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Immobilisation Science Laboratory, Sir Robert fldl Buil ing, Mappin Street, The

University of Sheffiel Sheffiel, S1 3JD, UniteKing om

Abgract

The vitrification of Dounreay Prototype Fast Reactor Raffinate ([RFR)arium borosilicate
glass matrix was investigatewith the aim of unerstan ing process feasibility anthe
potential benefits over the current baseline of cementa&pgulation. Laboratory scale glass
melts emonstrate the pro uction of homogeneous glasses incorporating at least 20 wt%
simulant PFR waste (on an s basis), with noetectable crystalline accessory phases. The
har ness an in entation fracture toughness of the simulant PFR waste glasses we
etermine to be comparable to those of current UK high level wakisgiformulations. The
normalise issolution rate of boron from the simulant PFR glasses wtsmine to be 3 x
102g m? -1, in 18.2 M water at 90C an surface area / volume ratio of 1500 monly a
factor of two greater than the French SON-68 simulant h&yell waste glass, uer
comparable contions. Consequently, the simulant PFR waste glasses ast emn to
show consierable promise for meeting envisagevaste acceptance criteria for geological

isposal. Overall, the superior stability of vitrifieFR wasteforms couénhance the safety



22  case for long term near surface storage ofioactive wastes, marate by current Scottish
23  Government policy.

24  Keywors Amorphous Materials, Waste Immobilisation, Mechanical properties
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Introduction

The Prototype Fast Reactor (PFR) was the UK’s séasinreactor an operate between
1974 an 1994, utilising a high plutonium content mixexi e fuel (MOx) with a molten
so ium coolant [1]. Spent fuel from the PFR was reprocesse the Dounreay site by
issolution in nitric aci to recover the reusable fissile material. This proces$ gie
approximately 200 fof an aqueous r ioactive liquor, known as PFR raffinate [2]. The PFR
raffinate contains the mority of the r ioactive material an fission proucts pro uce
uring the operation of the PFR reactor aan the Dounreay site as a whole [3]. Since the
reprocessing of PFR fuel was complete 1996, the waste raffinate has been stora
un ergroun tanks on the Dounreay site. Having spenta e in storage, PFR raffinate was
reclassifie as Intermeiate Level Waste in 2004, ostensiblye to its low heat output [4].
The conitioning of PFR raffinate into a passively safe, wastefoineistifie as a priority in
the Dounreay Site Restoration Plan [5]. A best practical @mwiental option assessment,
un ertaken by the UKAEA, proposaeeutralisation an cementation of the raffinate as the
reference waste management strategy [6]. For this waste treatmeption to be
implemente , a new facility (to be known as D3900) is requjrthe construction of which is
yet to begin at the time of writing.
Although laboratory stues have emonstrate that cement-encapsulateinactiveraffinate
has physical properties comparable to those of other cameilLW streams (e.g. viscosity,
initial setting time, blee water), PFR raffinate has a specific activity 20 times greagar th
other encapsulate ILW streams [2,3,7,8]. The high concentratio®éCs in PFR raffinates,
the porous nature anpoor immobilisation of Cs observéen cementitious systems, may limit
the ability of cement to retain the rioactive inventory of PFR [2,91]. It is not yet certain

that environmental release rates from a cementeFR raffinate wasteform will be within

