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exchange material used in the nuclear industry for the removal of
Cs-137 from contaminated liquids. Once IONSIV is loaded with 2
radioactive species, it is considered waste and requires treatment by z_;. it i 6
incorporation into a stable wasteform to prevent radionuclide '_g,}" PO oy
release during disposal. This work presents a promising, novel S m ’
candidate glass-ceramic wasteform based on pollucite for the {
immobilization of cesium-loaded IONSIV. The tailored glass- |
ceramic provides chemical and processing flexibility through the
addition of small amounts of glass formers, with cesium partitioned
predominantly to the more chemically durable ceramic phase. A e o o

high waste loading of ~70—80 wt % was achieved, along with a

consistent phase assemblage of pollucite, srilankite, rutile, and glass. The chemical durability of the candidate wasteform was assessed
using the ASTM C128S standard method, with the results indicating high chemical durability relative to other candidate materials
for cesium immobilization. A single preferred pollucite glass-ceramic design with a 70 wt % waste loading was selected and validated
using unloaded and Cs-loaded IONSIV. Importantly, the design ensures consistent phase formation irrespective of Cs-loading on
IONSIV, demonstrating tolerance to accommodate compositional variations in the waste.
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1. INTRODUCTION polymeric solid structure. IONSIV is contacted with liquid
radioactive waste streams via columns, where Cs* ions from
contacting solutions enter the porous structure and exchange
intracrystalline positions with Na* with high selectivity over a

Ion exchange materials are employed in the nuclear industry
for the removal of radioactive contaminants from water
systems at nuclear facilities, such as nuclear power plants,

fuel reprocessing plants, nuclear research centers, and liquid wide pH mnge'm_l6 Ion exchange materials have been used to
radioactive waste management systems." Crystalline silico- remove Cs from HLW at U.S. Department of Energy sites, for
titanate (CST),”> zeolites,” and ammonium phosphomolyb- example, the Savannah River Site.'” "> IONSIV was also
dates” are examples of microporous inorganic absorbents that utilized in the Simplified Active Water Retrieve and Recovery
are used in the industry for the removal of cesium (e.g., Cs- System (SARRY) to remove Cs and Sr from contaminated
137) and strontium (e.g, Sr-90) radioactive isotopes, or to water at the Fukushima Daiichi Nuclear Power Plant in
reduce their concentration in the liquid to allow its Japan.21’22

reclassification, for example, from high-level waste (HLW) to As it is not practical to recycle CST once loaded with

low-level waste (LLW).*’

The commercial material IONSIV R9120-B (generic
formula of (Na,_,)(Nb,Ti,_,)0;5i0,2H,0) is a zirconium
hydroxide (Zr(OH),)-bound form of a CST ion exchanger'® -
with significant promise for nuclear waste applications.'""” Received: January 6, 2025
IONSIV is a modified version of sitinakite with cubane-like Revised: Apr%l 6, 2025
[Ti,0,]%" clusters formed by four edge-sharing TiOg4 Acce.pted: Apr}l 7, 2025
octahedra,"” where cubane-like [Ti,0,]%* clusters are con- Published: April 15, 2025
nected by sharing vertices with SiO, tetrahedra to form a three-
dimensional system of crossed channels and a porous,

radioactive species, it is considered waste and requires
treatment by incorporation into a stable matrix or “wasteform”.
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The wasteform provides the required structural stability and
minimizes radionuclide release following disposal. Though Cs-
loaded IONSIV is considered intermediate-level waste (ILW)
in many countries,”” there is currently no disposal path for the
material; thus, it is currently held in safe interim storage on
several nuclear sites. Wasteform options under consideration
for radioactively contaminated CST include incorporation into
cementitious forms,>> vitrification into glass hosts,>**°
immobilization into a ceramic form,”*’® or recently,
immobilizing the CST within specialized glass-ceramic waste-
forms.”’~**

Cement has been utilized for the solidification of LLW and,
in some cases, for ILW.** With regard to IONSIV, however, Cs
can undergo ion exchange with sodium and potassium within
the cement composition and leach into the surrounding
environment through the cement pore water.””*" Further,
cement has a low waste loading31 and, therefore, produces
large waste volumes for disposal.

A glass wasteform was investigated for the immobilization of
CST following the treatment of highly alkaline liquid waste
from the Melton Valley Storage Tanks at Oak Ridge,
USA.”7** Aqueous durability assessments using the ASTM
C1285 standard test method™ indicated that acceptable glass
wasteforms (more durable than the Environmental Assessment
(EA) reference glass36) could be produced with a CST waste
loading of 29 wt %.%

Ceramic materials produced by sintering or hot-uniaxial/
hot-isostatic pressing (HUP/HIP) are potential candidate
wasteforms due to the very high chemical durability of some
mineral phases.”’ ~*° A number of ceramic phases have been
studied for the immobilization of Cs, includin§ }_1olla~ndite,41_44
pollucite,””~*” sodium zirconium phosphate,”* " and apatite'
due to their Cs incorporation capacity and their chemical and
mechanical durability. However, Cs is only a very small
chemical component of the Cs-loaded IONSIV waste
(predominantly Si, Ti, Nb, and Na in various quantities),
and therefore, additional phase(s) are required to immobilize
the entirety of the waste chemistry. The effect of the HIPing
CST material without glass or ceramic-forming additives (i.e.,
~100 wt % waste loading) was considered previously.”” A
multiphase ceramic was produced containing several Cs-
bearing phases that varied depending on the Cs loading.
Such phases included Cs,TiNbgO5, Cs,ZrSigO,5, and
Cs,ZrSi30y, and though hollandite was a target phase, it was
not formed.

