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ABSTRACT

lon exchange materials are used widely for the removal of radionuclides from contaminated water at
nuclear licensed sites, during normal operating procedures, decommissioning and in accident clean-up,
such as the ongoing recovery operation at the Fukushima Daiichi nuclear power plant. Framework silicate
inorganic ion exchange materials, such as chabazite ((Nao.14K1.03Ca1.00Mgo.17)[Al3.36Si8.53024]-9.7H,0), have
shown particular selectivity towards *’Cs uptake, but their safe storage poses a number challenges
requiring conditioning into passively safe waste packages of minimal volume. We demonstrate the
transformation of Cs-exchanged chabazite into a glass-ceramic wasteform by hot isostatic pressing to
produce a durable consolidated monolith. The application of heat and pressure resulted in the collapse of
the chabazite framework, forming crystalline Cs-substituted leucite (Cso.15(3)Ko.57(a)Alo.90(4)Si2.24(5)O6)
incorporated within a K,0-CaO-MgO0-Al,03-Si0, glass. The Cs partitioned preferentially into the Cs/K-
feldspar which incorporated ~77% of the Cs,0 inventory. Analysis of the chemical durability of the glass-
ceramic wasteform revealed that the Cs release rates were comparable or lower than those reported for
vitrified high level and intermediate level wastes. Overall, hot isostatic pressing was demonstrated to be
an effective processing technology for conditioning spent inorganic ion exchange materials by yielding

durable and passively safe wasteforms.

Key Words: Hot isostatic pressing, ion exchange materials, nuclear waste management, characterisation,

chemical durability
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1. Introduction

On March 11%, 2011, the Great East Japan earthquake (9.0 magnitude) occurred, which resulted in the
automatic shutdown of the operating reactors (Units 1-3) at the Fukushima Daiichi nuclear power plant
(NNP) [1, 2]. In the series of events that followed, the nuclear fuel melted with the cladding and there
were a series of hydrogen explosions in Units 1, 3 and 4 [1]. To cool the damaged reactor cores and remove
residual decay heat, sea water was injected into the reactor buildings and turbine halls using fire trucks
for approximately two weeks, after which fresh water circulation was reinstated with restored access to
the power supply [3]. The emergency and post-accident reactor cooling resulted in the generation of large
volumes of highly radioactive water (due to contact with molten/damaged fuel) of which *¥’Cs is the
largest component of the total activity [3]. *’Cs is a short-lived radionuclide (ti= 30.2 years) that poses
a radiological risk to humans and the environment, due to high energy beta and gamma emissions (**’Cs
beta decay to 1¥’™Ba (0.512 MeV) followed by gamma decay to *’Ba (0.662 MeV)) [4], the ease of exchange

for K and Na salts in biological organisms, and its high solubility in water.

To facilitate ¥’Cs removal from the contaminated coolant water, two water treatment facilities were
installed on the Fukushima Daiichi NPP site, Kurion and SARRY, which used the framework silicate
inorganic ion exchange materials herschelite [5] and IONSIV (Honeywell UOP [6]). These facilities have
since treated contaminated water volumes of 394,720 m® and 1,827,290 m3, respectively [7] (values
correct as of April 2020). Similar framework silicate ion exchange materials are used in the routine
treatment of radionuclide contaminated water at nuclear licensed sites, for example, the SIXEP plant at

Sellafield (UK).

After selective uptake of radionuclides, the storage of spent ion exchange materials poses several
challenges. This is particularly the case at Fukushima Daiichi NPP where on-site storage space is extremely
limited, and there are strong incentives for the rapid decommissioning of the site. Spent ion exchange
materials pose a particular challenge, due to: potential dispersal in the event of a loss of containment, as
aresult of their granular nature; very high dose rates and radiogenic heating, as a result of their selectivity
for short-lived radionuclides (e.g. °Sr, 3’Cs); and production of hydrogen from the radiolysis of entrained
water, which poses a potential explosion risk [8]. Since spent ion exchange materials are generated not
only at Fukushima, but also at other nuclear licenced sites as described above, there is a clear need to

develop suitable conditioning routes to minimise the risk associated with these highly radioactive and

3
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dispersible materials, whilst producing passively safe waste packages of minimal volume, to reduce

storage and disposal costs.

One potential conditioning route for spent ion exchange materials is to apply hot isostatic pressing
(HIPing), which uses the concurrent application of temperature (up to 2200 °C) and pressure (typically
100-200 MPa) to a work-piece (HIP canister) within a pressure vessel. The changes imposed to the work-
piece include the conversion into a passively safe solid monolith product, with exclusion of porosity and
voidage (with respect to powder and granular materials) [9]. For these reasons, HIPing is currently under
consideration as a thermal treatment process for conditioning radioactive wastes ranging from sludges
[10, 11] and high level wastes [12, 13] to portions of the UK Pu stockpile [14-17]. Typically, the resulting
HIPed wasteform will be a ceramic or glass-ceramic matrix, where the waste is an integral component of
the host matrix [18, 19]. HIPing radioactive waste provides several advantages: the batch to batch
processing provides inventory and criticality control, where desirable; it is possible to achieve high waste
loadings by conversion of adequately dried waste directly to a monolith of acceptable phase assemblage;
there is no requirement for a fluid melt, as in the application of conventional vitrification; and there is
minimal off-gas and secondary waste generated, due to the hermetically sealed nature of the HIP can.
There is potential for waste volume reduction between 20-70%, which could provide significant storage
and disposal cost savings [18, 19]. In principle, a single HIP unit could also process multiple waste feeds,
due to the batch wise and contained nature of the process and the wide range of accessible process

conditions [19].

