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Abstract

Molybdenum oxides are an integral component of the high-level waste streams being
generated from the nuclear reactors in several countries. Although borosilicate glass has been
chosen as the baseline waste form by most of the countries to immobilize these waste streams,
molybdate oxyanions (Ma®) exhibit very low solubility (~ 1 mol.%) in these glass matrices. In
the past 3-4 decades, several studies describing the compositional and structural dependence of
molybdate anions in borosilicate and aluminoborosilicate glasses have been reported in the
literature, providing a basis for our understanding of fundamental science that governs the
solubility and retention of these species in the nuclear waste glasses. However, there are still
several open gquestions that need to be answered to gain an in-depth understanding of the
mechanisms that control the solubility and retention of these oxyanions in glassy waste forms. This
article is focused on finding answers to two such questions: (1) What are the solubility and
retention limits of MoQ@ in aluminoborosilicate glasses as a function of chemical composition?
(2) Why is there a considerable increase in the solubility of M incorporation of rare-earth
oxides (for example, NDs) in aluminoborosilicate glasses? Accordingly, three different series of
aluminoborosilicate glasses (compositional complexity being added in a tiered approach) with
varying MoQ concentration have been synthesized and characterized for their ability to
accommodate molybdate ions in their structure (solubility) and as a glass-ceramic (retértion).
contradictory viewpoints (between different research groups) pertaining to the impact of rare-earth
cations on the structure of aluminoborosilicate glasses have been discussed and their implications
on the solubility of Mo@in these glasses have been evaluadatbvel hypothesis explaining the
mechanism governing the solubility of Me rare-earth containing aluminoborosilicate glasses

has been proposed.



1. Introduction

Owing to its ability to accommodate a plethora of ionic species in its molecular structure,
glass is widely considered to be the benchmark material for long-term immobilization of complex
mixed radioactive wastes. The cost of vitrifying radioactive waste is directly proportional to the
volume of glass to be produced. It is therefore desirable to maximize the waste loading in glass to
decrease the overall volume, without posing unacceptable risk for melter operation or long-term
performance of the waste form in terms of radiation and chemical stability. One major challenge
in designing advanced glass formulations with enhanced waste loadings is the low solubility of
some complex ionic species, for example, Mo®Q:*, CrQr, and TcQ, in borosilicate based
nuclear waste glasses. This problem impacts the design and performance of nuclear waste glasses
worldwide, while the relative importance of its impagctcountry-specific and depends on the
chemistry of each nuclear waste.

Molybdenum oxides are an integral component of the high level waste streams being
generated from the nuclear reactors in several countries including TRBAEXPS process§ ©
France(reprocessing of UMo fuel from gas graphite reactbr®) UK,* ° and Japak® 1’
However, distinction needs to be made as molybdenum is not one of the more important
components of legacy defense waste, as the burn-ups used for production of plutonium do not
produce as much Mo fission product as those burn-ups used for nuclear*peéwbough
borosilicate glass has been chosen as the baseline waste form by all the above-mentioned countries
to immobilize their high level wastes, molybdenum oxides present in their waste streams exhibit
very low solubility (~ 1 mol.%) in these glass matri¢&Burther increase of MaZoncentration
in these glasses usually on cooling results in liquid-liquid phase separation and subsequent

crystallization of alkali molybdate phases (for example;M#4) which are highly soluble in



aqueous environment§Therefore, considerable effort is being made to design novel glass/glass-
ceramic compositions which can retain higher concentration of molybdate ions in their structure
without affecting the long-term performance of the final waste form. In this regard, most of the
research in UK and France is focused on designing glass compositions dissolving the maximum
concentration of Mo®in their structure without crystallizatiari alkali molybdates (or preferring

the crystallization of chemically durable, CaMg®ased phase$)> 11 14 15 20. 2 the other

hand, research in the USA is directed towards designing a glass-ceramic that can retain the highest
possible concentration of molybdenum in glass and crystal matrices, while preventing
crystallization of any poorly durable phases such as alkali molybtd&te€While the solubility

of MoOs in most of the borosilicate glass compositions is limited to ~1L% mol.%, the glass-
ceramic being developed WSA is expected to retain > 4 mol.% MoGQs in the final waste form

with a crystalline phase assemblage including powellite AeMagXyapatite, (A,Aelno-

xSisO26, and lanthanide borosilicate (e.g.,sBSi2013), whereA denotes alkali, Ae alkaline-eayth

and Ln lanthanide (rare earth) metals.

In the pursuit of developing an advanced waste form with enhanced waste loading,
considerable effort has been made in the past 3-4 decades to understand the fundamental science
and mechanisms controlling the solubility of Mof@ borosilicate/aluminoborosilicate glasses,
resulting in significant advancements in our understanding about the structure and chemistry of
these glasses. However, there are still some open questions which need to be answered to gain an
in-depth understanding about the compositional dependence ofs MolDbility in the
aluminoborosilicate glassy waste forms. This article is focused on finding answers to two such

guestions described below.



I. How do the solubility and retention limits of Me@ aluminoborosilicate glasses vary

with glass chemistry? What happens if these limits are exceeded?

il. Why does Mo@exhibit considerably higher solubility in rare-earth §8¢) containing

aluminoborosilicate glasses?

While the first question has been addressed in the literature, current understanding is
qualitative in naturé.?% 23In this paper, we aim to present quantitative data pertaining to the
solubility and retention of Mogin aluminoborosilicate glasses as a function of glass chemistry.
Regarding the second question about increase inzMdoldbility, the recent literature on this topic
points to the network modifying role of Aos in aluminoborosilicate glassés2! However, its
impact on the solubility of Mo®is still unclear®! In this paper, a new hypothessspresented
describing the impact of N@s on the solubility of Mo@in aluminoborosilicate glasses.