Glass-ceramics (GCs) are composite materials that combine
the advantages of both glass and ceramic materials. The
nuclear wasteform community defines several types of product
materials as GCs and classifies them according to the product
itself or the process that produces them.’> GCs are chemically
more flexible and easier to process than pure ceramics, but they
also possess the enhanced chemical durability of ceramics
relative to conventional borosilicate glasses.53 To form GCs,
ceramic phases are crystallized by design within a glass matrix.
Effective GC compositions have been densified via sintering;”*
however, HIPing is a consolidation method that has been
shown to improve the chemical durability and densification of
the material, reduce the final volume, and avoid the
volatilization of species like Cs. Most importantly, GCs can
provide an increased tolerance to variation in waste
composition, which may arise from the varying rate of Cs
incorporation in the IONSIV. The target Cs-bearing mineral
phase within the GC is pollucite (CsAlSi,Og), a promising
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material for Cs-bearing waste immobilization owing to its
relatively high chemical durability and high potential Cs
incorporation (>40 wt %).*7%° Pollucite has a cubic (space
group I41/a) or tetragonal (space group Ia3d) structure,”’
with the general formula (Na, K, Rb, Cs)MgAl, P, ;O and is
known to incorporate a vast range of cations.” Though
pollucite has been found to have lower chemical durability
(0.093 g m™> d™! for 28 days, ASTM C1220 test’’) relative to
some other Cs-bearing mineral phases, for example, hollandite
(0.003—0.02 g m™* d~! for 28 days, ASTM C1220 test*"*’), it
is still considered highly chemically durable and suitable for the
application discussed here.

The current work investigated novel pollucite-based ceramic
and glass-ceramic wasteforms as candidates for the immobi-
lization of Cs-loaded IONSIV with high waste loadings.
Importantly, the pollucite-based wasteform was designed to
allow control of the phase assemblage and Cs-host phase by
modifying the synthesis conditions and wasteform chemistry.
Further, the wasteform was designed to accommodate
variability in the waste chemistry, specifically to produce a
common, durable, and flexible phase assemblage irrespective of
the amount of Cs present in the IONSIV.

2. EXPERIMENTAL PROCEDURE

2.1. Materials and Methods. IONSIV R-9120-B
((Na,_,)(Nb,Ti,_,)0;5i0,-2H,O combined with an inert
zirconate binder to form the granulated structure) was
supplied by Honeywell UOP. The as-received material was
contacted with a CsCl solution containing 0.6 M Na,SO, (1.8
g/L Cs, 100 mL/g of IONSIV) over 20 h with gentle agitation,
targeting a maximum Cs loading capacity of ~136 mg/g. The
unloaded (UL) and Cs-loaded (CsL) IONSIV material were
analyzed by X-ray fluorescence (XRF) and inductively coupled
plasma mass spectrometry (ICP-MS) to confirm chemical
composition.

Although the simple Cs-containing solution used to load the
IONSIV material is not necessarily representative of the actual
waste solutions to be treated, in the case of the current work,
the target waste stream is the actual Cs-loaded IONSIV and
not the simple Cs-containing solution. In this regard, IONSIV
material has a near-exclusive selectivity for the adsorption of
Cs over other ions commonly found in nuclear waste
solutions.>® For this reason, the Cs-loaded IONSIV prepared
here is expected to be a good surrogate for real waste material,
and consideration of how other elements impact the waste
treatment can be neglected. This approach is similar to that
taken for other published work in this field.”>***° Further,
radioactive isotopes of Cs (e.g,, Cs-137) will be included in
future studies, though the actual isotope of Cs is not expected
to influence the phase formation and wasteform design, which
is the focus of the current study.

Initial samples were prepared to mimic the IONSIV
composition determined for the CsL material using precursor
reagents via a modified alkoxide-nitrate route. A full ceramic
with a waste loading of 83 wt % denoted as Cs-loaded ceramic
(CsL-C), and two Cs-loaded glass-ceramic (CsL-GC) samples
with differing glass contents and waste loadings, denoted CsL-
GC1 and CsL-GC2, were prepared. Bulk compositions are
summarized in Table 1. All chemicals (analytical reagent
grade) were purchased from Sigma-Aldrich (Merck) and used
as received. Requisite amounts of NaOH, Nb,O;, Ludox-50
(50%w/w aqueous colloidal suspension of Si0O,), titanium
isopropoxide (TiPT), tetrabutyl zirconate (TBZ), and CsNO,

https://doi.org/10.1021/acs.est.5c00266
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Table 1. Bulk Oxide Composition and Sample Identification

