce", Nd**, Sn**, EF*, or Yb™".

3.2.3 Raman analysis

The Raman spectra obtained after heat treatment complements Ehdat&RAs shown
in , in all samples except LaNaCg-BeNaCaMo-X and LaMo-X, characteristics peaks of
powellite (CaMoQ) were seen, i.e., the symmetfido-O stretching band at 879 &mand
asymmetric band at 847 émn 794 cni, 393 cni and 322 cm®. Despite the presence of
oxyapatite as shown in XRD resulisi{. 7 and ), only powellite characteristics peaks
appeared in Raman spectra, except in the case of ErNaCaWuis<may be due to the lower
sensitivity of oxyapatite and higher sensitivity of powellite to tlaenBn exciting wavelength, so
due to the much higher intensity of powellite peaks, the oxyapatiespere suppressed.

In the case of ErNaCaMo-X, the appearance of oxyapatite peakgpoutellite peaks
was due to the decrease of relative intensity of powellite pelkes powellite characteristic
intense peak (i.e., the symmetito-O stretching peak of Mof* tetrahedra at 879 ci) in
ErNaCaMo-X appeared broader than powellite peaks in otheplsangisee ). This
broadening may be due to disordered powellite crystals or additiomaiphous CaMo®Q From
XRD results in , the presence of comparatively broaglg#peaks of CaMo@confirms that

the CaMoQ crystals are very small, as seen in the electron micrographs
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529 In the case, where Mo was removed (LaNaCa-X) only oxyapagaks were found, and
530 when RE was removed (NaCaMo-X) only Raman peaks correspondooyviglite were found,
531 in agreement with XRD resultth LaNaCa-X Raman data, due to strong fluorescence (possibly
532 from Eu impurity), data above 1200 énhas been removed to better view intensity of other
533 bands In LaNaCa-X, the band at 858n* is due to symmetric stretching vibrations of Si-O
534  species. The lower wavenumber bands (708,c830 cni* and 402 cnit) are due to asymmetric
535 and bending vibration modes &i-O. The stretching modes of L@-have been assigned in
536 literature at further lower wavenumber, i.e. between 26830 cmi* [57]. All the peaks of
537 LaNaCa-Xwere consistent and assigned according to the Guillot et al.dbSérvations of
538 LagoSiOzs.0.

539 Similar to the CeNaCaMo sample before heat treatment, in CeNa&aitle Raman
540 data showd an intense peak of ceria (§&r0.10.). Due to the very high inteitg of the F3
541 vibration bands of the cubic ceria, all other characteristics pefakther phases observed in
542  XRD (i.e., powellite and apatite@jere not observed

543 In LaCaMo Raman data in , the Mo-O vibration peak appeared at higher
544 wavenumber than RENaCaMo samples, so some differenci iheat treated sample were
545 expected. HoweverniLaCaMo-X the Raman behavior obtained was simdaRENaCaMo-X
546  samples in showing only powellite peaks.

547 In the case of LaMo-X, as expected from XRD analyisis , no powellite
548 characteristics peaks were observed. However, numerous nembsimals at 101¢ém®, 976cm*
549 ! 440cm® and 35cm™® were obtained, as shownfifg. & Both 1011cm® and 976&m™® were
550 assigned to [Sig)"“group stretching, the former to antisymmetric stretching withsBmmetry

551 (@), and the latter toQ stretching [58]. The bands at 44tn® and 359cm® were bending
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modes Q and Q of the same [Sig)** group. The bending mode vibrations peak intensity was
expected to be higher than stretching vibrations due to high@ri&@uic character, as shown by
Dawson et al. [59]. In XRD, the crystal phase was identified as z{#&x&O,), which has been
observed in some other studies of similar compositions [60,Té& broad bands ~ 927 ¢mn
861 cm®, 708 cni, 402 cni* were probably from different borate structures such as pentabora
(~ 927 cnt) [62]. The borate was present in the remaining amorphous matrix, as shdven in t
microscopy

3.2.4 Quantitative EPMA analysis

To understand the exact chemical composition of each crystalline pbagell as the
overall distribution of certain elements in the matrix, all the $asnwere characterized by WDS
point analysis on the EPMA systein several cases, EPMA mapping was also performed (see

). Quantitative analysis of crystal phases was determined intreagtd glasses for
crystals in that were big enough to scan.