The problem of solubility/retention of molybdenum in aluminoborosilicate glasses is also
an important topic beyond its use in nuclear waste immobilization. Molybdenum electrodes are
often used in commercial glass manufacturing as a lower cost alternative & Sning the
glass melting process, some concentration of molybdenum from the eledtrdiesolved into
the molten glass. In order to avoid the formation of Mo-containing crystalline defeds,
important not to exceed the solubility limit of molybdenum during glass melting. Hence, the
dependence of Mo solubility on glass chemistry is of critical importance for ensuring higi,qualit
defect-free industrial glass production.

In preface to the technical details, it is helpful to differentiate between two terms
“solubility” and “retention”. The true“solubility” is defined as the concentration of M0Os in glass
at an established equilibrium between dissolved and atmospfiefdz. However, the glass-

making process does not necessarily allow the glass melt to reach a homogeneous equilibrium.



While a component may be dissolved in the non-crystalline liquid phase up to its solubility limit
any additional concentration could exist in the form of undissolved crystalline inclusions. We
therefore definéretentior? as the total concentration of molybdenum oxide that is present in both
the glassy matrix and any crystalline inclusions, M&solubiiity + MOcrystar NOte that some authors
further distinguish between water soluble and water insoluble crystalline inclusions, given the
importance of aqueous chemical durability and potential cracks in waste?foffasdthough for

the sake of simplicity, we discuss the solubility and retention of molybdenum oxides in glasses,
Mo is known to exist as a tetrahedral molybdate ion [Mo(\W]@n silicate and borosilicate glass
chemistries? Therefore, any discussion pertaining to solubility or retention of molybdenum in
this paper refers to molybdate ions. Furthermore, whil& Ndothe prevailing oxidation state in

most of the borosilicate based nuclear waste glass chemistries (due to the highly oxidizing
conditions of the waste feed), other oxidation states, such #sMia@'*, and MS*, may be present

under more reducing conditions or appear transiently as a result of the concentration fluctuations
under the processing conditiofiSThese species would inevitably create other structural elements,
which may have different types of bonding to the glass network. However, most of the
molybdenum in the studied glasses is expected to exist in hexavalent oxidation state, especially
considering the colorless nature of Heformed glasses. Therefore, the influence of redox states
on the solubility or retention of molybdenum in borosilicate glasses will not be considered in this

current study.

2. Experimental

2.1. Design of glass compositions



A simplified nuclear waste glass-ceramic composition comprising 11.80 Nd4.15
CaO-5.35 AbOz3—9.74 BOs3 — 5.38 NdOz — 46.09 SiQ - 3.29 ZrQ — 4.13 MoQ (mol. %) was
chosen as the baseline for this work. The baseline composition above has been derived from the
more compleXGC-Mo-Li 6.25 glass-ceramic composition being considered for immobilization of
awaste stream derived from aqueous reprocessing of spent nucleawhezkin simplification
has been made to the composition. In the simplified baseline glass for thisNs@yepresents
the total fraction of alkali oxides (Na+Li-O+Cs0), CaO represents the alkaline-earth oxides
(CaO+BaO+Sr0), and N3 represents the rare-earth oxides
(Y 203+Laz03+Ce03+Pr203+Nd203+SnmpOs+EpO3+ G O3).

For this work, the baseline composition was further simplified into three different series of
glass compositions. The first series labeletla$/o-x comprises glasses in the systenN2bO
— 5AI203 - 10 BO3 - (60-x) SiQ— x MoOs (x = 0— 4 mol.%). The glasses in this series were
intentionally kept devoid of CaO to avoid competition between two network modifying cations
(Na" and C&") for charge balancing any Al@and BQ units, as this would add complexity to the
glass structurdn the second series labeled@sMo-y, CaO was introduced in the glass system
at the expense MaO on an equimolar basis, resulting in a series of glasses with compositions
12.5 NaO - 12.5 CaG0- 5 Al203 — 10 B.O3— (60-y) SiQ—y MoOz (y = 0— 4 mol. %). The aim
was to understand the influence of calcium on the solubility and retention of molybdate ions. The
third series labeled &8E-Mo-z was designed with an aim of investigating the influence of rare-
earth oxides on the solubility of molybdenum in these glasses, given the simultaneous presence of
both Ca and Na. Therefore, 5 mol. %8¢ was introduced in the glass system at the expense of

SiOy, resulting in compositions 12.5 pd— 12.5 CaO- 5 AloOz — 5 NtbOs — 10 B,O3— (55-2



SiO>-zMo0Os (z = 0— 4 mol.%). Table S1 presents the batched compositions investigated in the
present study.
2.2. Synthesis by melt-quench technique

High-purity powders of Si@(Alfa Aesar; >99.5%), N&5iOs (Alfa Aesar; >99%), AlOs
(Sigma Aldrich; >98%), H3BOs (Alfa Aesar; >98%), CaCQ (Alfa Aesatr >98%), Nd-Oz (Alfa
Aesar, 99%), and MogJAlfa Aesar, 99.5%) were used as glass precursiaesiOz was preferred
over NaCQs as the precursor for @ to avoid any detrimental effect of alkali carbonate on the
platinum crucibleHomogeneous mixtures of batches (correspondin@®mg-glass) were melted
in Pt-Rh crucibles in the temperature range of 14A®00 °C for 1 - 2 h in air, followed by
guenching of melts on a steel plate. The batch temperature was lowered with increasing MoO

content based on the decrease in apparent viscosity of glass melts.

2.3. Characterization of melt-quenched samples
2.3.1. Crystallinity in melt-quenched samplegjualitative and quantitative analysis

The melt-quenched samples were crushed to fine powders with particle sina<85me
melt-quenched samples had a layer of salt on their surfaces. All samples were analyzed
qualitatively by X-ray diffraction (XRD; PANalytical X’Pert Pro; Cu K, target at 40 kV and 40
mA). The acquisitions were performed in therange of 10- 90° with step size of 0.013° and
dwell of 0.10 s at each step. The quantitative crystalline phase analysis of samples was performed
by PANalytical X Pert Pro XRD with a Cu-K, source at 45 kV and 40 mA in thé éange of 16-
90° with 0.002° 26 step size and dwell time of 5.7 s, with 5 or 10 wt.%ZnO (NIST SRM-674b)
included as an internal standard. The quantitative phase analysis was performed by Rietveld

Reference Intensity Ratio (RIR) method using PANalytical Highscore software.