Sample CsL- CsL-
Identifier CsL-C GC1 GC2 UL-VAL CsL-VAL
Full Glass- Glass-  Validation  Validation
Details Ceramic Ceramic Ceramic  with UL with CsL
glass content 0 3 20 20 20
(wt %)
waste loading 83 81 70 “70 “70
(oxide wt %)
CsL IONSIV Material (wt %)
Na,0 0.6 0.5 0.5 bUL bCsL
Nb,O4 19.2 18.9 16.0
SiO, 13.0 12.8 10.9
TiO, 21.5 21.2 18.0
ZrO, 14.1 13.9 11.8
Cs,0 14.1 13.9 11.8
Additives (wt %)
AL O, 6.1 5.4 6.5 6.5 6.5
Fe,0; 11.1 11.3 9.6 9.6 9.6
Na,O 0.4 2.8 2.8 2.8
Si0, 1.6 10.7 10.7 10.7
B,O, 0.2 1.6 16 1.6

“Oxide wt % based on ~18% loss of water for UL and CsL at 1100
°C. PActual amount of IONSIV added needs to consider the inclusion
of water (footnote a); so, for a 100 g sample requiring 76.2 g of
IONSIV as oxide, 93.0 g of UL or CsL was added.

were included to represent the IONSIV material, while
Fe(NO;);-9H,0, calcined AlL,O;, B,O; and excess NaOH
and SiO, were included as additives to control the formation of
the desired phases. The reagents were batched and mixed in a
stainless-steel bowl with deionized water. The resulting slurry
was stirred and dried overnight on a hot plate at ~110 °C. The
mixture was calcined in an alumina crucible in air at 600 °C for
4 h with a heating/cooling rate of 5 °C/min. The calcined
powder was wet ball-milled overnight using yttria-stabilized
zirconia grinding media and cyclohexane and subsequently
dried at ~110 °C on a hot plate to produce a fine powder with
particle size <10 ym (see Table S1). A portion of the powder
was packed into a hardened steel die and cold uniaxially
pressed at 180 MPa to produce a green pellet (~15 mm
diameter and 2 mm thickness). The pellet was placed in a
platinum crucible seated inside an alumina crucible and then
sintered. The sintering profile occurred under an air
atmosphere as follows: (a) heat at S °C/min from ambient
to the designated dwell temperature, (b) hold at the dwell
temperature for 6 h, and (c) cool to ambient temperature at §
°C/min. Four different dwell temperatures were investigated
(1100, 1200, 1300, and 1400 °C) for the CsL-C samples. The
dwell temperature for sintering CsL-GCs, UL-VAL, and CsL-
VAL samples was 1100 °C.

Validation of the wasteform design was then undertaken
using the actual UL and CsL commercial IONSIV material,
with the required additives included as oxide or hydroxide
salts, and the samples denoted as UL-VAL and CsL-VAL,
respectively. All oxide and hydroxide reagents (see Table 1)
were ground with UL or CsL IONSIV in a mortar and pestle.
These samples were calcined in air at 600 °C for 4 h with a
heating/cooling rate of S °C/min. The calcined powder was
pressed into pellets and sintered in air at 1100 °C for 6 h with
a heating and cooling rate of 5 °C/min.

2.2, Sample Characterization. The trace elements were
quantified by inductively coupled plasma-mass spectrometry
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(ICP-MS) using a Varian 820-MS mass spectrometry system
equipped with nickel cones, a MicroMist ICP nebulizer
(Agilent Technologies), a Ryton double-pass Scott-type spray
chamber (Agilent Technologies), and an SPS 3 autosampler
(Agilent Technologies).

Wavelength dispersive X-ray fluorescence spectrometry was
conducted using a Rigaku ZSX Primus IV instrument to
analyze the elemental composition using a quantitative
empirical calibration method. The sample was prepared for
analysis by mixing it with a lithium borate flux and heating it to
1050 °C to create a glass bead. The measured elemental
composition for CsL-C, CsL-GC1l, and CsL-GC2 was
determined by XRF, and the results are in reasonable
agreement with the targeted compositions, noting the
somewhat higher Al,O; content of CsL-C (see Table S2).

The mineralogy was determined by X-ray diffraction (XRD).
X-ray powder diffraction patterns were obtained using a Philips
PW1050 diffractometer (PANalytical Ltd., Almelo, The
Netherlands) with CuKa radiation, an angular range of 5°—
80° 20, a step size of 0.03° 26, and a step time of S s. Phase
abundances were determined bgr Rietveld refinement analysis
using HighScore Plus software.”’

The bulk density and apparent porosity of the samples were
determined according to ISO 18754—2020 by liquid displace-
ment (Archimedes’ method®'). The analysis was performed in
duplicate, and the results reported are the average of the
measurements. The true density was determined using an
Anton Paar Ultrapyc 5000 gas pycnometer. Helium gas was
used for cell pressurization. Measurement uncertainties are
estimated from the standard deviation of the mean of replicate
results at the 95% confidence level.

Thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) were conducted simultaneously from room
temperature up to 1300 °C. ~100 mg of powder or monolith
was investigated by TG-DTA with a heating rate of 10 °C/min
by using a NETZSCH model STA 449 F3 Jupiter apparatus
equipped with a SiC furnace. Alumina crucibles were used
along with alumina powder as the reference.