Powellite compositions were determinedalfle 5 for NaCaMo-X LaNaCaMo-X
NdNaCaMo-X, and ErNaCaMo-X. Despite the fact that ErNaCaMmewellite crystals were
overall smaller in size, some crystais~1 pm in size were found which were big enough for
spot analysis. An apparent trend was observed REH ion size, where La, Nd, and Er samples
progressively have less RE and Na and more Ca and Mo in Tiesndid not appear to be due
to interaction volume including surrounding glass but may be dueizéo and valence
compensation of the RE with Na. The sample with no RE (NaCaMapykeared to have
essentially no Na, and a similar amount of Mo to the ErNaCaMomfka though the total for
guantification was slightly low. By converting mass fractions oflesiinto stoichiometry, the

measured powellites were (ignoring Siénd AbOs, based on 4 atoms of O per formula unit

25



575 approximately CevdNap 14-80.11M01.0L04 (LaNaCaMo), Cay.gdNag 0dNdy.0dVI01.0404
576 (NdNaCaMo), CagoNayosEr.0dM01.004 (ErNaCaMo), and GasMo1.0:04 (NaCaMo). Previous
577 EDS measurements of powellites in more complex glassessmawn substitution of alkali (Na,
578 Rb) and alkaline earth (Sr, Ba) [5, 6] and RE [10, 23-2Bis compositional change with RE
579 size was consistent with the fact thatRE®" ion size decreases, the volume of the MJO
580 tetrahedra decrease and become more isolated, hence it is @aSif fo interact with them to
581 form powellite during slow cooling. All these results were ¢steat with WDS compositional
582 maps shown ifrig S-8

583 Oxyapatite phases were also measuresble ¢, for the RENaCaMo-X (RE=La, Nd,
584 Sm, Er). For the CeNaCaMo-X and YbNaCaMo-X, apatites werdonod to be big enough to
585 measure reliably. The LaNaCa-X apatites were also measaieed) with the YbNaCaMo-X
586 keiviite crystals.

587 For the quantification, apatite and keiviite in YbNaCaMo-X weffcdlt to distinguish
588 by electron imagingTherefore, an average EPMA composition sedwuch higher Si@and
589 lower CaO than other apatites likely from the greater contribwtidhe keiviite phase. Keiviite
590 crystals were very small and narrow, and interaction of the beamthtinderlying glass is
591 likely, as suggested from the higher amounts of .Za®@d AbO; measured. For the keiviite
592 crystals, for pure stoichiometric ¥Bi,O; one would expect 76 mass% X and 24 mass%
593 SiOy; clearly, from the analysis, the RE is far too low, and othereisnare shown suggesting
594 that some Yb-oxyapatite amu/some residual glass was sampled as well, or that there is
595 considerable substitution in this phase.

596 The overall inclusion of non-typical oxyapatite elements isthvdiscussing. In no case

597 was MoQ observed in these apatites. The ZogOntent was small but measurable and probably
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real, but could also be interaction with surrounding glasgd#4nd NaO contents were very

small or zero. Although quantification of low boron concentrations by ER81Aot entirely

reliable due to ppoFRXQWLQJ VWDWLVWL-RY yidbraRd & iBre€3feviceOdR Z

boron in the WDS diffracting crystal [63], the EPMA data indicated, thualitatively, some

small amounts of ;3 (~1-5 mass%) are being incorporated into the oxyapatiteephasis is

not unexpected crystallographically [35] and is consistent with preygtass-ceramic studies

[64].