Microstructural observations were conducted on fractured crystalline samples using a field
emission — scanning electron microscope (FE-SEM; ZEISS Sigma). Energy dispersive
spectroscopy (EDS; X-Max Oxford Instruments; Aztec software) was employed to perform the
elemental distribution mapping in the crystalline microstructure.

The liquidus temperature of rare-earth containing glassesV{&B-was measured using
gradient furnace method following the ASTM C829-81. Briefly, glass patties were crushed into
powder with particle size < 841um. The resultant glass powder was laid in a Pt/Rh boat placed on
a refractory brick and then loaded into an electric gradient furnace for measuré@iment.
compositional and phase analysis of the crystalline phase formed at the liquidus temperature was
performed by EDS and XRD, respectively.

2.3.2. Chemical analysis of melt-quenched samples

The concentration of N® in the melt-quenched samples was measured by flame emission
spectroscopy (PerkinElmer Flame Emission Analyst 200), while the concentration of all the
remaining oxides was determined by inductively coupled plasma-optical emission spectroscopy
(ICP-OES; PerkinElmer ICP-OES Optima 2000DV; PerkinElmer ICP-OES Optima 7300V). The
samples with white salt phase deposited on their surfaces were washed and ultra-sonicated in
acetone before the chemical analySehleS2presents the experimentally analyzed compositions.
2.3.3. Structural analysis of glasses

The structure of rare-earth free glasses was studied using multi-nuclear magic angle
spinning-nuclear magnetic resonance (MAS NMR) spectroscopy. MAS NMR analysis could not
be performed oNd2Os-containing glasses due to the strong paramagnetic effecttfIbiading

to substantially broadex NMR spectra and the inability to resolve different resonances.



The MAS NMR spectra of'B and?*Na were acquired using commercial spectrometers
(VNMRs, Agilent) and MAS NMR probes (Agilent). The samples were powdered in an agate
mortar, packed into 3.2 mm zirconia rotors, and spun at 20 kHZBdv/AS NMR and 22 kHz
for 2°Na MAS NMR. ?°Na MAS NMR data was collected at 16.4 T (185.10 MHz resonance
frequency, using a 0.6 ps (~n/12 tip angle) pulse width for uniform excitation of the resonances.

A range of 400 to 1000 acquisitions were co-added and the recycle delay between s@ass was
118 MAS NMR experiments were conducted at 11.7 T (160.34 MHz resonance frequency),
incorporating a 4 s recycle delay, short radio frequeR&y pulses (0.6 ps) corresponding to a
n/12 tip angle, and signal averaging of 400 to 1000 scans. The acquired spectra were processed
with minimal apodization and referenced to aqueous boric acid (19.6 ppm) and aqueous NacCl (0
ppm), respectively. Fitting of the MAS NMR spectra was performed using D¥Bitd the
CzSimple model, accounting for distributions in the quadrupolar coupling constant, was utilized
for 2Na MAS NMR spectra. The “Q MAS '%” and Gaus/Lor functions were used to fit 3- and 4-
fold coordinated boron resonances intfl2MAS NMR data, respectively, and, Was calculated
from the relative areas of these peaks, with a small correction due to the overlapping satellite
transition of the 4-fold coordinated boron p&ak.

27Al MAS NMR experiments on glasses were conducted at 16.4 T using a commercial
spectrometer (VNMRs, Agilent) and a 1.6-mm MAS NMR probe (Agilent) with spinning speeds
of 25 kHz. MAS NMR data were acquired usiR§ pulses of 0.6 us (equivalent to a /12 tip
angle), recycle delays of 2 s, and signal averaging of 1000 acquisitions. MAS NMR data wer
processed using commercial software, without additional apodization and referenced to agueous
aluminum nitrate at 0.0 ppm. A weak background signal from the zirconia MAS rotors was

detected by’Al MAS NMR of an empty rotor and subsequently subtracted from the MAS NMR

10



data of the glass samples. This signal, at approximately 16 ppm, is clearly distinct from the Al
peaks in the glasses, but nonetheless has been removed to ensure higher quantitative accuracy in
the?’Al MAS NMR experiments.

29Si MAS NMR data were collected at 4.7 T (39.69 MHz resonance frequency) using a 5 mm
MAS NMR probe. Powdered samples were packed into 5 mm zirconia rotors and all measurements
were conducted using 5 kHz sample spinning. Measurements were made with signal averaging of
320 to 2200 acquisitions, usimgp pulse widths of 1.4s and recycle delays of 90%8Si spectra
were processed without additional line broadening and referenced to tetramethylsilane at 0.0 ppm.

X-ray photoelectron (XPS; Thermo K-alpha; Thermo Fisher Scientific) spectroscopy was

used to study the structural coordination of molybdenum (Mo 3d) and neodymium (Nd 3d and Nd
4d) in glasses. The glasses were fractured prior their analysis by XPS. All the spectra were
deconvoluted in CASA XPS software using Gaussian-Lorentzian peak fitting after Shirley
background subtractioll. The deconvolutions were carried out subject to the constraint of a
constant full width half maxima (FWHM) for the same element. All photoelectron binding
energies were referenced to adventitious C 1s contamination peaks at a binding energy of 285.0

ev.