At present, there are no full-scale HIP plants operational for nuclear waste treatment, however the
Australian Nuclear Science and Technology Organisation (ANSTO) are commissioning a HIP plant (Synroc
Waste Treatment Plant; SWTF) that is expected to be completed in 2020, with an estimated annual
capacity to process ~5000 L of wastes generated from medical isotope production [20]. The UK Nuclear
Decommissioning Authority (NDA) have proposed HIPing as a credible option for processing a portion of
the civil PuO; stockpile [21] (and plutonium-residues) with several research programmes underway. In the
USA, the Department of Energy (DoE) have considered HIPing for conditioning calcined high level wastes
generated at the Idaho Nuclear Technology and Engineering Center (INTEC) from spent fuel reprocessing
operations. HIPing INTEC calcined wastes is reported to be capable of saving an estimated $2 billion in

disposal costs, which is equivalent to a 50% reduction when compared with the baseline immobilisation
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option of a borosilicate glass matrix (based on analysis reported in 2004) [12]. As such, there is a clear
mandate and need to continue underpinning HIP wasteform characterisation and performance for a wide
variety of nuclear wastes (including spent ion exchange materials investigated here) to enable/assist

waste management decisions by appropriate governmental bodies and waste owners.

In this study, the application of HIPing as a consolidation technique for the conversion of Cs-exchanged
inorganic ion exchange material was demonstrated based on small-scale (~¥35 g) wasteforms, which
resulted in a multiphase glass-ceramic at 70wt. % waste loading. Cs-exchanged chabazite
((Nao.14K1.03Ca1.00Mgo.17)[Al3.36Sis.53024]:9.7H20), which is reasonably similar in composition to herschelite
(Naz,K,Ca,Sr,Mg>)[Al,Si;01,]2-12H,0) deployed by Kurion (now part of Veolia Nuclear Solutions) at
Fukushima Daiichi NPP [3]) was employed to simulate this waste. The HIP parameters were optimised by
the variation of pressure (50-100 MPa) and temperature (1050-1250 °C) at a fixed duration (4 h) and the
resulting small-scale wasteform was characterised by XRD, XRF and SEM/EDX techniques and, to assess

its passive safety, a durability assessment was performed.
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2. Experimental Methodology

2.1 Materials and Methods

Natural chabazite was sourced as the product “Zeover” from Verdi S.p.A. The particle size range was 0.1
to 0.7 mm, the overall composition was (Nao.14K1.03Ca1.00Mgo.17)[Al3.36Sis.53024]-9.7H,0 with a cation
exchange capacity (CEC) of 2.2 + 0.2 meq/g [22]. However, being derived from a natural source, 70% of
the material was chabazite, with the remaining fraction including contributions from: volcanic glass (18%);
phillipsite (2%); K-feldspar (5%); biotite (2%) and; pyroxene (3%) [22]. The natural chabazite in this proof
of concept study was previoulsy utilised in vitrification studies as a reasonable simulant of a proprietary
ion exchange deployed by Kurion (now part of Veolia Nuclear Solutions) [23]. Therefore, the HIPed
wasteforms developed here could be relevant to the processing of spent high dose materials at Fukushima
Daiichi NPP, at a 70 wt. % waste loading (chabazite) with approximately 30 wt. % additives of suitable

composition (as a mixture of oxides or precursor glass frit), as decribed above.

Chabazite (250 g) was ion-exchanged using a solution of 0.1 M *3CsNOs (Sigma Aldrich, 99% purity)
dissolved in ultrapure deionized H,0 (18.2 MQ) to simulate ion exchange operations at nuclear licensed
sites. The ion-exchange solution and chabazite were equilibrated on a roller mill for 24 h at room
temperature, after which the exchange solution was replaced and the process repeated for a second
exchange (cumulative 48 h exchange). The ion exchanged chabazite, hereafter referred to Cs-chabazite,
was vacuum filtered and washed three times using 1 L of distilled H,O. The Cs-chabazite was dried at 95
°C for 48 h, the resulting material had a Cs,0 concentration of 2.88 + 0.07 wt. % (determined via fused
bead X-ray Fluorescence (XRF) spectroscopy, Table 1), which was equivalent to 0.72 = 0.02 mol. %. The Cs
uptake within chabazite was calculated to be 0.27 meq/g after a 48 h exchange period, which was
equivalent to a Cs loading of ~12%, based on the CEC for this natural source material. This is considered
reasonably representative of the operational deployment of this material, which does not target complete
exchange of Cs to the maximum sorption capacity, so as to maintain a high decontamination factor and
to enable the spent ion exchange material to be managed within acceptable dose rate constraints. The
exchange process occurred predominately with Ca (with minor changes for K, Mg and Na); CaO, decreased
from 8.23 + 0.07 mol. % (as-received) to 7.68 + 0.06 mol. % in the Cs-exchanged chabazite (Table 1). The

reported selectivity of chabazite (based on the Gibbs free energies of exchange) follows the order: Cs* >
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K*>Rb* > Na* = Ba?* > Sr?* > Ca?* > Li* [24, 25], which is broadly in agreement with our reported XRF data

(Table 1).