3
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permitte limits over the relevant lifetime of the wasteform, particulagiven the policy of
the Scottish Government for long term near-surface steraga coastal location, as in the
case of Dounreay [12,13].
An issue that may be even more significant to safe intstomage is the high specific activity
of the wastes antheir significant alpha emitting componeri G <346 TBqm, J 3.21
TBq n¥) [2]. It is known that the r iolysis of cementitious water will prace H, while the
presence of significant nitrate concentrations in the wa8@0¢500 g1) an alpha activity
will also result in the formation @, an NQ[14 17]. These combinefactors will increase
the rate of gas generation when compar® existing UK ILW waste packages. As a result,
these reactions coulbe expecte to intro uce significant complexities to the long-term
management of cementePFR raffinate waste packages through the neemonitor, vent
an issipate gases form the waste packages.
It shoul be note that the near-surface storage policy was intnge after the strategic
ecision to encapsulate PFR raffinates in a cement wasteforits. i@sponse to the Scottish
Government consultation on higher activity wastes, the Cdtem on ioactive Waste
Management (CoRWM) highlightéhat certain wastes from the Dounreay site weérever
likely to be suitable for near surface disposal and tfoeeegreater efforts need to be made in
the interest of safety, security and intergenerational eqtitfind a permanent solution for
this waste”[12].
The current investigation aims t@monstrate, in principle, an alternative processing option
for PFR raffinate, which coutnhance the safety case for long term near-surface storage an
ress the concerns of CORWM. éivative of the barium borosilicate glass, G73, previpusl
investigate as a matrix for the immobilisation of UK ILWs arising at Magacammissioning

sites [18-21], is here investigatas a isposal matrix for PFR raffinate, the composition of
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which incorporates ca. 7 wt% $S®@arium borosilicate glasses, such as G73, are reptote
have a high aqueouairability an the presence of Ba is known to increase the solubility of
sulphate species, which inhibits the formation of wateubtd yellow phase salts [18-23].
We present an analysis of the composition, amorphous eatagueous urability, thermal
behaviour an mechanical properties of vitrifiePFR raffinate with waste loings of 10 wt%,

15 wt% an 20 wt% (oxie basis), in a barium borosilicate glass. The resultsisceisse with

reference to the potential benefits of PFR raffinate viafion compare to cementation.

2 - Maerials andeExperimental

2.1 — Maerials

2 Raffinae Simulan

The inactive surrogate for PFR raffinate was formulate the assumption that the waste
woul be treate using an evaporation or calcination step to puge a soli calcine prior to
vitrification. The composition was thus formulatesing the ata available on the average
composition of four PFR tanks at the Dounreay siteT[é chemical composition of mel
PFR raffinate is prowe in Table 1. The soB content of the raffinate calcine was calculate
base on the reporte elemental values in the raffinate (ppm) athen converte to their
oxi e form, which is reporte in Table 2.

Some variations in the elemental composition were necessdrgn batching the simulant.
For example, for reasons of practicality, any elements withceatrations 15 ppm were
exclu e (Ag, As, Cm, Dy, Eu,,&e, Hg, Ho, In, Nb, Np, P, Ph,®b, Rh, Sb, Se, Sn art).

One exception was P which was present at a concentration 0150 ppm in the waste
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stream. This was excle on grouns of cost, for this preliminary sty, an its known
propensity to exist as an insoluble noble metal in gladésrg4].

The omission ahe elements note above accountefor 2.8 wt% of the mass of the total
waste stream. ioactive elements with concentrations 15 ppmwere substitute by

relevant concentrations of inactive surrogates (Ce for USm for Am).

2.1.2 Glass Prepat#on

Three glasses were synthesisan characterise in this stuy. These glasses were basan

a erivative of the G73 barium-silicate base glass composftiefierre to here as G73, for
simplicity), which was previouslgvelope [18-21], with PFR raffinate simulant incorporate
at 10 wt%, 15 wt% ar20 wt% waste lo ing. These glasses arentifie as G73-10, G73-15
an G73-20, respectively. The base glass compositioneptesin Table 2 for reference, is
i entifie as G73-00.