3. Results
3.1. Crystallinity in glasses
Figure 1presents the images of melt-quenched samples in the systemQ@5 Ha\l203
— 10 BO3— (60-x) SIQ— x MoOs (x =0 — 4 mol.%), while Figure 2apresents the XRD data.
Homogeneous, transparent and completely amorphous samples were obtained for compositions

with x=0 and 0.5 mol. %. An increase in Mo€dntent to 1 mol. % resulted in a white translucent
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sample, while further increase in Mg@@ontent to 1.5 mol. % yielded a completely white and
opaque sample. These physical characteristics can be attributed to either of the following
scenarios: (i) liquid-liquid phase separation, or (ii) volume crystallization in the studied glasses.
The XRD data of sample x = 1 reveals the presence of slight crystallization,ah8BNaMoO4
(orthorhombic) phases in the glassy matrix, whileNizO4 (cubic) joined the crystalline phase
assemblage with increasing Mg@€ontent to 1.5 mol %. Increasing Mg©@ontent to 2 mol%
resulted in a white-colored opaque glass-ceramic with a thin layer of white-colored salt deposited
on its surface. The concentration and thickness of this salt layer increased with further increase in
MoOs content from 2- 4 mol. % as is evident frorRigure 1 The quantitative phase analysis by
Rietveld— RIR analysis on XRD datd@ able 1)reveals that the resulting glass-ceramics with x
2 — 4 mol. % were mostly amorphous (9799 wt. %) with crystalline phase assemblage
comprisingNaMoOs andy-NaMoOa. The XRD data of the salt layer presented-igure 3a
depicts their highly crystalline nature (high intensity phase reflections) with their phase
assemblage being dominated by cu@MoO; followed by Na(MoOs)(H20).. Figure 4shows
the SEM image along with EDS elemental mapping of an interface between glass-ceramic and salt
layer for sample N&4o-4. The salt layer showed a dendritic microstructure, rich i¥ONand
MoOQs, confirming the crystallization of sodium molybdate phases, while most of theaBiD
Al>0Os were confined to the glassy matrix.

An equimolar substitution of N® by CaO in 12.:a0 - 12.5 CaO- 5 Al0z - 10 BOs
— (60-y) SIO, — y MoGs (y = 0— 4 mol. %), system resulted in homogeneous, transparent and
amorphous samples for compositions with x varying betweed.6 mol. %, as is evident from
XRD data presented iRigure 2b An increase in Mo®content to 2 mol. % yielded a white,

translucent sample, while the sample turned completely opaque for y = 2.5 mol. % (like the trend

12



observed ilfNa-Mo-x seriesfigure ). Further increase in MaZontent to 3 and 4 mol. % led to

formation of a white-colored salt layer on the surface glass-ceramic samples. The resulting glass

ceramics were mostly amorphous (~96 wt. (%)ble 1)with small fractions of CaMo®as the

only crystalline phase, as shownHimgure 2b.The XRD analysigFigure 3b)of the salt layer

formed on the surface of these samples shows the crystallization of Gaddafe dominant

phase, followed by cubidaMoOs, NaeeM0O4+2H20 and NaMo207 as secondary phasésgure

5 shows the SEM image along with EDS elemental mapping of an interface between glass-ceramic

and salt layer for sample Qde-4. The salt layer shows two distinct types of microstructures. One

is rich in Na and Mo, suggesting sodium molybdate phases, while the other contains Ca and Mo,

suggesting calcium molybdate phases. The glass-ceramic part of the sample comprises calcium-

and molybdenum-rich crystalline inclusions embedded in aluminoborosilicate glass matrix.
Incorporating 5 mol. % Nd&D3 at the expense of Sin 12.5Na0 - 12.5 CaO- 5 Al 03

— 5 NtbOs — 10 BO3— (55-2 SiO, — z MoGs (z= 0 - 8 mol. %) had a significant impact on

solubility of molybdate ions in the glass structure, as completely transparent and amorphous

samples were obtained from compositions with z varying betwee8 thol. %(Figure 2c,and

Figure 6) An increase in Mo®content to 3.5 mol. % resulted in a purple, translucent sample.

However, its physical appearance was different from that observed for samps Na-or Ca-

Mo-2 (Figure 1),as shown irFigure 6 The XRD data shows the presence of low intensity phase

reflections corresponding to crystallization of CaM@Bigure 2c) Increasing Mo®to 4 and 5

mol. % yielded opaque, volume crystallized glass-cerartiicsure 6)with CaMoQ: as the only

crystalline phase. Further increase in Md®6 mol. % resulted in formation of a faint dendritic

pattern on the surface of glass-ceramic sample which became prominent with increasgpng MoO

content to 8 mol. %. The amount of residual glassy phase varied betwee@78&t. % and
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decreased with increasing Mg©ontent in these samples, remaining ~86 wt. % for the highest
MoO:s level testedTable 1) While the XRD data of the glass-ceramic samples demonstrated the
presence of CaMofas the only crystalline phase in these mater{als is evident fronfrigure

20), the SEM imaging followed by EDS elemental mapping of these glass-cer@iujcs: 7)

reveal the presence dfiree different microstructures (1) a dendritic microstructure, rich in
calcium, neodymium and molybdenum, spread across the surface of glass-ceramic in long chains;
(2) a XRD amorphous microstructure rich in sodium and molybdenum, and (3) an amorphous
phase rich in silica, alumina, and neodymium with small concentrations of sodium and calcium
(being used to charge compensate Al@nd possibly some B units. The dendritic
microstructure rich in Ca, Mo, and Nd (region 1) in Figure 7 corresponds to Cadfgsials as
neodymium is known to incorporate in CaMo€ystal structure as has been shown by Wang et
al 2t using micro laser induced breakdown spectroscbipg microstructural organization of these
materials suggest that the crystalline phase assemblage of resultant glass-ceramic (upon heat
treatment) is expected to contain some volumetric Caeo@h NaMoOs and a calcium-
neodymium-rich phase on the surfadéie EPMA results on REAo-6 and REMo-8 results
(presented in Figure S39 are in good agreement with the SEM-EDS results where the small
white colored crystalline inclusions found in the bulk of the polished sample are rich in calcium,
molybdenum and neodymium, while the glassy phase is rich in calcium, neodymium, aluminum
and silicon. We could not confirm the presence or absence of phase separation in these samples
due to difficulty with detection of boron in the presence of molybdenum. This problem has also
been highlighted by Chouard et2alThe quantification of boron in molybdenum containing

samples by EPMA is a known challeAgas B K. X-ray has an energy of 183.3 eV, but might

shift slightly due to its bonding with Mo. This X-ray line energy is very close to the Miml