Table 1. XRF oxide composition of as-received chabazite and Cs-chabazite (errors indicated in parenthesis)

Oxide Wt. % Mol. %
As-received Cs-chabazite As-received Cs-chabazite
Al2Os | 20.25(+0.06) 19.57 (+0.10) | 13.72 (£ 0.03) 13.56 (+ 0.06)
Ca0 | g68(+0.03) 6.09(+0.05) | 823(+0.02)  7.68 (% 0.06)
Cs20 | 0.00(+0.00) 2.88(+0.07) | 0.00(+0.00) 0.72(+ 0.02)
Fe20s | 548(+0.01) 5.46(+0.03) | 2.37(+0.01)  2.42(+0.01)
K20 | 720(+003) 7.00(x0.07) | 5.28(+0.04)  5.25(% 0.06)
MgO | 208(+0.02) 2.08(+0.01) | 3.57(+0.04)  3.64(+0.03)
Na:0 | 0.89(+0.01) 0.85(+0.01) | 1.00(+0.01)  0.96 (+ 0.01)
Si02 | 56.73(£0.31) 55.38(+0.05) | 65.24 (£ 0.07) 65.15 (% 0.01)
Ti02 | 069(+0.02) 0.70(+0.02) | 0.59(+0.01)  0.62 (+ 0.02)

Thermal analysis and mass spectroscopy data were collected on the as-received chabazite using a Perkin
Elmer TGA 4000 instrument in conjunction with a HPR-20 QIC benchtop Gas Analysis System (MS) using
alumina crucibles under a N, atmosphere; the sample was heated to 1000 °C at a ramp rate of 10 °C/min.
All HIP samples were pre-calcined to remove water at 300 °C for 12 h in a muffle furnace prior to HIP
canister packing. Immediately following the pre-calcination step, ~35 g of Cs-chabazite was packed into
each HIP canister (manufactured in-house using 316 stainless steel) using a hydraulic press to increase the
packing density and, thus, the waste loading per HIP canister. Following this, each canister was qualified
for HIPing through a two-step evacuation and bake-out verification process. This involved evacuating the
HIP canister until a vacuum of <8 Pa was achieved, followed by exposure to 300 °C until the initial vacuum
recovered, at which point, the canister was crimped and sealed (welded) to create a hermetically sealed
work piece. These stages remove excess volatiles/water from the canister, which could have a deleterious

effect on the densification achieved and lead to porosity in the HIPed wasteform [14, 26].

To determine the effectiveness of hot isostatic pressing (HIPing) as a thermal treatment application for

ion exchange materials, Cs-chabazite was HIPed at 1050 °C, 1150 °C and 1250 °C under two pressure
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regimes, 100 MPa and 50 MPa (Ar used as the pressurising media) with a fixed 4 h dwell period using
the AIP-630H research HIP at the University of Sheffield. Our choice of processing temperature was
governed by prior studies on high temperature treatment of ion exchange materials, which demonstrated
collapse and reaction of the aluminosilicate framework in the range 1000-1300 °C [27-29]. The HIPed
canisters were sectioned using a Buehler Abrasimet 250 saw and the extracted monoliths were further
sectioned for analysis using a Buehler Isomet 100 saw. Powder X-ray diffraction patterns were collected
between 5° < 26 < 50° using a Bruker D2 Phaser diffractometer with a Lynxeye detector and Ni filtered Cu
Kq radiation (1.5418 A) using a step size of 0.02° 26 and a count time of 1 s per step. Scanning Electron
Microscopy (SEM) images were collected using a low vacuum Hitachi TM3030 analytical benchtop SEM
with an integrated Bruker EDX system (Quantax 70) at 15 kV and a ~7.0 mm working distance on polished
(1 pm diamond finish) and carbon coated specimens. Reported semi-quantitative compositions were
calculated based on the average of 10 spot analyses per phase with assumed oxygen stoichiometry (due

to the low accuracy of EDX for oxygen determination).

A durability assessment was performed using with ASTM C1285 methodology (PCT-B) [30]. Samples were
crushed and sieved to a size fraction of 150 — 75 um and washed several times with isopropanol alcohol
to remove residual fines from the fraction. The desired sample mass was added to pre-cleaned PFA vessels
with 10 mL of ultrapure deionized H,0 (18.2 MQ) to achieve a surface area to volume ratio of 2000 m™.
The vessels were prepared in triplicate with duplicate blanks (ultrapure deionised H,O only) and placed
within an oven at 90 + 1 °C, with vessels being sacrificed for sampling at 1, 3, 7, 14 and 28 days. For each
time point, vessels were allowed to cool to room temperature before recording the total vessel mass (to
calculate evaporative loss) and monitoring the pH. An aliquot of the leachate was removed from each
vessel, filtered using a 0.2 um cellulose acetate syringe filter and acidified using high purity nitric acid
(Fisher Scientific, Ultrapure NORMATOM, 67-69% HNOs). The elemental concentration of Cs was
determined using by Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS, Thermo Fisher Scientific
iCAP RQ), all other elements were measured using an Inductively Coupled Plasma-Optical Emission
Spectrometer (ICP-OES, Thermo Fisher Scientific iCAP Duo6300). The reported data were normalised to
the surface area to volume ratio and mass fraction of each element in the material, as determined by bulk

XRF analysis (Table 2).
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3. Results and Discussion