The morphology and elemental composition of samples
were examined by using scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) with energy-
dispersive X-ray spectroscopy (EDS). Samples were examined
using a Zeiss Ultra Plus (SEM-EDS) (Carl Zeiss NTS GmbH,
Oberkochen, Germany), operating at 15 kV and equipped with
an X-Max 170 mm* SDD X-ray microanalysis system (Oxford
Instruments, Abingdon, Oxfordshire, UK). The samples were
cold-mounted in epoxy resin, and final polishing was
performed utilizing diamond-impregnated polishing pads (3
and 1 gm). The polished samples were coated with ~10 nm of
carbon using a carbon evaporative coater. TEM samples were
prepared by grinding fine particle fragments under ethanol
with a mortar and pestle. The solution containing the
fragments was drawn up via pipet and deposited onto holey
carbon film supported on TEM copper mesh grids. Microscopy
was carried out using a JEOL 2200 FS TEM operated at 200
kV, with images and diffraction patterns collected by Gatan
Orius and Ultrascan cameras. The TEM was fit with an Oxford
X-Max energy-dispersive X-ray detector (EDS), 80 mm?, with
data analysis performed via Oxford INCA, version 4.15.

Chemical durability testing was conducted according to the
standard ASTM C1285 Product Consistency Test (PCT),
Test Method B,* using the following experimental conditions:
ASTM Type I deionized water leachant, a 7-day test period,

https://doi.org/10.1021/acs.est.5c00266
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PFA TFE-fluorocarbon test vessels, a 0.150—0.075 mm particle
size range, a 90 °C test temperature, and a 10 cm?® g_1 leachant
volume/sample mass ratio. Leachate solutions were analyzed
for elemental composition by ASTM C1109 — analysis of
aqueous leachates from nuclear waste materials using
inductively coupled plasma atomic emission spectroscopy.

3. RESULTS AND DISCUSSION

3.1. IONSIV Composition. The elemental composition of
the UL and CsL IONSIV was first determined by XRF analysis
and separately (for UL IONSIV) via digestion in oxalic acid
and ICP-MS (see Table S3). The elemental quantities were
used to derive an empirical formula of (Nag,)(NbgeTi4)-
Si; ;0,-4H,0, which is consistent with previously reported
results,®”’ noting that water content was not measured.
Compositional analysis also revealed the presence of Zr,
which arises from the Zr(OH), organic binder used to
coagulate the IONSIV powder into beads. Importantly, there
was no evidence from XRF data of significant Cs release from
CsL IONSIV following the various thermal treatments (no
heat treatment, 600, 800, and 1100 °C) up to 1100 °C. The Cs
composition of the CsL IONSIV was determined to be ~17 wt
% (oxide wt %) from XRF analysis, replacing sodium (~4.5 wt
% Na,O in UL IONSIV and 0.5 wt % in CsL IONSIV). The
XRF results for the UL and CsL IONSIV (after thermal
treatment at 800 °C) were used to guide the formulation of the
initial candidate wasteform samples, prior to validation of the
wasteform design with the actual IONSIV materials.

3.2. Thermal Treatment of IONSIV. TGA-DTA was
performed under an argon atmosphere for the UL and CsL
IONSIV (see Figure S1). To assist in the comprehension of
the UL and CsL IONSIV thermal profiles, SEM-EDS (Figures
S2 and S3) and XRD (Figure S4) analyses were also carried
out by following various thermal treatments (before sintering
and after sintering at 600 °C, 800 °C, and 1100 °C for 1 h in
air). In both samples, the major mass loss at temperatures
below 600 °C was attributed to the desorption of bound
water,””'” with corresponding endothermic peaks in the DTA
at 270 and 240 °C for the UL (~18.9 wt % mass loss) and CsL
(~13.7 wt % mass loss) IONSIV, respectively. A second mass
loss in the UL sample between 300 °C and 600 °C was
attributed to the conversion of the Zr(OH), binder to ZrO,."”
Water loss at temperatures of <500 °C in both samples was
associated with amorphization. Exothermic peaks between 700
and 1250 °C in UL and CsL IONSIV were due to the high-
temperature crystallization of various ghases, including
ZrTi0,, SiO,, and TiO, in the UL sample,” and CsTi,NbO,
and Cs,NbTiO g4 phases in the CsL sample. An endothermic
peak at 1200 °C, which corresponds to a 0.2 wt % weight loss
in the CsL sample, may be due to the sublimation of Cs,O in
the form of gas.”*

3.3. Wasteform Design. 3.3.1. Full Ceramic Wasteform
Design, CsL-C. The full ceramic wasteform design (CsL-C)
targeted pollucite (CsAlSi,Og) for Cs incorporation. AL,O; was
included as an additive (Cs:Al molar ratio = 1.0:1.2) to
promote the formation of pollucite. Excess Al was expected to
form AL, Oj; as a phase compatible with pollucite. Fortuitously,
pollucite also provides a suitable phase for the incorporation of
minor amounts of Na in the waste,”” as well as the majority of
the Si present (~92% of the Si inventory in the case of
stoichiometric CsAlSi,Og). Rutile and zirconia were both
considered stable and compatible phases in the design with
pollucite, and an equimolar amount of Fe’" to Nb** was
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included to promote the formation of a solid solution with Ti
as (Ti;_,,Nb**,Fe** )O,, where Nb is substituted for Ti and Fe
provides charge balancing. The wasteform design maximizes
the waste loading (83 wt % on an oxide basis) with the only
additives being Al,O; and Fe,O;. The samples were sintered at
various temperatures up to 1400 °C in air for 6 h and were
characterized using XRD and SEM-EDS.