14



that is at 192.6 eV. In addition, the K-shell absorption edge of boron is at 188 eV, just below the
Mo M¢ line. Apart from that, a thin white colored salt layer was formed on the surface of glass-
ceramic samples when Ma©@ontent varied between-68 mol. %. The XRD analysis of this salt
layer revealed the formation of CaMg@s the dominant phase, followed by sodium molybdate
based secondary phasesubicNaMoO4, andNaMoO4+2H20 (Figure 3c)

Table 2presents the liquidus temperature )(Values of glasses from series Rb-z
(where, z varies between-B mol.%) along with the first crystalline phase that forms in the melt
at that temperature. The liquidus temperature of all the studied glasses varies betweet8B3805
°C and decreases from 1330 °C to 1305 °C with increasingsMoentration in glasses from 0
to 2 mol.%. However, with increase in Mg@€oncentration to 3 mol.%, the &gain increases to
1331.7 £ 2.9 °C. According to the XRD analysis (not shown), the composition of crystal formed

at liquidus in all the rare-earth containing glasseN@gSiOs4)6O-.

3.2. Solubility and retention of MoOs in glasses

Figure 8 presents the quantitative ICP-OES results demonstrating the target versus
experimentally measured incorporation of Md@the studied glass systems. The data presented
in Figure 8for all the investigated glass systems can be divided into two pardsin@ar curve
indicating all targeted Mo®is either dissolved in the glass or in crystals within the analyzed
glass/glass-ceramic sample, which ¢aaded “apparent solubility,” (i) a plateau (parallel to x
axis) representing the retention limit of Mei@ the samples, the excess of which partitioned to a
salt phase that was washed off prior to chemical analysis, which is denoted “retention limit.” To
distinguish betweefttrue” and apparent solubility of Mo, the presence of crystals must be assessed

(see below). For samples in Nés-x series, thé&true” solubility limit of MoOz may be defined as
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~0.5 mol. % (1.12 wt.%), as further increase in molybdenum concentration resulted in the
formation of crystalline inclusions of NdoOs in the glassy matrix. On the other hand, the
retention limit of MoQ in this system may be defined as 2 mol. % (4.41 wt.%), as higher
concentrations of Mo©could not be incorporated in the glass/glass-ceramic system, instead
resulting in the formation of alkali molybdate rich crystalline salt on the surface of glass-ceramic
which was removed prior to chemical analysis by ICP-OES.

An equimolar substitution of N® by CaO (series Clslo-y) led to an increase in M@O
“true” solubility and retention limits to ~1.5 md (3.37 wt.%) and 2.82 mol. % (6.22 W),
respectively. As has been discussed in Section 3.1, white colored crystalline salt rich in alkali and
alkaline-earth molybdates was found on the surface of glass-ceramMo-Ga-thus,
demonstrating that the retention limit of Me@ this glass/glass-ceramic system has been
achieved or exceeded.

The partial substitution of 5 mol. % Aok for SiG in the glass system had substantial
impact on MoQ@ solubility and retention limits. The MaCO'true” solubility limit in the system
RE-Mo-z increased to ~3 mdlo (5.45 wt. %) in comparison to ~1.5 mol. % for @a-y glass
system. Further increase in Mg®©oncentration resulted in formation of CaMoQystalline
inclusions in the RBM0-z samples. The retention limit of Mdk-containing system increased to
6.7 mol. % (11.71 wkb), as analyzed by ICP-OES data. This is interesting, because although salt
formation was observed on the surface of samples witha¥d@nol. %, suggesting that retention
limit for this composition has been achieved or exceeded, 6.7 mol. % Wastill incorporated
(retained) in these samples. The plausible explanation for this behavior has been presented in the

discussion section.
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3.3. Structure of glasses
3.3.1. 1B, ZNa and?’Al MAS NMR

Figure 9presents thé'B MAS NMR spectra of glasses from Mée-x series(Figure 9a)
where x varies between-01 mol. %, and C&do-y, where y varies between-® mol.% (Figure
9b). Thel’B MAS NMR spectra of all the glasses shows two main features, a broad peak associated
with BOs (B") units centered at ~13 ppm and a peak-at6 ppm attributed to BQ(B") units”
39 The deconvolution of MAS NMR spectra of these glasses reveal th@/G&O ratio had a
significant impact on their borate speciation as the fractiorn@fns in CaMo-y glasses (N=
48— 49%) was considerably lower thAlaMo-x glasses (N= 70— 71% N, units). The decrease
of BV units with substitution of sodium by calcium demonstrates that the charge compensation of
tetrahedral boron units is favaatby sodium ions. The analysis 9Na MAS NMR spectra from
these glasses corroborated 8 MAS NMR results, as the isotropic chemical shift féda
moves to high shielding, and the quadrupolar coupling constahgéfs smaller with the partial
substitution of NgO by CaO, as shown Fgure 10 These observations suggest the change in the
structural role of sodium from modifier to charge compensator when CaO is added. Similar results
on alkali/alkaline-earth aluminoborosilicate glasses have been published by Quint&3Iet al.
accordance with the literature on this subject, there is only modest impact of molybdenum
incorporation on sodium or borate speciation in the studied grfhs$asth a continuous change
in 2Na NMR parameters with increasing Mo@igure 10)

Figure 11shows a comparison 6fAl MAS NMR spectra recorded for thida-Mo-x
(Figure 11R) and CaMo-y (Figure 1D) glass series. The spectra show nearly symmetric peaks

located around 60 ppm in both series, which reflects the tetrahedral coordinationofAl
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aluminum atoms in aluminosilicatés** This confirms adequate charge-balancing of Al
tetrahedra, as expected for these highly peralkaline glass compositions.
3.3.2. XPS analysis