3.1 Chabazite characterisation

Characterisation of the as-received and Cs-chabazite (Fig. 1) revealed that the phase assemblage
constituents were: chabazite (powder diffraction file (PDF) #00-034-0137), K-feldspar matched to sanidine
(KAISi3Og, PDF #00-010-0357) and mica, matched to phlogopite (KMgs(AlSiz010)(OH),, PDF #00-010-0495).
Calcite (CaCOs, PDF #00-005-0586) was also observed in the as-received chabazite (unwashed). It is likely
that other alkali feldspars (albite, microcline, orthoclase and anorthite) were present in minor fractions
but they could not be differentiated as they have similar diffraction patterns. Alkali feldspars exist as a
ternary solid solution within volcanic rocks (which was the source of chabazite in this study [22]) and are
typically comprised of albite (NaAlSi3Os), orthoclase (KAISisOg) and anorthite (CaAl,Si>0s) [31]. With the
exception of a reduced calcite contribution, no significant differences were observed in the phase
assemblage between the as-received chabazite and the Cs-chabazite, which indicated that Cs was

incorporated via exchange into the chabazite framework.

C -chabazite K - K-feldspar M - phlogopite Cc - calcite

Relative intensity {a.u.)

Figure 1. X-ray diffraction patterns of as-received chabazite and Cs-chabazite
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The microstructures reported in Fig. 2 further demonstrates the heterogeneity of the natural chabazite.
The porous particles of various sizes were representative of chabazite, with strong elemental correlations
observed between Ca, K, Al and Si (Fig. 2A) with the addition of Cs in Fig. 2B (post exchange). The spherical
particles represent vitreous silica, which has a reported concentration of 18 wt. % in the as-received
chabazite [22]. The vitreous silica composition in the as-received chabazite was calculated by semi-
guantitative EDX analysis on an oxides basis as mol. % to be: 79.23 + 2.48 Si0,, 4.04 + 0.94 Al,03, 4.01 +
0.88 Ca0, 2.62 £ 0.39 K,0, 1.21 £ 0.48 MgO and 0.26 + 0.13 TiO; (the oxygen stoichiometry was assumed
on the basis of electroneutrality, due to the low accuracy of EDX for oxygen determination). This
composition is within the range of reported values for rhyolitic obsidian, which contains >66 mol. % SiO;
[32]. Aluminosilicate particles rich in either Ca or K were also observed, which could represent anorthite
and K-feldspar (sanidine, orthoclase, microcline). To assess the potential for Cs incorporation in the
additional minor phases, K-feldspar (K), anorthite (Ca) and vitreous silica (O), EDX spectra of the as-
received chabazite and Cs-chabazite were compared in Fig. S1 (Supplementary Information). No distinct
signal could be detected for Cs (based on the La; emission at 4.285 keV) except for within the Cs-chabazite

grain, confirming Cs exchange within this phase, as shown in Fig. 2B.
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A) As-received
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208

209  Figure 2. SEM/EDX of A) as-received chabazite and B) Cs-chabazite where labels indicate: C (chabazite), K

210 (K-feldspar), Ca (Ca-feldspar), O (vitreous silica) and F (iron oxide).
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The dehydration behaviour of as-received chabazite (Fig. 3) revealed that the main mass loss occurred
between 30-350 °C (equivalent to ~10%), which was determined by MS (Fig. 3B) to be associated with
water desorption from the chabazite structure (nominally (Na;K,CaMgAl,Si1,024:6H,0) and CO, from
decomposition of accessory carbonate minerals. The main mass loss feature presented as two distinct but
overlapping peaks centred at 178 °C and 232 °C (x 2 °C), which indicates that water was adsorbed on two
sites within chabazite in accordance with the published crystal structure [33]. A second minor mass loss
(~0.5%) was observed between 580-700 °C (centred at 636 + 2 °C), which was associated with release of
CO, from accessory carbonate minerals (Fig. 3B). The TGA/MS data were used to determine a suitable
bake-out temperature during HIP canister preparation. Using Fig. 3, the pre-calcination and bake-out
temperature was fixed to 300 °C, which would ensure that all water was removed from the sample whilst

avoiding Cs volatisation, which should not occur below 400 °C [34].

The photographs in Fig. 4 show the HIP canister deformation after HIPing (for the 1250 °C/100 MPa
sample). The internal volume was measured to decrease from 29.3 + 1 cm® to 16.9 + 0.8 cm?, equivalent
to an internal volume reduction of 42.5%. Post-HIP, each canister was sectioned to enable
characterisation, which revealed that HIPing Cs-chabazite resulted in the formation of a dense monolith
with no visible porosity but obvious heterogeneity across the sample, as evidenced by particles of varying
colour within a black matrix (Fig. 4D). The conversion via HIPing of the highly dispersible Cs-chabazite
granular particles (Fig. 4A) into a solid monolith is unmistakable in Figs. 4D-E, which clearly improved the

passive safety of the material.
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3.2 Characterisation of HIPed Cs-chabazite