XRD analysis (Figure 1) showed the formation of a
multiphase ceramic system for CsL-C following consolidation
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Figure 1. XRD patterns of CsL-C sintered at 1400 °C, CsL-GC2, UL-
VAL IONSIV, and CsL-VAL IONSIV sintered at 1100 °C in air for 6
h.

at 1400 °C. A similar phase formation was observed
irrespective of the consolidation temperature between 1100
and 1400 °C (see Figure SS). The main phases identified in
the XRD pattern were pollucite ((Cs, Na)AlSi, Oy, tetragonal,
I41/acd, JCPDS 01-077—1124), srilankite (ZrTi,Og ortho-
rhombic, Pbcn, JCPDS 01—075—1739), and minor amounts of
corundum (ALO,, rhombohedral, R3¢, JCPDS 01—075—
0782), rutile (TiO,, tetragonal, P42/mnm, JCPDS 01—073—
1765), and trace amounts of iron aluminum titanate
(orthorhombic, Cmcm, P42/mnm, JCPDS 01—076—1157).
The XRD data were in good agreement with the phases
identified by SEM-EDS (Figure 2 and Table 2). The
consolidation temperature did not impact the elemental
composition of each phase as determined by SEM-EDS
analyses, and average phase compositions for all ceramic
samples are summarized in Table 2.

Figure 2 provides phase identification and microstructure of
CsL-C sintered at 1400 °C. The sample sintered at 1100 °C
displayed significantly higher porosity compared to the samples
sintered at relatively higher temperatures. At the lower
sintering temperature (1100 °C), pollucite (CsAlSi,Og) was
characterized as the main, mid-gray phase. Small, submicron-
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Figure 2. SEM images of CsL-C and CsL-GCs samples. The phases are labeled as (P) pollucite, (S) srilankite, (R) rutile, (C) corundum, (AT)
aluminum titanate, and (G) glass. Pores are labeled in CsL-GCl.

Table 2. Summary of the Average Composition of Phases from the SEM-EDS Analysis for CsL-C, CsL-GCs, UL-VAL, and CsL-
VAL Wasteforms

Phase CsL-C CsL-GCl1 and CsL-GC2 UL-VAL CsL-VAL
Composition from SEM-EDS
“pollucite Cs0,05A1S1,0¢ Cs.55Al) 751,04 NP Cs.03A1S1,04
Usrilankite (Tig37Zro20NboasFeq15)O0s  (Tig 302102, Nby 15Feg 15) O, (Tig45Zro25Nbg 14Feq 15) O, (Tig40Zr024Nbg 17Feq16) O,
‘rutile (Tig4sNbo.sFeg20) O, (Tig 5sNbg 15Feq17)O, (Tig62Nbg 15Feq 14) O, (Tig.57Nbg 15Feg 15) O,
“9glass(Cs content in at.%) NP Nay 7oAl 45B0.5051,06(0.85 at.%)  Nag 6,Aly30B5051, 05 Na 50Aly ¢0Bo.5051,06(0.75 at.%)
additional phase AL O, NP “ZxSi0,, AlygoFe,TigeOs, ALO; NP

“Pollucite contains minor Na (<0.06 fu.), Ti (<0.13 fu.), and Fe (<0.15 fu.) in all samples. YFor CsL-C, srilankite contains minor Al (<0.05 fu.).
“Rautile contains minor Al (<0.05 f.u.) and Zr (<0.10 fu.) in all samples. 9For CsL-GC, UL-VAL, and CsL-VAL, glass contains trace Ti (<0.15 fu.),
Fe (<0.20 fu.), Nb (<0.12 fu.). CsL-GC2 and CsL-VAL contain Cs (~0.07 fu.). For CsL-GC1, glass contains trace Ti (~0.45 fu.), Fe (~0.38
fu.), Zr (~0.18 fu.), Nb (~0.26 fu.), and Cs (~0.11 fu.). “Zircon contains minor Ti (<0.15 fu.) and Nb (<0.05 fu.).

Table 3. Density and Porosity Values for the CsL-C and CsL-GC Wasteforms

Sample CsL-C CsL-GCl1 CsL-GC2
sintering temperature (°C) 1100 1200 1300 1400 1100 1100
“true density (g/cm?) - 4.174 £+ 0.00S - 4.89 + 0.13 3.92 £ 0.05
“bulk density (g/cm®) 2.14 + 0.05 3.56 + 0.05 3.85 + 0.05 3.73 + 0.05 2.58 + 0.06 3.40 + 0.06
bapparent porosity (%) 47.6 + 4.00 9.90 = 0.50 1.10 £ 0.20 4.90 = 0.50 36.5 + 1.70 3.40 + 1.80

“The reported estimate of measurement uncertainty was calculated at an approximately 95% confidence level. “Reported numbers are the average
of duplicate samples.