Assuming that boron would go on the Si site and Zr would go onafRECsite and not

accounting for any excess or deficient oxygen, the approximate stoietries can be estimated

as: Caglas 3Zro.1Sis 2B1.4026 (LaNaCa), Ciglas5Z210.1Sis5 B13026 (LaNaCavo),

Ca7Nds 7Zr0.1Sis 3B11026 (NdNaCaMo), and GaSmessZro2Sis3Bo 0026 (SmMNaCaMo); (apatites

for Er and Yb were small, and the compositions are question&hblejall, Ca levels are higher

than the 2 moles assumed in the XRD quantification, but cl€@ayis present and not

completely vacant with only the RE participating with vacancies. Bmsll composition

difference should not affect the XRD phase quantification. Thus the org@ipatite constituent

concentrations do seem to vary slightly with RE ion size. As obsarvédible § the Si

concentration decreased with REon size decrease (La, Nd, Sm, Er). This appears to cerrelat

with an increasing concentration of Zr@Gbserved in these samples with decreasing RE ion size.

These changes were small and may not be statistically significant, aftheould be a result

of interaction with underlying glass, but this could not be definitively deted.

Additionally, the unit cell size of refined oxyapatite and pliiteephases was determined

from Rietveld analysis of the XRD data, and compared to th& REii (Shannon [65] crystal

radii for coordination number 8) iA

. It can be seen that there is a general trend that with
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621 increasing radius of the RE, the unit cell volume of the eefiphase increases. It should be
622 noted here that it was possible, then, to predict the presémE in both these phases even if
623 the crystals themselves were too small or scarce for EPMA quatitific such as was the case
624 for Yb and Ce apatites and Yb, Sm, and Ce powellites. It sgrezed that the coordination
625 number of the RE in apatite would likely be 7 or 9 due to apatite crystal structure, but
626 coordination number 8 was chosen as representative, and thedrerite samelhe analysis
627 for oxyapatite should be valid given that the total amount of REeptes the analyzed
628 oOxyapatite phase was approximately the same2® mol% for all but the Er and Yb samples).
629 and the main variable in lattice volume should come from the sizeethitfe or at least a proxy
630 for lattice strain in which other substitutions are made. For the pasellite situation is
631 somewhat more complicated, in that multiple concentratiamstanging (RE, Mo, Na, Ca), but

632 at least qualitatively the RE cation size does appear to trend with the\lattioge.

633 4 Conclusions

634 This study revealed the complex influence of RiEBn size on crystallization behavior in
635 Mo- and RE-containing simulated nuclear waste glass-cerafiosy factor contributing to the
636  solubility of MoQ; in these glasses was the presence df R&ions and the isolation of Mot
637 tetrahedra due to the high field strength of the Rie slow-cooling from the melt of samples
638 missing alkali and/or alkaline earth catiohaCaMo-X andLaMo-X), it was clear that both Na
639 andC&" cationic species were required for the formation of oxyapatitn ehough Na is not
640 present in any significant quantity in the crystal. This is ikespe fact that theoretically as well
641 as experimentally oxyapatite formation is possible without these catemes (RE;0SisOz6),

642 suwch as in the case bhypxVack(SiGs)s02:), ZKHUH p9DFY LQGLFDWH®MFDWLRQ Y|
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643 Several important conclusions can be made from the study of imesabetween RE
644 and Mo in aluminoborosilicate systems with and without alkali and alkalinese&rthm the
645 XRD results of samples before heat treatment, it is showretlesit~6 mass% of Mo@can be
646 dissolved in the presence of ~20 mass% ofRvithout powellite crystallization. A key factor
647  of solubility of MoGs in the presence &@E®" cations is the isolation of Mo tetrahedron due
648 to the high field strength of REcations, as confirmetly Raman analysis. RE cationic size
649 hasanon-linear influence of on crystallization behavior of the studied sssmplobably due to a
650 threshold value of charge density of REations (i.e., in the studied case for smaller catiofi's Er
651 and YB™), after which the coupling interaction between borosilicate netwuiktzese (B and
652 Yb*") cations behaves differently in the glassy matrix. The smallest Riedtutb, tends to
653 crystallize only a small amount of apatite but a large amount of the R&esikeiviite.