In Figs. 5A-B, the XRD analysis revealed that the chabazite reflections identified in the pre-HIPed material
(Fig. 2) were absent, indicative of a complete collapse of the chabazite framework, irrespective of the
process conditions. At 1050 °C, the transformed phase assemblage could be described as a combination
of framework feldspars, including: anorthite (CaAl,Si,Os, PDF #00-041-1486); albite (NaSizAlOs, PDF #00-
010-393) and; leucite (KAISi,Os, PDF #01-076-2298), with minor reflections attributed to diopside
(CaMgSi,0¢, PDF #01-075-1092). At 1150 °C, the relative intensities of all phases except leucite decreased,
in atrend which continued up to 1250 °C, resulting in leucite being the dominant crystalline phase in HIPed
Cs-chabazite. Diffuse scattering observed between 15° < 26 < 35° was noted to increase as the HIPing
temperature increased, which is associated with the formation of a vitreous aluminosilicate phase; given
the reduced relative intensity (or absence) of reflections associated with in anorthite, albite and diopside.
As confirmed by EDX analysis, shown below, the glass phase likely has a composition rich in Ca, K, Na, Mg,
Al and Si, consistent with vitrification of the aforementioned minerals. The XRD data revealed that a
systematic change in the phase assemblage of HIPed Cs-chabazite when the temperature was varied, in
materials processed under both 100 MPa and 50 MPa (Fig. 5B). Therefore, it is possible to conclude that
the conversion of Cs-chabazite to a glass-ceramic by HIPing was controlled by the temperature regime
rather than pressure. However, production of a satisfactory wasteform at a lower pressure of 50 MPa is

preferable, from an operational safety perspective, to reduce risk to as low as reasonably practicable.

The K-feldspar identified after conversion of Cs-chabazite at all temperatures was the high-temperature
polymorph, leucite (KAISi;Og) with a cubic structure. This is somewhat unexpected since at temperatures
of > 625 °C, leucite is known to undergo a tetragonal (141/a) to cubic (la3d) inversion [35, 36] but, on
cooling, it should revert back to the tetragonal structure [37]. Since it was not possible to index any of the
reflections to the cubic (la3d) Cs-feldspar endmember pollucite (CsAlSi,O) [38], a plausible explanation
for the room temperature cubic structure could be Cs incorporation within the KAISi,Og lattice [39, 40].
The tetragonal and cubic structures of leucite can be differentiated by the cavity size in which the K*ion
resides, with average K-O bond lengths of ~2.93-3.00 A and 3.35-3.54 A, respectively [36, 37]. Given that
the ionic radius of Cs* is larger than that of K*, incorporation of Cs* within the framework channels of
leucite could prevent conversion to the lower symmetry structure on cooling. The Cs/K ratio within leucite

will be considered further in the following discussion.
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271  XRF analysis (Table 2) confirmed successful retention of Cs;0 was achieved via HIPing with an average of
272  2.50 wt. % measured across the three processing temperatures at 100 MPa. There was variability in the

273 measured Cs,0 content of the HIPed material, ranging from 2.33 to 2.73 wt. % (Table 2), which was
15



274
275
276
277
278
279
280

281

282
283

284

285
286
287
288
289
290
2901

thought to be associated with the high heterogeneity of this material, resulting in slightly different feed
composition and hence Cs;0 content. The Cs,0 retention was calculated to be 85% (mean), 80%
(minimum; 1150 °C) and 95% (maximum; 1250 °C) when compared to Cs-chabazite feed (using Tables 1-
2). Following HIP canister preparation (discussed in Section 2.1), the canisters were hermetically sealed
prior to thermal treatment and thus, there is no expectation that Cs volatilisation would occur during
successful HIP processing, irrespective of processing temperature (i.e. where successful represents

consolidated canisters with no weld failures).

Table 2. XRF spectroscopy of HIPed Cs-chabazite at varying temperatures (wt. %), errors indicated in

parenthesis

Oxide 1050 °C 1150 °C 1250 °C
Al;0; 20.07 (+ 0.13) 20.27 (+ 0.16) 20.64 (+ 0.11)
Ca0 6.25 (+ 0.01) 6.04 (+ 0.02) 5.62 (+ 0.06)
Cs20 2.45 (+ 0.07) 2.33 (+ 0.03) 2.73 (+ 0.03)
Fe20; 6.43 (£ 0.15) 5.67 (+ 0.19) 4.59 (+ 0.09)
K20 6.85 (+ 0.08) 7.11 (£ 0.09) 7.03 (+ 0.04)
MgO 2.12 (+ 0.01) 2.12 (+ 0.01) 1.77 (+ 0.02)
Na.0 0.75 (+ 0.01) 0.80 (+ 0.02) 0.80 (£ 0.04)
Si0; 53.93 (+ 0.24) 54.57 (+ 0.36) 55.67 (+ 0.37)
Tio, 0.75 (+ 0.02) 0.70 (+ 0.03) 0.63 (+0.02)

Density (g/cm’) 2.7226 2.6639 2.6489

(+ 0.0036) (+0.0024) (+0.0016)

The microstructure of HIPed Cs-chabazite (Figs. 6-7) confirmed the presence of a multi-phase glass-
ceramic composite at all temperatures and pressures investigated. The proportion of the glass fraction in
the HIPed wasteform appeared to increase with increasing processing temperature from 1050 to 1250 °C,
which is attributed to a reduction in phases containing Ca, Mg, Al and Si, identified by XRD as anorthite,
albite and diopside minerals. The bright grains, interspersed throughout the glass matrix, were rich in Cs,
K, Al and Si, and represent cubic Cs/K-leucite as identified in Fig 5. At 1050 °C, there was also evidence for

a K-feldspar with no Csincorporation (Fig. 6A, centre bottom); which is likely present as a trace component
16
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from the starting material (sanidine; KAISizOs) that was not detectable in the XRD data due to complex
diffraction patterns. At 1150 °C under both the 100 and 50 MPa regimes (Figs. 6B and 7B), the formation
of a spinel phase (rich in Mg and Fe) was observed, indicating that its formation is temperature dependent
over a narrow range. At 1250 °C (both pressures; Figs. 6C and 7C), the microstructure agreed with the XRD
(Fig. 5) where a reduction in the overall phase heterogeneity was observed in favour for a Cs-rich phase
(bright areas) and a Cs-deficient (mid-grey) phase, which were assigned to Cs/K-leucite and a glassy phase,
respectively. The SEM/EDX data revealed that the microstructure was independent of the pressure
imposed on the system, in agreement with the XRD results and, furthermore, that tailored microstructures

could be achieved via HIPing.
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Figure 7. SEM/EDX of Cs-chabazite HIPed between 1050-1250 °C at 50 MPa