sized, similar-contrast particles of srilankite were associated aluminoborosilicate glass (NaAlysB,sSi,O4) was targeted at
with the pollucite. The density increased with a temperature of either 3 or 20 wt % to investigate the impact of glass content
above 1100 °C (see Figure S6). Also, at higher sintering on properties. The glass composition was based on previous
temperatures, islands of dark-contrast corundum (AL O;) with work formulating fluorite, pyrochlore, and zirconolite GCs.”**°
diameters of 10—20 ym were observed. XRD and SEM results Glass not only provides flexibility to the wasteform design, as it
confirm that the targeted phase assemblage was achieved. The can incorporate small amounts of all the waste elements, but
addition of Al,O; facilitated the formation of pollucite to also can simplify the processing requirements. The addition of
incorporate the Cs and Si components of the waste, and the glass, however, reduces waste loading slightly relative to CsL-
addition of Fe,O; provided charge balancing, allowing the C, with waste loadings of 81 wt % (CsL-GC1, 3 wt % glass)
incorporation of Nb* within the srilankite and rutile phases. and 70 wt % (CsL-GC2, 20 wt % glass) achieved. GC samples
The bulk density measurements for the CsL-C samples were sintered at 1100 °C to allow the assessment of
(Table 3) confirm observations from the SEM micrographs. densification from glass inclusion relative to CsL-C.
CsL-C sintered at 1100 °C is extremely porous, with relatively XRD analysis (Figure 1) showed the formation of pollucite,
low bulk density and high apparent porosity. Bulk density srilankite, and rutile as the main phases in both GCs, which
increased with sintering temperature (1200—1400 °C), though matched the reference patterns for CsL-C. Glass content did
a subtle decrease in bulk density was observed at 1400 °C not have a significant effect on crystalline phase formation,
relative to the 1300 °C sample. Apparent porosity was though it significantly inhibited the formation of corundum
determined to be 1.10% for CsL-C sintered at 1300 °C, and aluminum titanate phases relative to CsL-C. Micro-
which was the lowest value determined for all CsL-C samples structural and EDS analysis (Figure 2 and Table 2) confirmed
studied. the XRD results for both GCs. Glass content did not impact
3.3.2. Glass-Ceramic Wasteform Design, CsL-GC. Similarly the elemental composition of each of the phases formed, and
to the full ceramic, glass-ceramics (GCs) targeted pollucite for the resulting average phase compositions for each GC are
the immobilization of Cs. Again, an equimolar amount of Fe** provided.
to Nb** was included to promote srilankite and rutile, in From the SEM micrographs (Figure 2), it appeared that the
combination with the Ti and Zr present in the waste. Sodium inclusion of glass reduced the porosity under similar sintering
7952 https://doi.org/10.1021/acs.est.5c00266
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Table 4. ASTM C1285 Chemical Durability Test Results for CsL-C, CsL-GC1, and CsL-GC2 (1100 °C in Air for 6 h) and

Reference Ceramic and Glass”

Normalized Mass Loss (NL;), mg/m” after 7 days

Element CsL-GC1 CsL-GC2
Al 460 + 60 1272 + 3.7
B 3080 + 140 184 + 7
Cs 98 + 12 39.1 + 4.6
Fe 84+ 1.1 0.96 + 0.33
Na 13 800 + 2900 1200 + 120
Nb 13 £ 25 1.14 + 0.10
Si 950 + 140 142 + 8
Ti 7.1+ 19 0.44 + 0.08
Zr 8+9 2.50 + 0.22

CsL-C Reference Ceramic’® bReference Glass®®
516 + 30 N/A N/A
N/A N/A 856
180 + 60 265 + 10.5 N/A
0.63 + 0.16 N/A N/A
13 800 + 2800 777 £ 30 535
0.296 + 0.029 0.7 + 0.7 NR
970 + 60 286 + 3.5 NR
1.16 + 0.23 0.7 +£ 0.7 NR
0.026 + 0.005 14 + 0.7 NR

“NR = not reported; N/A = not available in the wasteform. “Normalized elemental mass loss values for 30% CST waste loading glass were
calculated based on the reported normalized concentration and density results in ref 68 using the formulas provided in ASTM C128S sections
25.4—25.5, assuming that the standard particle size and leachant volume values were employed as per ASTM C1285, Test Method A.

Figure 3. SEM images of UL-VAL and CsL-VAL samples sintered at 1100 °C. The phases are labeled as (P) pollucite, (S) srilankite, (R) rutile, (Z)

zircon, (AT) aluminum titanate, and glass.

conditions (1100 °C for 6 h). This was confirmed via density
measurements (Table 3), which returned apparent porosity
results of 47.6, 36.5, and 3.40% for samples with 0, 3, and 20
wt % glass added. In addition, the Cs content of the glass phase
was extremely low (the detection limit of Cs in glass in SEM is
0.1 wt %°’), with the vast majority incorporated into the
pollucite crystalline phase, as targeted. SEM-EDS analysis
confirmed that 99% and 93% of the Cs inventory was
partitioned to the pollucite phase for CsL-GC1 and CsL-GC2,
respectively (see Table S4 and Note 1 in the Supporting
Information). From a wasteform design perspective, partition-
ing of Cs into pollucite rather than glass is desirable, given its
greater chemical durability.