Glasses were prace from batch chemicals to prowe 250 g of glass. The components of
the raffinate simulant were batchein either their oxie or carbonate forms accoing to
their molar proportions to obtain the specifiavaste lo ing. The following analytical gre
chemicals were usefor batching; Al(OH) NaB;O;.10HO, BaCg) CaC@ C O, CeQ
Cr(N@s.9H,0, CsCQ, CuO, F; La0s, Mn,0s3, M0G;, NaCQ, N 03, NiICQ, PEOr1, RUQ,
NaSQ, SiQ, Sm0O;, SrCQ@ TeQ, TiQ, 0z an nO. The batche pow ers were heate in
mullite crucibles with stirring to 120C at 10C mint an hel at temperature for 3 hours.
The glasses were pour@to blocks an anneale at 500 C for one hour before cooling to
25 C at 1 C mink. Glass monoliths were preparéor SEM-ED ickers harness testing an
fracture toughness testing to a 0.25 &inish by successive grimg an polishing with SiC

grit papers an iamon pastes. Power samples were prepareusing a harene steel ring
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an puck mill. The sub-75m si fraction was collectefor use in RD an RF analysis an
the 75-150 m si fraction was collecte for use in aqueousurability experiments an

prepare accor ing to ASTM starar C 1285 02 [25].

2 2 - Characrisaion
Glass Charaerisaion
-ray Fluorescence RF) analysis was performeusing a Phillips PW2404RF AXxios
instrument to obtain compositionakta. BO; content was etermine by issolution of glass
pow er in HF followe by analysis of leachate using a Perkin-Elmer Optima 5@80view
In uctively Couple Plasma Atomic Emission Spectroscopy (ICP-AES)ksiy of the glass
wasteforms was measureusing a 75 m pow er, using an AccuPyc 1340 Il helium
pycnhometer with the following analysis regime; 200gas of the chamber followeby 50
cycles using an equilibration rate of 35 Pahain25 C in a 1 cthchamber an a fill pressure
of 86.2 KPa. Scanning Electron Microscopy was pezfousing a JEOL JSM 6400 SEM with
an accelerating voltage of 20 kan a working istance of 15 mm. Concurrent Energy
Dispersive Spectroscopy was acquil@gNCA, Oxfor Instruments). A itionally, an FEI
uanta 200 F SEM was utiliséor high resolution imaging, using an accelerating voltaige
30 k an working istance of 10 mm. Concurrent Energy Dispersivay analysis was
performe (Genesis ED.
Thermal and mechanical propdaes
The glass liquus temperature for each sample was measuby placing a 20 cm long mullite
boat, fille with sub-75 m glass power, into a tube furnace. The samples were left to
equilibrate at 1200C for 24 hours anthe temperature gr ient along the length of the boat

at 5 mm intervals was measurasing a retractable thermocouple. The boats were remove
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an rapi ly quenche in air. The point of crystallisation was measurable to withmrt by
optical examination of the crucibles arthis was then correlate with the associate
temperature to estimate the liquus temperature.Alterations in chemical composition
resulting from crucible corrosion were not account®r, nor were the phases proce
analyse. As the purpose of this test was to check if the pointmystallisation was below
1100 C, an the contaminants from crucible corrosion are likely to éowhis value, the
results presente are consiere useful in this context.

The ickers harness inentation metho was use to etermine both harness (K) an the
in entation fracture toughness {Kfollowing the proceure escribe by Connelly et al. [26].
In entation was performe on a Mitutayo HM-101. Sixty ients were m e at each of three
in entation lo ings; 0.98 N, 1.96 N ar2.94 N (twenty inents at each force per sample,
error 0.02 N). The lo was hel for 20 secons. Samples were left for 24 hours prior to
analysis using optical microscopy. Tlekers harness5 4r6Pa an the Fracture Toughness

(K) was calculate using Equations 1 ar? respectively:

= > Equation 1

= —r Equation 2

whereP is the applie lo (N),a is the half length of the irent iagonal (m) an c is the
me ian/r ial crack length (m). The results quotare those obtaine from the 1.96 N
lo ing ue to the higher number of acceptable entations (a minimum of fifteen per

sample).
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Aqueous durabilly assessmen

Aqueous urability assessment was performeaccor ing to ASTM starar C 1285 02
(Prouct Consistency Test - PCT) utilising am5 150 m si fraction in 18.2 [ HO at
90C with a SA/ between 1499 mtan 1525 m! epen ent on glass ensity, as provie in
Table 3 [25]. Experiments were performia triplicate with uplicate blanks, sampling at 3,
7,14, 21 an28 ays.Samples were filtereusing a 0.459J &TFE filter anleachate analysis

was performe using ICP-AES.