XPS was used to study the structural coordination of molybdenum and neodymium in the
rare-earth containing glasses (R®©-z). Figure 12presents the Mo 3¢Figure 12a)and Nd 3d
(Figure 12b)XPS spectra of glass R#e-3. The observed features in the XPS spectra for the RE-
Mo-3 glass are representative of all theé-Os-containing glass samples discussed in this study.
Table 2presents the binding energies (peak positions from XPS data) for 34oNsal 3cs/2, Nd
3ds2, Nd 3d2 and Nd 4d spin states as observed in the present study, along with a comparison
with their values reported in literatute > 4The Mo 3d XPS spectra shows two main peaks at
232 eV and 235 eV corresponding to W8d. and 3d;, spin states, respectively. This confarm
the assertion of Mo being mainly &#hexavalent oxidation state in the studied glasses. According
to Farges et af’ Mo is present primarily as [Mo(VI)§3] species in most of the silicate and
aluminosilicate glass compositions synthesized@d) fvalues ranging from 1 atm to 19atm.
Regarding the structural coordination of neodymium, the Nd 3d spectra exhibit two main peaks at
983 eV and 1005 eV, corresponding to Né/3ahd Nd 3d., respectively, while the Nd 4d spectra
exhibits a single broad peak at 121 eV. According to the liter&tudfehese binding energies are

typically found for neodymium environments in 204 and Nd(OHj), i.e. N&*.

4. Discussion
4.1. Solubility of molybdate ionsin rare-earth free aluminoborosilicate glasses
The coordination of Mo ions in a borosilicate or aluminoborosilicate glass is highly

dependent on its homogeneous vs. heterogeneous nature. According to available literature on his
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topic, in a homogeneous borosilicate glass, molybdate ions are lonatied depolymerized
regions of the glass structure (i.e., non-bridging oxygen (NBE) regions) containing alkali and
alkaline-earth cations to compensate their negative char@e. the other hand, in a phase
separated borosilicate glass, incorporation of even small concentration (~1 mol. $ &1oO
molybdate ions are known to further promote phase separation, resulting in segregation of alkali-
borate-rich amorphous domains from a silica-rich matrin increase in Mo®concentration in

this case leads to a decrease inQi@htent in alkali-borate-rich regions and an increased volume
fraction of a SiG-rich phase, and most of the molybdate ions coordinate into the alkali-borate-rich
region!® Similar structural behavior of molybdate ions can be expected in aluminoborosilicate
glasses based on their homogeneous or heterogeneous nature. However, most of the literature
pertaining to molybdenum incorporation in aluminoborosilicate glasses relates to homogeneous
parent glasses, where molybdate ions are not directly linked to the aluminoborosilicate glass
network but rather located within alkali and alkaline-earth domains in the'gMHsis. explanation

is in good agreement with the results obtained in the present study for glassedorxdNerd Ca-

Mo-y series. The structural position of molybdate ions in the depolymerized regions of glass (rich
in NBOs), and being charge compensated byiN&laiMo-x and both NaandC&* in CaMo-y
glasses, explains the crystallization olMaO4 and CaMoQ@ phases in the respective series of
glasses. Since Mafncorporation in the studied glasses did not affect their boron and aluminum
speciation, it is highly likely that sodium and calcium are being pulled from the silica matrix to
form NaMoOs or CaMoQ phases, thus leading to repolymerization of the silicate network.
Interestingly,?°Si MAS NMR of glasses in N&do-x series(Figure S10)does not exhibit any
significant shift as a function of MaQCcontent. However, this does not imply absenceeof

polymerization in the silicate network, as insignificant shift® MAS NMR spectra can be due
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to small or undetectable change in the silicate network owing to the low concentration gf MoO
and additional complications due to Si/Al mixing in the glass network.

The drastic change in boron speciation, i.e., the substantial reduction in the fraction of boron
in four-fold coordination due to introduction of CaO (at the expense gN\Neay be explained
based on the higher ionic field strength ofCeompared to Na Higher field strength cations
significantly favor the formation of NBO, lowering the degree of preference in formatioly of B
over NBO* For detailed explanations, readers are referred the following litefaté¥e’® The
consequences of this difference in modifier behavior (e4).isNsuch that the Cais then more
associated with silicon, forming a much higher proportion of Si-NBO than the analogous Na-
bearing glasses. As discussed above, incorporation of:Mo8a0 — CaO- Al20s — B2O3 —

SiO, glass will result in formation of alkali and alkaline-earth molybdate species, first as associated
moieties in the glass and ultimately as precipitated crystals. However, the formation of LaMoO
(over NaMoOQg) as the preferential crystalline phase in these glass-ceramics may be attributed to
the unavailability of Nato associate with (Mo£)*", because the majority of sodium is being used

to charge compensate fotVBand Al units, as reflected in the B and Al coordination numbers
and the®®Na NMR datéd Further, the higher solubility of molybdate ions in@a CaO- Al03

— B203 — SiO; glass system, in comparison to20a- Al20s — B20s — SiO; system, may be
attributed to the slower tendency of the former towards devitrification due to the higher activation

energy of crystallization of CaMa@~50- 60 kcal/mole) versulaMoO4 (~28 kcal/mole?!

4.2 Impact of Nd>Os on M0oO3 solubility in aluminoborosilicate glasses
Before we discuss the impact of X4 on the solubility of Mo@ in the

aluminoborosilicate glasses under investigation, it is important to understand the structural role of

20



Nd-Osz in these glasses as it has direct implications on the solubility ofsMd®@e structural
coordination of rare-earth cations in alkali/alkaline-earth aluminoborosilicate glasses has been
studied in detail primarily by researchers from two countri€sSA 33 34 559 gnd Franc 60%°

owing to their high relevance in the field of nuclear waste immobilization. Based on the
investigated compositional chemistries, there exist two different opinions about the coordination
of rare-earth cations in these glasses. According to the U.S. scientists (hereafter referred as Li et
al.), who studied a wide array of glass compositions #ONs 203-B20s-SiO, based per-alkaline

and per-aluminous systems, the role of rare-earth cation in a per-alkaline (Na/Al>1) glass (most
nuclear waste glasses are per-alkaline) is decided by the ratio@§/$a03, where NaOex =

[Na2O] — [Al205).2® It has been suggested that if -8&/B20; < 0.5, the baseline
aluminoborosilicate glass is heterogeneous (phase separated), while glasses@éitB Xz >

0.5 are homogeneous in nature. In case of phase separated gh&ssBNaz < 0.5), rare-earth

cation is mostly incorporated in the borate portion of the structural phase.