3.3.3. Wasteform Chemical Durability. The chemical
durability of the ceramic and glass-ceramics was assessed
using the ASTM C128S test method,®” and the results are

7953

reported in Table 4 together with ASTM C1285 results
previously published in the literature for other candidate
glasses and ceramics, where available. Elemental release from
the GCs is incongruent, with significantly lower normalized
losses found for the major ceramic components (Cs, Ti, Nb,
Fe, and Zr) relative to the glass-forming elements Na, B, Si,
and Al Further, Cs release from the GCs was relatively low (98
+ 12 and 39.1 + 4.6 mg/m2 for CsL-GC1 and GC2,
respectively), indicating the effective immobilization of Cs
within the more durable pollucite phase. The sample with
higher glass content (CsL-GC2) displayed lower Na and B
normalized mass loss relative to CsL-GC1, which may be due
to its higher density. The release of Na from the two GCs is
comparable to that found for the reference glass (“Glass”,*® 30
wt % CST waste loading), noting that the GCs have
significantly enhanced waste loading and improved Cs

https://doi.org/10.1021/acs.est.5c00266
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Figure 4. (a, ) TEM bright-field image, (b, f) high-resolution (HRTEM) image showing the layer spacing, (¢, g) lattice resolved HRTEM image
with the inset showing 2D fast Fourier transform (FFT), and (d, h) SAED pattern of the crystal fragment of orthorhombic srilankite and tetragonal
pollucite phases for UL-VAL and CsL-VAL samples. The SAED pattern of srilankite in UL-VAL and pollucite in CsL-VAL was viewed down the <0

1 0> zone axis and <3 9 4> zone axis, respectively.

retention. Cs normalized mass loss from CsL-GC2 showed an
almost 7-fold improvement when compared to the reference
HIPed ceramic previously reported.”® This was found similarly
to the full ceramic sample, CsL-C, with regard to Cs; however,
a relatively high normalized mass loss of Na (13800 + 2800
mg/m?) for CsL-C was due to the absence of a suitable host
phase for Na, justifying the inclusion of glass in the GC design.

It is also useful to compare Cs release rates in these
candidate wasteforms for IONSIV immobilization with pure
Cs-containing phases, noting that fabrication conditions,
elemental compositions, and leach testing methodologies
may be different. The Cs release rates for the samples
prepared in this study (0.04—0.2 g/m?) are very low and
comparable to those reported for hollandite (~0.2 g/m?),%
Synroc C (~0.7 g/m?),”” sodium zirconium phosphate (0.01—
0.3 g/m?*)," and pollucite (0.2—2 g/m*)”" in 7-day leach tests.

3.3.4. Wasteform Validation. Given the relatively high
waste loading, acceptable phase formation, relatively low
sintering temperature required, and the promising aqueous
durability results, the GC with 70 wt % waste loading and 20
wt % glass (CsL-GC2) was selected to progress to a wasteform
validation study. In this study, phase formation was assessed
using previously prepared UL and CsL IONSIV materials
(nonradioactive Cs) by simply mixing 70 wt % of the IONSIV
(either UL or CsL) with the required additives (Al,O;, Fe,0;,
B,0;, NaOH, and SiO,) according to the composition
provided in Table 1, with sintering at 1100 °C. Given the
limited powder processing steps during synthesis, the waste-
form design was assessed for its ability to promote the required
phase formation without precursor powder milling steps, and
to accommodate waste variations. To establish if a common
phase assemblage will form irrespective of the amount of Cs
loaded onto the IONSIV adsorbent, extremes of Cs loading
(saturated and unloaded) were examined. The samples were
identified through the validation study as UL-VAL for the
unloaded IONSIV GC sample and CsL-VAL for the Cs-loaded
IONSIV GC sample.

Figure 1 provides the XRD patterns for UL-VAL and CsL-
VAL, and both samples showed the formation of srilankite and
rutile as predominant crystalline phases. The UL-VAL sample
showed trace zircon (ZrSiO,, tetragonal, 141/amd, JCPDS
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01—083—1379). Zircon is a naturally occurring mineral that is
extremely durable and has long been established for nuclear
waste immobilization,”> and its trace inclusion is acceptable.
The CsL-VAL sample additionally showed the formation of
pollucite for Cs immobilization. A quantitative phase analysis
for CsL-GCl1, CsL-GC2, UL-VAL, and CsL-VAL showed
srilankite to be the most abundant phase in almost all samples
(41—48%) with pollucite being the second most abundant
phase in the Cs-loaded samples (29—36%). CsL-VAL showed
results similar to CsL-GC samples, though with a slightly
higher rutile content (30% compared to 16—20%). Only minor
amounts of zircon (1.3%) were present in the UL-VAL sample,
which also showed a high rutile abundance of 51.7% (see
Table S4).

SEM images (Figure 3), EDS analysis (Table 2), and EDS
spectra (see Figures S7 and S8) for UL-VAL and CsL-VAL are
consistent with XRD data. The UL-VAL sample showed the
formation of srilankite, rutile, zircon, and trace aluminum
titanate in the SEM image. Glass was also identified with a
composition varying in the range of Nagg_o9Aly3 7B 551,06
(noting that B is unmeasurable by SEM-EDS and therefore
inferred). The glass also contained minor amounts of titanium,
iron, and Nb. Minor Al,O; was crystallized in glass-rich areas
of UL-VAL as a result of the excess Al,O; included in the
design to ensure pollucite formation when Cs was present.
CsL-VAL displayed an additional pollucite phase and a glass
composition in the range of Na;, | sAlj4_;sBosSi,O4. As with
the UL-VAL sample, the glass contained minor amounts of Ti,
Fe, and Nb, and Cs. Targeted phase compositions were
measured irrespective of the Cs loading on the IONSIV
starting material.