The normalise elemental mass loss (llan normalise elemental issolution rates (NIR
were calculate accoring to Equations 3 an4, respectively; using the analysglass

compositions.

G .
NL; = S quaion 3
G .
NR = —= qua ion 4
fix—x

\%

where NLis the normalise elemental mass loss of elemdr(g m?), Gis the average, blank
correcte concentration of element in solution (g n¥), f, is the fraction of elemeniin the
unleache glass, SA/is the ratio of glass surface area to the volume of watet)(iNRis the
normalise elemental loss rate ant is time in ays.

Geochemical melling of the solution leachate was performeusing the PhreeqC
geochemical meelling co e (v3-12-8538, prove by the Unite States Geological Survey)
to i entify solution saturation species, using the Lawrence bioee National Laboratory

(LLNL) thermg/namic atabase.
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3 - Resus

3 - Glass Form&n and Composion

It can be state with confi ence that the three simulant PFR waste le G73 glasses exist
within a stable glass forming region of the phasgram up to a 20 wt% loing. The glasses
forme re ily an poure from the melt at 1200C, with no evience of un-issolve batch.
However, a smallegree of corrosion was ewnt insi e the crucible, which is responsible for
the elevate concentrations of alumina in the final composition. Thenposition of the three
glasses was analysasing RF an ICP-AESata are shown in Table 2, which compares the
final composition with the nominal batch&€ompositions.

Overall, it can be seen from Table 2 that the batctam analyse compositions are in
reasonable agreement for major aminor oxi es, although with some notable exceptions.
N&0O, BO;, an SQ, are, in general, analyseas lower than the batchecomposition, ue to
volatilisation from the melts uring high temperature processing. i@ BaO are,
respectively, systematically higher alower in the analyseglass compositions compar#o
the batche . The complexity of the glass composition m econvolution of overlapping-
ray emission lines, from multiple elements, challengarg may be responsible for this
systematic iscrepancy. The loss of such volatile components fiermelts oes not pose
a challenge to the off-gas system of existing HLW meltstems an, therefore, is not
expecte to be problematic for full scaleeployment. In ition, it shoul be note that the
lower surface area to volume ratio, ampresence of a colcap, in full scale melter systems
will re uce volatilisation conserably, with respect to laboratory scale melts.

Analysis of the vitrifiepro ucts by -ray iffraction showe only iffuse scattering (Figure 1)

characteristic of an amorphous material, with no evice of phase separation oetectable

10



203 crystallisation. The lack of contrast in both the SEM-Bfaging an SEM-ED mapping
204 analysis,isplaye in Figure 1b anFigure 2, is inicative of a chemically homogeneous glass
205 ona micron scale. Each glass shosimilar characteristics. There was no evice from RD
206 or SEM-EDanalysis of istinct segregate sulphate phases.

207  Crystallisation in r ioactive waste glasses, when puee from the melt, is unesirable for
208 several reasons, incling: the possibility for the precipitation of soluble ronucli e
209 containing phases; the potential foecrease aqueous urability of the matrix, ue to the
210 removal of refractory components; athe potential for swelling of crystal phases as a result
211 of amage from self-irr iation. The absence of significant crystallisation aminimal
212  evi ence of crucible corrosion ificate that a high-quality glass wasteform was obtaitteat

213 shoul be both stable anamenable to the processing of PFR wastes.

214 32 - Thermal Properes

215 Table 3 shows theensity, glass transition temperature ameasure liqui us temperature

216  of the simulant PFR glasses. The values obtdorethe T, are comparable, within error, for
217 the three waste-lo ings an correspon well with the transition temperature previously
218 reporte for the same base glass lee with organic exchange resins [18-21].