To evaluate the partitioning of Cs between the ceramic and glass phase, semi-quantitative EDX analysis
was performed on Cs-chabazite HIPed at 1250 °C and 100 MPa (Fig. 8). The calculated composition was
based on the average of 10 spot analyses per phase and are reported to one standard deviation (Table 3).

The crystallites were determined to have a composition of Csg.15(3)Ko.57(a)Alo.00(4)Si2.24(5)06 (herein referred
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to as Cs/K-feldspar). Compared to the typical feldspar composition of MAISi,Os (where M represents alkali
metals), this phase is Si-rich and Al/alkali metal-deficient. The Al/Si ratio for leucite feldspar should be 0.5
whereas, in this study, an Al/Si ratio of 0.32 + 0.10 (Table 3) was achieved. The elemental Cs/K ratio was
0.25:1, with the total alkali metal content of the feldspar calculated to be 11.39 + 1.10 mol. %. The Cs/K-
feldspar was incorporated within a K;0-CaO-MgO-Al,03-SiO;, (alkali alkaline earth aluminosilicate) glass
with a high SiO, content and an Al/Si ratio of ~1:12. This contained 0.71 + 0.17 mol. % Cs,0, which is
equivalent to 23% of the measured Cs,0 inventory within the wasteform (Table 3). Based on these results,
it is possible to state that Cs preferentially partitioned into crystalline phases, however, a lower

concentration also partitioned into the vitreous phase.

Figure 8. BSE micrograph of Cs-chabazite HIPed at 1250 °C/100 MPa used for compositional analysis,

showing crystallites of Cs-containing leucite distributed within a glass matrix.
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Table 3. Semi-quantitative EDX analysis of the 1250 °C/100 MPa HIPed chabazite in Figure 8 (errors

indicated in parenthesis)

Oxide mol. % Feldspar Glass
Al,03 14.27 (+0.61)  11.62 (+0.71)
Ca0o 1.41 (+0.79)  7.53 (+1.37)
Cs,0 2.40 (+ 0.43) 0.71(+0.17)
Fe,0; 1.07 (+ 0.30) 1.24 (+ 0.58)
K.0 8.99 (+ 0.67) 6.11 (+ 0.89)
MgO 0.81 (+0.47) 1.81 (+ 0.78)
Na,O 0.00 (+ 0.00) 0.21 (+0.21)
SiO, 71.06 (+ 1.64)  70.77 (+ 2.12)

Element at. % Feldspar Glass
Al/Si 0.40 (+ 0.02) 0.33 (+0.01)

Cs+K/Si 0.32 (£ 0.02) 0.19 (+ 0.03)
Cs+K/Al 0.80 (+ 0.07) 0.57 (+ 0.08)
Cs/K 0.25 (+ 0.05) 0.12 (+0.02)

3.3 Durability Assessment

PCT-B durability studies, to evaluate the performance of Cs-chabazite wasteforms, were conducted
according to ASTM standard C1285-14 [30] up to 28 days for samples fabricated at 1050-1250 °C and 100
MPa. The pH and elemental normalised mass loss (NL;) values are presented in Fig. 9. All HIPed Cs-
chabazite wasteforms had a relatively low pH throughout the duration of the experiment, which ranged
between pH 8.6-8.7 + 0.3 (1050 °C) and 7.8-8.2 + 0.2 (1250 °C), with the 1050 °C samples consistently
achieving a higher pH than the wasteforms processed at higher temperatures (Table 4). These values are
lower than high level waste (HLW) glasses under similar conditions, consistent with the relatively low alkali
and alkaline earth content of the aluminosilicate glass network. In compositions where the Si content is
>67 mol. %, there are fewer interconnected non-bridging Si-O bonds, which provide dissolution pathways
[41]. Therefore, the glass produced at 1250 °C (SiO; at 70.77 + 2.12 mol. %; Table 3) has the potential to
supress ion migration and reduce dissolution (and thus, stabilise a low pH) leading to improved durability

performance.
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Figure 9. Normalised elemental mass loss for Cs-chabazite HIPed between 1050-1250 °C/100 MPa
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The general trend for the Cs-chabazite wasteforms followed the typical behaviour of HLW waste glasses,
with a rapid elemental release (initial regime, 1-7 d) followed by a rate drop and attainment of pseudo-
steady state (residual regime, 7-28 d) for NLsi, NLa and NLc.. Whilst the trend was similar, HLW glass
dissolution occurs congruently, which cannot be assumed (nor expected) in this study due to the presence
of mixed crystalline and vitreous phases. For NLyg, the elemental release decreased at 14 d, which is also
commonly observed for Mg-bearing HLW glasses (e.g. UK MW glass). Mg will readily scavenge Si to form
secondary phyllosilicate phases, often with a drop in pH and promotion of glass dissolution [42-44].
However, in conditions where the pH < 8, the precipitation of Mg-bearing phyllosilicates is reduced and
in-turn, this decreases the rate of glass alteration [44], which could be ascribed to the relatively low NLs;

values.