TEM-EDS analysis was undertaken on UL-VAL and CsL-
VAL to confirm the phase allocation and SEM-EDS results
(Figure 4). TEM-EDS analysis for UL-VAL and CsL-VAL
(Table SS) provided compositions that were in good
agreement with SEM-EDS data. The TEM data for UL-VAL
confirmed the formation of srilankite with a d-spacing of 0.21
nm for the crystal lattice plane (2 0 0). This was marginally
lower (~10%) than the ideal value according to the XRD
reference pattern (ZrTi,Og 0.23 nm, JCPDS 01—-075—1739).
The XRD peaks in Figure 1 showed a similar shift from the
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ideal reference pattern of srilankite and returned a d-spacing of
0.23 nm for the (2 0 0) plane (XRD diffraction peak at 38°
26). This may be a result of the incorporation of Nb>* and Fe**
into the lattice of srilankite, as these elements have different
ionic radii compared with Ti*" and Zr*".”” The selected area
electron diffraction (SAED) pattern of this phase, as viewed
down the <0 1 0> zone axis with the Bragg maxima for the (0 0
2) and (2 0 0) crystal lattice planes highlighted, also confirmed
its identity as srilankite (orthorhombic crystal structure with a
space group of Pbcn). TEM data for CsL-VAL (Figure 4)
confirmed the formation of pollucite with crystal lattice planes
(13 6) and (6 2 0) and corresponding d-spacings of 0.20 and
0.21 nm, respectively. These align with the (6 3 1) (d-spacing
of 0.20 nm) and (6 2 0) (d-spacing of 0.21 nm) diffraction
peaks of the ideal XRD reference pattern ((Cs, Na)AlSi,Og,
JCPDS 01—-077—1124). The SAED pattern of this phase, as
viewed down the <3 9 4> zone axis with Bragg maxima for the
(1 3 6) and (6 2 0) crystal lattice planes highlighted, also
confirmed its identity as pollucite (tetragonal crystal structure
with a space group of I41/acd). TEM-EDS analysis confirmed
that ~93% (Table S4) of the Cs inventory in CsL-VAL was
partitioned to the pollucite phase, in agreement with that
found for CsL-GC2.

Consideration of the targeted Cs-137 loading onto the
IONSIV is required, as it generates high radiation fields and,
consequently, appreciable amounts of radiogenic heat, which
must be considered in wasteform design, waste classification,
and finally, disposal. For example, a theoretical wasteform
package of S L (e.g, a S L HIPed canister of CsL-GC2
containing 19.5 kg of the material) with 0.002% w/w Cs-137
loading on the IONSIV would have an activity concentration
of 176 GBq/L, which is typical of US class-C waste (4600 Ci/
m’, or 170 GBq/L) (see Note 2 in the Supporting
Information). Such a theoretical waste package would have a
heat output of ~0.11 W, an activity concentration of ~4.5 X
10" Bq/g, and a gamma dose rate on contact of 3 Gy/h
(estimated using Microshield Pro 13.10X software). At these
levels of activity and heat generation, the package may be
defined as ILW according to International Atomic Energy
Agency (IAEA) guidelines.”* Higher Cs-137 loadings on the
IONSIV may result in such wasteforms bein§ classified as
HLW, thus requiring disposal at greater depths.”* For example,
if the Cs loading rate was 0.1% w/w, a S L wasteform package
would generate approximately 6 W of radiogenic heat, with a
predicted activity concentration of 2.3 X 10° Bq/g and a
modeled dose rate on contact of ~150 Gy/h. Irrespective of
the loading, the current wasteform design was demonstrated
for such ranges of Cs-137 waste loadings. The selected
candidate wasteform maintained a very high waste loading of
70 wt % and the inclusion of glass provided a chemically
flexible and simpler-to-process material. Importantly, the
tailored design ensured the production of a consistent phase
assemblage, irrespective of Cs-loading on the IONSIV, with Cs
partitioned (>90% of the inventory) into the more chemically
durable pollucite phase. This was successfully demonstrated in
the validation study, which considered the extremes of Cs
loading, ie., Cs-saturated IONSIV and unloaded material
(CsL-VAL and UL-VAL, respectively). The results of chemical
durability testing indicated an improved design relative to
alternative candidate wasteforms for the immobilization of Cs-
loaded IONSIV. The samples also showed high mechanical
durability, with compressive strength values between 50 and
300 MPa” (see Figure S9). Table 5 provides a detailed
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comparison of this wasteform and treatment approach to the
state of the art, noting that no treatment option is currently in
place.

There are a range of positive environmental implications
that would be realized by implementing this proposed novel
wasteform solution. First, the tailored and novel glass-ceramic
wasteform has high chemical durability compared with current
alternative options. Given that the initial rate-limiting factor for
radionuclide release to the environment is dependent on the
chemical durability of the wasteform within the disposal site,
the best way to reduce environmental risk and radionuclide
release to the biosphere is to optimize the wasteform by careful
design for the waste in question. This has been successfully
achieved in the current work. Second, by increasing the waste
loading, the volume of the wasteform is reduced, resulting in
both reduced life-cycle costs, transport, and geological
repository volume requirements. Increasing the waste loading,
however, typically results in a less durable wasteform and,
therefore, a higher environmental risk. The current work
balances waste loading and chemical durability for an
optimized solution. Third, the wasteform is compatible with
HIP processing, and an important advantage of this technology
is that the theoretical density of the material can be achieved
with minimum temperature, thereby adding to the overall
strength and chemical durability of the wasteform. Further,
environmental impacts from radionuclide volatilization during
high-temperature processing and subsequent secondary waste
production are eliminated as consolidation occurs within
sealed metal HIP canisters.
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