The rare-earth free gpalkaline glasses withNaOe/B203s > 0.5, for example,
60SiQ+15B203:20Na0+5A1,03 (mol.%)%% °8 have been shown to be homogeneous. The
incorporation of rare-earth cations in these glasses phase separates the homogeneous
aluminoboriosilicate glass into borate- and aluminosilicate-rich zones where the rare-earth cations
preferentially enter the borate-rich phase forming a double chain structure similar to rare-earth
metaborate. Once the concentration of rare-earth cations in the glass exceeds its solubitity limit
the borate phase, the rare-earth cations are incorporated in the aluminosilicate phase as some kind
of “cluster”. This mechanism has been proven for Gd20s and NdOs containing

aluminoborosilicate glasses by transmission electron microscopy (TEM) and multi-spectroscopic
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techniques, including electron energy loss spectroscopy (EELS) and optical specttdésStopy.
54, 56

In case of studies performed by French scientists (hereafter referred as Caurant et al.) on
this subject, majority of the experimental research has employed the following two baseline
compositions (mol.%): 16.56 Na — 8.28 CaO- 5.32 AbOs — 10.65 BO3z — 59.17 SiG** ®?and
14.41 NaO - 6.33 CaO- 3.05 AkOsz — 8.94 BOs — 1.90 ZrQ — 3.56 REOs — 61.81 SiQ (RE:
Rare-earth}% 3 5 ®5Considering the N#De/B20s criteria as proposed by Li et &f.poth the
baseline compositions (when rare-earth free) should be homogeneous in nature. While similar
results have been published by Caurant éf&f, %> ®they tend to disagree with Li et3]5% %8
with regard to the induction of phase separation by rare-earth cations in a homogeneous
aluminoborosilicate glass. According to Caurant efaf? Nd®** act as network modifier in
aluminoborosilicate glasses where they remain located in the depolymerized silicate regions of the
glassy network and thanks to their high ionic field strength, they impose their local environment
composed of 6- 8 NBOs. Nevertheless, in order to insure locally the configuration
electroneutrality, a fraction of the lower field strength modifier cations present in the glass
composition such as alkali and alkaline-earth cations are located in the second coordination sphere
of the N&* cations. Further it has been reported that giasglass phase separation in rare-earth
containing glasses is detected when Ca@INal, while the glasses with CaOAda< 1 are
homogeneous in natuf@.

In order to clarify the contradiction between the results from two research groups, Caurant
et al®’ conducted an extensive study investigating two different series of per-alkaline glass
compositions (first with N#ex/B20s < 0.5 and second witNaQOe/B203z > 0.5) derived from

14.41 NaO - 6.33 CaO- 3.05 AkO3 — 8.94 BO3 — 1.90 ZrQ — 3.56 NdOs - 61.81 SiQ as the
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base composition. In accordance with Li etathey reported that the key chemical parameter
governing the overall structural organization in these glasses is #@/8aOs ratio, where
NapOex = [NaO] — [Al 203]-[ZrO2], and the high field strength cations, for examplée;@ad Nd",
only interfere on the second order of their structural organization, inducing more disorder in it.
Based orNd®* optical absorption spectroscopy and®NB-edge X-ray absorption spectroscopy,
Caurant et af! indicated towards the possible formation of\€&*, NBOs and B@ rich areas
in the glasses with N&®e/B20s > 0.5. They attributed the presence of borate units aroufid Nd
ions in the glass structure as a reason for slower tendency towards apatite crystallization (upon
slow cooling of glass melt) with increasing8z concentration. However, they still reported the
glasses to be “sufficiently homogeneous in terms of Si/B mixing” to undergo crystallization of the
Nd-rich silicate apatite phase by slow cooling the melt. In case20k Bich glasses, i.e.
NaxOex/B203 < 0.5, they reported the presence of glasg)lass phase separation where formation
of Na-rich or Nd-metaborate phase was confirmed.

In the present study, MNae/B20s > 0.5 for the rare-earth free glass Ka-0. Therefore,
in accordance with the existing literature on this topic, this glass should be homogeneous in nature
where sodium is mainly acting as a charge compensator for ahd BQ™ units. This assertion
is supported by th&Na, 2’Al and 1'B MAS-NMR results of Cavlo-y glass series as discussed in
the results section. Further, whie>Os is added to the glass Gée-0 (resulting in REMo-0),
each Nd* brings 3 NBOs, while it needs-68 NBOs to fulfill its coordination in order to be
homogeneously incorporated in the glass struéuiderefore, for each mole of Nok, 3 to 5
moles of (NaO + CaO) will be required to homogeneously incorporat& Mahs within the fully
charge-compensated polyhedral. Since majority of sodium is acting as charge compensator for

four coordinated aluminum and boron, Navill tend to coordinate with NBOs being generated
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by C&* in order to fulfill its coordination shell. However, there is not enough concentration of
network modifiers for the required job. In this scenario®Nmhn be incorporated in the glass
through following two possible mechanisms: (i) they can form clusters where they can share their
own NBOs, or (ii) they can contribute to the charge compensation pUBI€3 (since AlQ units
are completely charge balanced by"N#&ccording to Caurant et &f.both the mechanisms are
possible, where, a part of Rfccharge compensates boron to formsB@its, while the remaining
form clusters, thus distributing itself in borosilicate phase of the glass. Although they do not agree
with the hypothesis of phase separation in rare-earth containing glasses as proposed B Li et al.
their results from referen®epoint in the same direction where Ndare distributed in the
borosilicate matrix, preferentially being associated with tetrahedral borate moieties followed by
clustering in silicate part.