219 The liquius temperatures of the glasses were all below 1100 an no correlation with

220 increasing waste loing was observe Glass compositions with a liqus temperature

221 below 1100 C are thought to be beneficial for nuclear waste vitrificat@s the lower

222 temperatures minimise volatile losses of ibactive components uring melting [27-29].

223 Although not essential for all melter operations or wasteforntegtance criteria, the

224  absence of crystalline praicts in icates that the wasteforms will be amenable to commercial
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246

application; ue to the associate simplification of wasteform qualification, improve
efficiency of melter operation anpre ictability of process control [30]

As the glasses proce in this stuy have been shown to retain their Cs inventory after
processing at 120, the retention of Cs shoube expecte to be retaine in full scale melts
given the smaller melt surface area to volume ratio possibility of operating with a col

cap [31].

3 3 - Mechanical Tefg

The ickers harness an in entation fracture toughness of the PFR simulant glasses are
plotte in Figure 3The fracture toughness of the glass relates to the energyire to form

a new surface anis relevant to qualifying the suitability of noactive waste packages for
transport, e.g. in estimating the likelihoaf respirable fines formation in ace&nt scenario
[32].

The lowest waste loe glass, G73-10, h the highest inentation fracture toughness an
the har ness value of the glasses test&573-15 an G73-20 glasses gave lower values an
were equivalent within measurable precision. All compos#iwere comparable or superior
to existing HLW glass compositions (e.g. UK MW gtast®)S PNL 76-78 glass, Fig. 3) for
in entation fracture toughness anwere comparable, or superior, in terms ofckers
har ness [26,32].

Although no specification for fracture toughness currenglyists for UK vitreous waste
packages, the results imply that, as the G73 bagksses are comparable to current
wasteforms, they are likely to be compliant with storage inseéxg (HLW) canisters.

Furthermore, the mechanical properties suggest that packagitarger 3 m boxes may also

12
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be possible, although in this case analysis of thermallpade cracking/stresses uring

processing requires investigation.

3 4 - Aqueous Durabily
The short-term chemicalurability of the simulant raffinate glasses was investigatising
the PCT methmlogy [25]. Figure 4 shows the normaliseass loss of elements that were
etectable by ICP-AES in concentrations higher than those meeasuthe blank solutions.
The normaliseelemental mass loss (Nan normalise issolution rate (NR28 ays) ata
are shown in Tables 4 ab, respectively. The solution pH buffer® a value of pH 10.20.2
after 3 ays (Fig. 4) anthere was no further measurable fluctuation of pHring the 28-ay
uration of the experiments.
The normalise elemental loss rates (to 28ays) for boronwere similar for each glass
composition, giving an NRetween 3.24 x 18gm? -lan 3.33x 1&g m? 1( 5x 1069
as state in Table 4. This imcates that varying the waste loang from 10 to 20 wt%i not
appreciably alter the chemicalrability on the timescales investigate Importantly, the
glasses showea comparable normalisemass loss annormalise issolution rate to other
high-level waste glass compositiomstine for long-term isposal, teste un er comparable
con itions (Table 5). For example, the UK HLW MW?25 glass, ia®aN20 x 16g m? ay?
[33], compare with 3.24 x 1?g m? - for the 20 wt% lo e simulant PFR raffinate glass
(Table 5). The NR approximately twice that of the SON68 French HLW basg, flawever
it shoul be note that the specific activity in R7T7 (the active analogue of 8DIN@l be
substantially higher than that of the PFR k@ G73 glasses. At praction, R7T7 contains an

average specific activity ca. 110 PB¥ approximately 20 times greater than the average ca.
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6 PBq m estimate for the G73-20 glass [34]. As such, these glasses beutonsiere
suitable for the immobilisation an isposal of PFR raffinate.