For almost all elements (Fig. 9) the effect of processing temperature was the same, where a higher
processing temperature resulted in higher elemental release (i.e. 1250 °C > 1150 °C > 1050 °C). By SEM
analysis, the glass fraction was observed to increase commensurately with processing temperature (in
agreement with XRD data. Therefore, the higher elemental release at 1250 °C indicates the glass phase is
more soluble than the crystalline phase (Cs/K-feldspar), as evidenced in Figs. S2-S7. The incongruent
dissolution of the HIPed Cs-chabazite wasteforms (at all temperatures) can be understood by exploring
the NLcs and NLg relationship. Cs and K are inextricably linked in the crystalline phase (Cs/K-feldspar) and
both have similar AGhyq of Cs* (-250 kJ mol™) and K* (-295 kJ mol™?) [45]. This suggests that if the Cs/K-
feldspar was dissolving, NLcs and NLg should follow the same trend, however, unlike NLc, there was no
steady-state achieved for NLk (Fig. 9) but rather continued elemental release. This dissimilarity in NLcs and
NLx must therefore arise from the distribution of these elements across the crystalline and glass phases,
where Cs favoured the more durable crystalline phase compared to K (Table 3), which was distributed
between both the crystalline and less durable glass phase. This concurs with a recent study that compared
the dissolution behaviour of a crystalline feldspar (Nao.s3Ko.02Ca0.07Al1.065i2.960s) and a glass of the same
chemical composition, which ascertained that the glass phase dissolved more rapidly (up to 10-20 times
faster at pH 10) than the crystalline feldspar [46]. This difference was attributed to the local atomic
structure of the material, with the open structure of the glass encouraging ion exchange between water
and alkali elements whilst such diffusion related phenomenon were not observed in the crystalline

material [46].
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An exception to the trend where elemental release is higher commensurate with processing temperature,
was Ca. The highest Ca release was observed for the material processed at 1050 °C, in which the majority
of the Ca was located within anorthite and diopside as distinct grains within the bulk matrix (based on
SEM/EDX; Fig. 6), whereas at 1250 °C, no such features were identified. Whilst for NLc, there was no clear
trend associated with the processing temperature or Cs;0 concentration (Table 2). This was attributed to
relatively low NLcs values (consistent with Cs preferentially partitioned in the durable crystalline phase),
which were within one or two standard deviations at each time point. This close relationship was dissimilar
to all other elements where there was a clear separation between the processing temperatures (and error

bars) allowing for trends to be observed.

Examination of the HIPed Cs-chabazite grains at 28 d post dissolution (Figs S2-S7) revealed cracking
damage evident on the periphery of the glassy portions of grains, while the crystalline regions remained
largely intact, confirming the hypothesis that the glass dissolved preferentially. At all temperatures, no
evidence of the formation of secondary minerals resulting from dissolution was found. A silica gel layer,
containing Si and Al, responsible for the observed “rate drop” was apparent at the surface of some grains
(e.g. Fig. S5), although it was not possible to undertake a detailed analysis of its composition at the
resolution employed. Future investigation using direct surface retreat rate observation, e.g. vertical
scanning interferometry (VSI), could be utilised to elucidate and define the contribution of each

component phase present in the HIPed Cs-chabazite to the overall dissolution.

Table 4. Dissolution rates of HIPed Cs-chabazite at varying temperatures during the NLinitiai (1-7 d) and
NLi resiqual (7-28 d) regimes

Sample Day Av. pH Na (gm?d?) Si(gm2d?) Cs(gm2d?)
1050 1-7 86+02 (287+0.12)x103  (3.24+0.92)x10°  (1.21£0.16)x 103
1150 1-7 80+01 (2.43+049)x10°  (3.41£0.82)x10° (0.95 £0.05) x 102
1250 1-7 78402 (1.96+079)x10°  (1.15£0.68)x 10 (2.69 £0.03) x 102
1050 7-28 87+03 (6.63+0.95x10*  (0.13+0.34)x10*  (3.21 + 1.70) x 10*
1150 7-28 82+01 (1.85+045)x10*  (0.78 £0.26)x10*  (0.99 + 0.15) x 10
1250 7-28 82+02  (455+031)x10%  (1.10 £0.21)x10*  (3.18 + 0.52) x 10*
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The normalised dissolution rates (NR;) quantified by linear regression for the NR; initia and NR; resiqual regimes
are shown in Table 4. The initial Na release rate, NRnainitia, determined for the material produced at
1050 °C, (2.87 +0.12) x 103g m2 d’}, was marginally higher than for the material produced 1250 °C, (1.96
+0.79) x 103g m2d™. It was demonstrated (Table 3) that Na was exclusively located in the vitreous phase
at 1250 °C, and, as such, supports the conclusion that alkali alkaline earth aluminosilicate glass underwent
dissolution in this study. The residual rates of Na release, NRnaresiqua, Were reduced by an order of
magnitude compared to the initial rates , following the rate drop at > 7 d. In HLW (UK MW with 25 wt. %
waste loading), the NRya at 90 °C and pH 8 was (1.583 + 0.209) g m™ d, which increased to (1.91 *
0.25) g m2d? at a higher waste loading (30 wt. % MW glass) [47]. Whilst in an ILW glass wasteform
proposed for Mg-rich wastes, the NRn, was observed to be (2.62 + 0.45)x 10%2gm2d* and (4.06 *
0.16) x 102 g m2 d? in the initial and residual regimes, respectively [48]. The NRy. values in the current
study where at least an order of magnitude lower than both the HLW and ILW proposed glass wasteforms,
demonstrating that these HIPed wasteforms have an improved performance compared to vitrified
wasteforms intended for geological disposal in the UK, at least in short term experiments designed to
assess the inherent material dissolution rate. Nevertheless, further investigation is warranted to examine
the long term dissolution behaviour of this composite vitreous wasteform and the potential for rate

resumption.