654 Fundamental relationships between the Mo and RE in the glasses aswteaglasics
655 have been clarifiedn all studied glasses the tetrahedral nature of Mo&hd its +6 state are
656 further confirmed from Raman and XAS analysis, and all REs studiarein the +3 state
657 except Ce which is present in both +3 and RE.cations are near Mo in the glass, with higher
658 field strength cations changing the vibrational frequency in sssnpith different sized RE and
659 those withoutNa" and/orC&". Additionally, some RE appears to partition to the Ca molybdate
660 powellite crystalline phases (Ca, RE)M0O,, with smaller RE substituting to a lesser extent,
661 Na content generally trending with RE in powellite, and Mo possihiygbeeficient when RE
662 contents are high.

663
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780 Tables

781 Chemical compositions of the target samples in mol%.
Sample RE>O3 Na,O CaO Mo0O; SiO, B,O; Al,O3 Zro,
Name
NaCaMo 12.14 1358 3,53 5051 11.95 5.14 3.15

LaNaCaMo 493 1154 1291 336 48.02 1136 4.89 2.99
CeNaCaMo 493 1154 1291 336 48.02 1136 4.89 2.99
NdNaCaMo 493 1154 1291 336 48.02 1136 4.89 2.99
SmNaCaMo 493 1154 1291 336 48.02 1136 4.89 2.99
ErNaCaMo 493 1154 1291 336 48.02 1136 4.89 2.99
YbNaCaMo 493 1154 1291 336 48.02 1136 4.89 2.99

LaCaMo 4.93 - 2445 336 48.02 11.36 4.89 2.99
LaMo 6.53 - - 445 6356 15.04 6.47 3.96
LaNaCa 510 1194 13.36 - 4969 11.75 5.06 3.10
782
783 Mo K-edge energy (defined as the energy where the edgeisuegpal to 0.8) and

784 average oxidation state for reference standards and glass samples.

Sample name K-edge energy (eV) Mo Ox. state

Mo metal 20010.0 0
MoO, 20015.2 4
MoO; 20018.9 6
Na,M0O, 20020.4 6
BaMoO, 20019.8 6
SrMoG, 20019.0 6
CaMoQ, 20018.5 6
LaNaCaMo 20019.3 6
SmNaCaMo 20019.2 6
YbNaCaMo 20019.3 6
LaCaMo 20018.8 6
LaMo 20018.6 6

785

786



787
788
789
790
791
792
793

794
795

796
797
798

799

800

Structural parameters for glass samples obtained from the Mo Kfiesld®v,.-i is the
average interatomic distance for a given pair (Mo-i) of atoffisis the Debye-Waller factor
(estimated from the distribution of bond lengths) and; I¢ the refined number of scattered in
the coordination shell. The refined amplitude reduction factdy ¢8termined from fitting of the
CaMoQ, data was fixed at 0.73. The fit range in k space was from 1.75.%0A* and in R
space from 1.0 to 6.0 A. The number of independent variabl@suid independent data points
(Njp, determined from the Nyquist theorem) was=Nt and N = 43, respectively.

Sample name Ey(eV) * Ruooi(A) = Nmoor * fA2) + R-factor
LaNaCaMo 09 08 1.788 0.006 39 04 0.0013 0.0007 0.04
SmNaCaMo 0.0 0.8 1.791 0.006 3.7 04 0.0011 0.0007 0.04
YbNaCaMo 1.1 09 1.788 0.007 42 0.6 0.0023 0.0008 0.05
LaCaMo -0.8 0.8 1.788 0.006 32 04 0.0011 0.0006 0.05
LaMo -1.2 0.8 1.789 0.006 29 04 0.0014 0.0007 0.05

The obtained crystalline phases and its quantitative values from XRD analysis
Estimated phase fraction errors are ~5% on the amorphous fractidatod?/5 of the stated
value for the crystalline fractions.