Regarding the impact of N@son the solubility of Mo@in aluminoborosilicate glasses, it has
been proposed that it is the close relationship betweénhawd [MoQ]? tetrahedral entities in
the depolymerized region of the glassy network that is at the origin of the increase of molybdenum
solubility and of the disappearance of phase separation and crystallization of molybdaté’phases.
21,68 According to the proposed hypothesis, the presence of neodymaudispersing effect”
on the [MoO4¥ units in the glass which avoids thelustering and crystallization of molybdate
phaseg! While the proposed hypothesis tends to explain the suppression in crystallization of
molybdate phase#,contradicts the results from the same research group presented in réference
regarding structural coordination of f&dn aluminoborosilicate glasses as discussed above.

In our opinion, MoG? when incorporated in aluminoborosilicate glass associates itself with
Nd®*, C&*, NBOs and B@ rich regions. This is in agreement with the TEM studies on

molybdenum containing borosilicate glasses reported by Kawamoto'tdiere it has been
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shown that molybdate ions prefer to enter the borate-rich phase of a phase separated borosilicate
glass (discussed above). While we could not ascertain the possibility of phase separaten
earth aluminoborosilicate glass due to poor detection of boron in both SEM-EDS, and EPMA, this
does not negate the possibility of phase separation in glasses upon addition of molybdenum oxide.
This argument is based on the fact that both Li é ahd Caurant et &l. have discussed the
formation of rare-earth rich borate regions in aluminoborosilicate glasses, although the latter
describes their glasses to be “sufficiently homogencous” when Na20ex/B20s > 0.5. Therefore, it is
highly likely that once incorporated into the borate phase, #a@ns coordinate with the rare-
earth- borate phase to form a rare-earth-molybdate-borate glassy phase. The formation of this
Nd2-03-M00s-B-03 glassy phase resulted in higher solubility of molybdate ions in the studied
glasses. This assertion is supported by the fact that stable glass-forming regions u®Othe La
MoOs-B,0; and NdOs-MoO3-B,0Os; systems have been reported by Aleksandrov &t #.
According to the literature, molybdenum exists as Mo®pecies in the NMs-MoOz-B,0s3
glassy system. Neutron diffraction and reverse Monte Carlo (RMC) simulations show an existence
of pronounced intermediaterange ordering through Ma@B0O4 and MoQ-BO; linkages®®

Our hypothesis is also supported by the crystallization of Nd-rich CaMbé&se in RBYl0-z
glasses with Mo@> 3.5 mol. % (Figure 7). An increase in MoO3 > 3.5 mol.% likely exceeded the
concentration of molybdate ions that could be accommodated in #@-NdoOz-B20s glassy
structure, thus leading to crystallization of CaMo®he proposed hypothesis also gains support
from the crystallization of GaNd7.g(SiO4)sO1.9 based apatite phase at liquidus temperature in rare-
earth containing glasses. This may be attributed to the structural re-arrangement between silicate
component of glass and neodymium clusters at high temperatures resulting in crystallization of

apatite.
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4.3 Salt formation in molybdenum-rich glass melts

While the glass-ceramics from tBaMo-y and REMo-z systems exhibited the crystallization
of CaMoQ phase in their glassy matrix, the white salt phase formed insiMofmelts contained
both CaMoQ and polymorphs of N&oOs. The chemical difference between the nature of
crystalline molybdates, which may form in the high temperature melt versus the cooled glass-
ceramic, may be explained based on temperature-induced coordination changes of boron, leading
to the modifications in the activity of alkali/alkaline-earth cations, which act as either charge
compensators or network modifiers. According to previous stitliéd,’® "*boron partially
changes from tetrahedral to triangular coordination with increasing temperature in borosilicate
glasses. Therefore, an increase in the activity (i.e., concentration) of network modifying alkali
cations can be expected at an increased temperature, according to the reaction:

Nacc + BOs = BO3; + NBO + Naum

where, Nac and Nawm refer to charge compensating and network modifier roles of Na,
respectively. Thus, under oxidizing conditions, alkali molybdates will form in the molten stage
due to higher availability of alkali cations in the presence of 3-coordinated boron. On the othe
hand, the partial transformation of boron from 3- to 4- coordination during cooling of the glass
will increase the proportion of Na cations involved in charge compensation of boron.
Consequentially, there will be no more*Na charge compensate molybdate groupsGaitlions

will be required to fulfill this role.

5. Conclusions
An attempt has been made to understand the compositional and structural dependence of

molybdate ions in aluminoborosilicate based model nuclear waste glasses. The higher solubility
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of MoOs in Na-CaAl-B-Si-O glass in comparison to N&l-B-Si-O has been explained on the
basis of unavailability of sodium ions to charge compensatefMdBus resulting in the charge
compensation of latter by €a This leads to the crystallization of CaMp@ver NaMoOy) in
calcium-containing aluminoborosilicate glasses. Since the activation energy of crystallization for
CaMoQx is about double that ddaxMoOs, this results in higher solubility of Maln Na-Ca-Al-

B-Si-O glass system. Further, the introduction ob@in the NaCaAl-B-Si-O glass system
increases the solubility of Ma@rom 1.5 mol. % to 3 mol. %. This increase in Ma0lubility as

a function of NdO3 has been explained on the basis of three-step mechanism wheeg iha
fraction of rare-earth cations distributes themselves in the borate rich areas of glass while the
remaining rare-earth cations cluster in the silicate/borosilicate redjicBtep 2, the Mog3 ions

are incorporated into the rare-earth borate phase, thus forming a staldie-Bld glassy region.

In Step 3, any further increase in MoEbncentration (in this case M@@ 3.5 mol. %) is likely

to exceed the concentration of molybdate ions that could be accommodated ipQgeMdDz—

B2Os glassy structure, thus leading to crystallizatioMdfrich CaMoQ.
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