Since there are few studies related to the durability of thermally treated chabazite spent ion exchange
material, we compare the results from the present study with those from thermally-treated Cs-exchanged
clinoptilolite ((Na,K,Ca),-3Als(Al,Si),Si13036:12H,0), which is also a natural zeolite-based aluminosilicate
framework mineral used in radionuclide water treatment. The thermal treatment of Cs-clinoptilolite
(containing ~1 wt. % Cs,0) via HIPing (1200 °C, 100 MPa) was achieved with 5 wt. % addition of glass
additives (sodium aluminate or borax) [29]. The chemical durability assessment was performed under
almost identical conditions as those used in the current investigation (SA/V, T, t and solution) with the
NLcs reported to be (4.91 and 6.79) x 10* g m% d'after 28 days for the sodium aluminate and borax
modified compositions, respectively [29]. In the current study, the overall normalised release rate for Cs
(1-28 d) was calculated to be (8.69 + 0.62) x 10° g m% d'at 1250 °C, an order of magnitude better than

HIPed Cs-clinoptilolite, with respect to Cs release.

Whilst the full Cs-feldspar endmember (pollucite, CsAlSi,Os) was not attained (nor targeted) in this study,

Cs incorporation into feldspars has been investigated as an immobilisation matrix for radiocaesium at the
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Hanford site, USA [49]. Pollucite, which can contain up 34 wt. % Cs,0 [50], was found to be a suitable
candidate for *’Cs due to its high durability, low solubility and thermal stability [49], and has been
suggested as an appropriate immobilisation matrix for *’Cs [49, 51-53]. For example, under hydrothermal
conditions (200 °C/30 MPa for 4 weeks), the measured release of Cs from pollucite was just 0.04% in
deionised water [54]. Therefore, it is plausible that the formation Cso.15(3) of Ko.s57(2)Alo.90(4)Si2.24(5)06 feldspar
(composition formed by processing at 1250 °C/100 MPa) could provide a durable host matrix for
radiocaesium, in addition to the HIP process itself minimising the risk of Cs volatisation and secondary
waste generation. Overall, the elemental release rates were low throughout the duration of this study
and at all processing temperatures, which indicates that the hot isostatic pressing of spent ion exchange

materials can lead to the formation of durable glass-ceramic wasteforms.

4. Conclusions

The passive safety of spent ion exchange materials was improved by conversion into a chemically and
physically stable monolith wasteform by thermal treatment of Cs-chabazite via HIPing. A multi-phase
glass-ceramic with a high Cs retention was achieved at 1050, 1150 and 1250 °C under two pressure
regimes. Characterisation of HIPed wasteforms by XRD and SEM/EDX revealed the complete collapse of
the chabazite framework structure at all temperatures, with the processing temperature observed to
control the phase assemblage. At 1250 °C, a Cs/K-leucite was formed which contained 77 % of the total
Cs,0 inventory, with the remaining fraction (23%) located within an alkali alkaline earth aluminosilicate
glass (K,0-CaO-Mgo-Al,05-Si0,). The normalised Na release rates were observed to be an order of
magnitude lower than values reported HLW and ILW glasses, whilst the Cs release rate remained low for
the duration of the experiment at all temperatures, which was thought to be released preferentially from

the glass fraction rather than the Cs/K-feldspar.

For Cs-loaded ion exchange materials, the radiological risk will be significantly reduced within ~300 years
(Cs'¥ t1/, = 30.2 years) without any engineering imposed on the waste. Therefore, the fact that these
HIPed Cs-chabazite wasteforms perform (up to day 28) better than or comparable to reported values for
HLW glasses (with a longer required service life for long-lived radionuclides) is a good indication that
HIPing would be suitable treatment method for spent ion exchange materials. However, additional data
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is required at extensive time periods (months to years) to determine the long-term durability of
Cs-chabazite, with particular emphasis on larger-scale wasteforms (i.e. greater than 35 g) to support
potential scale-up operations. Future work should investigate the impact of chlorine incorporation within
Cs-chabazite on the wasteform phase assemblage and interaction with the HIP canister (sea water was

used at Fukushima Daiichi NPP for emergency cooling the damaged reactors) [55].

Overall, this study demonstrated the efficacy of HIPing to convert inorganic ion exchange materials into
durable glass-ceramic wasteforms in addition to a notable volume reduction and a relatively high waste
loading (70 wt. %). HIPing was shown to be a suitable thermal treatment technology with respect to
increasing the passive safety of conditioned spent ion exchange materials, whilst also reducing the risk
associated with loss of containment of these stored wastes. This study focussed specifically on the waste
management for Fukushima Daiichi NPP, however, the thermal treatment of spent ion exchange materials
via HIPing could successfully be applied on a wider scale to all sites where these types of inorganic wastes

are generated.

Supplementary Information

Additional SEM/EDX data of as-received chabazite, Cs-chabazite and HIPed Cs-chabazite (post-dissolution)
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