Sample Name (X) Powellite/CaMoO, Oxyapatite/ Other Amorphous
(Mass %) Ca,REgSisO2 (Mass %) (Mass %)
(Mass %)

NaCaMo 4.6 - - 95.4
LaNaCa 95 90.5
LaNaCaMo 53 134 81.3
CeNaCaMo 3.3 3.9 3.1 Ceria/CgyZr( 102 89.7
NdNaCaMo 5 10 85
SmNaCaMo 4.2 115 84.4
ErNaCaMo 3.9 131 83
YbNaCaMo 4.8 17 9.5 Keiviite/Y,Si,O, 84
LaCaMo 2.6 97.4
LaMo 3 Zircon/ZrSiQ 97
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801 Quantitative analysis of powellite phases in different heat-tresaegbles from electron
802 probe microanalysis (EPMA) in mass%. Values are an averag8 ofdlvidual measurements.
803 Typical detection limits for each element are also reported. 8b&low detection limitND =

804 not determined. Note thaX (heat treated) is not added to the names in the table but is implied
805 *Only one useable measurement of NaCaMo.

LaNaCaMo NdNaCaMo ErNaCaMo NaCaMo* Detection
Avg StdDev Avg StdDev Avg StdDev Avg StdDev  Limit
MoO; | 676 0.2 69.7 09 710 15 720 - 0.20
SiO, | 0.56 0.39 0.29 0.12 0.30 0.06 0.37 - 0.04
ZrO, | BDL BDL BDL BDL 0.17 0.13 0.00 - 0.13
B.Os; | ND ND ND ND ND ND ND ND ND
Al,Oz;| 1.02 0.32 BDL BDL 1.02 0.21 0.60 - 0.04
CaO|20.1 05 231 038 244 05 26.7 - 0.02
Na,O | 1.97 0.35 1.11 0.07 0.82 0.48 BDL BDL 0.06
RE,O; | 8.29 1.15 6.76 0.90 3.25 0.67 BDL BDL 0.09
Total | 99.5 101.0 100.9 99.8
806
807
808 Quantitative analysis of oxyapatite phases in different heat-trsateples from

809 electron probe microanalysis (EPMA) in mass%. Note that, for UalNé-X, due to

810 indistinguishable contrast and morphology, oxyapatite and keiviiteeplvesre added and the
811 total quantitative value averaged. Note ti4t(heat treated) is not added to the names in the
812 table butis implied. Values are an average of 7-14 individual memasaote. Typical detection
813 limits for each element are also reported. BDL = below detection limit.

LaNaCa LaNaCaMo NdNaCaMo SmNaCaMo ErNaCaMo YbNaCaMo Detection
Avg StdDev.  Avg StdDev.  Avg StdDev Avg StdDev  Avg StdDev  Avg  StdDev Limit

MoO; | BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.15

SiO; | 20,3 0.3 198 0.2 196 0.3 19.1 04 186 0.3 276 04 0.06

Zr0, 0.57 0.11 0.54 0.11 0.62 0.12 1.16 0.11 1.53 0.17 7.03 0.44 0.10

B.,O3 3.18 0.17 281 0.17 2.38 0.11 1.87 0.17 468 0.33 3.49 0.26 0.10

Al,O; | BDL BDL BDL BDL BDL BDL BDL BDL 0.48 1.38 1.18 0.67 0.06

CaO | 10.24 0.39 9.75 0.21 9.38 0.18 9.48 0.20 10.17 0.45 4.75 0.47 0.02

Na,O | BDL BDL 0.11 0.08 BDL BDL BDL BDL BDL BDL BDL BDL 0.08

RE,O; | 66.6 0.9 66.7 0.8 68.8 0.4 675 0.5 66.4 5.6 570 33 0.11

Total | 101.0 99.8 100.8 99.2 102.0 101.2

814
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Fig. 1. XRD plot of all quenched samples (after remelt).
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844 Fig. 7. XRD pattern of all heat - treated samples with corundum added as aralingference
845 for quantitative purpose. X-axis shows angle for Cu tube excitation
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856

Unit cell volumes of oxyapatite and powellite crystals from Rietvefthement as a
function of RE crystal radii, with coordination number 8 assumeth®RE.
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858 Supplementary Material
859 Includes photos of selected samples, additional Raman and XAS detkdseussion, SEM-BSE of

860 (glasses, additional SEM-BSE of glass-ceramics, EPMA analytical mngjiRietveld refinements, and

861 WDS maps.
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