Glass issolution was observeto be incongruent; B anNa leache at similar rates (N
NLyg), however the normalise mass loss of all other elements was anesrof magnitu e
lower than both B anNa (Table 4). The normalisenass loss of all elements was observe
to be rapi for the first 3 ays of issolution an, after this time, the normalisemass loss of
Si, Na, B began to néce in icating an approach to quasi-equilibrium, asigate in Figure
4,

The normalise mass loss of Ba arCa iffere as a function of glass composition, albeit
without a notable tren. For example, the normalisenass loss of Bacrease after 7 ays
for the 20 wt% waste loe composition, an after 14 ays for the 15 wt% glass (Fig. 4b).
There appeareto be little removal of Ba from solution from the 10 wi% le glass.
A itionally, the Nk, roppe after 14 ays for all three glasses (Fig. 4f). This behaviour may
be attribute to the formation of Ca-, Ba- arSr-containing alteration layers on the glass
surface. Inee , geochemical mecelling in icate that tobermorite (CgSgH;10., 5) is likely to
precipitate. A number of recent investigations have alsmtifie this phase in glasses
containing Ca, or where Ca is present in solution38ban have shown that its formation
can significantly raice the issolution rate of nuclear waste glasses, by aneorof
magnitu e compare to other me ia [39]. Other phases shown by geochemical eiling to

be favourable precipitates were the Ca- Ba- &@r-carbonate phases, calcite (CgCO
witherite (BaCg) an strontianite (SrC¢). Arising from equilibrium of GOn air with the
leaching meium, it is possible that these phases precipitat@ solution, an when the
samples were filterefor analysis, they were removele ing to an apparentecrease in Ca,

Ba an Sr leaching. It will be necessary to perform further wigh leaching experiments to

14
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314

examine the properties of the alterdayer so that the origin of the fluctuations in these
elements can beetermine an set in the context of recent mechanistic stes of UK HLW

an ILW glass performance [40-43].

4 - Discussion

Previous work has shown that cement may not have the cgptcieffectively immobilise
the iverse inventory of r ioactive elements present in the PFR raffinate waste stream [44]
Cementitious wasteforms coube subject to increase issolution an release rates ue to
their inherent porosity an high internal surface area. The high solubility gotential for
removal of many of the waste elements which sorb to tament surface; especially Cs,
which makes up over 60% of the ioactive inventory by activity, is of potential concern [2].
These factors highlight the opportunity to vitrify PFR wadi® minimise r ioisotope
migration to the biosphere.itrification, using G73 barium silicate glassscribe in this
investigation, is likely to offer significant improvertgem long term wasteform performance
over the current baseline.
The benefits of vitrification reach beyothe improvements in wasteform qualityescribe
an may also offer fiscal incentives, for example, by substdnti@lucing the waste volumes
for storage an isposal. The current lifecycle waste management plan is teecé the PFR
raffinate in 500 Lrums, with a target waste lo ing of 0.305 riper rum. With 212.1 i of
raffinate to process this woukesult in 397 rmof package waste for isposal (696 x 500 L
rums with a isplacement volume of 0.57 heach) [2]. If vitrification, at 20 wt% loing was
to be utilise, the volume of waste prauce woul be reuce to 14.4 m of glass.

Conceivably, this volume of material cobk re ily processe in a small or moular plant,
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330
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335

utilising one of a variety of thermal treatment options oYV being evelope in the UK e.g.
plasma vitrification, resistive heating melters or Hot-IsostBtiessing [45].

Assuming packaging of vitrifi€FR waste into 3HhhLW boxes was preferable ai0% of the
box capacity (2.573ncoul be fille , each 3 rAbox woul hol 1.8 n? of vitrifie pro uct. In
this scenario, the waste coube fully conitione using just eight 3 fboxes, proucing a
total waste volume forisposal of 28.6 /1 This treatment methoology, when compare
with cementation, woul re uce the waste isposal inventory by more than 90%, ann
principle, coul be achieve, using in-container Joule heatemelter technology. The heat
generation, surface activity limits asontainment limits for impact of this hypothetical G73-
20 waste stream have been estimat® be within existing guelines for a 3 mILW bok
[46]. The substantial volume ngction achieve by the vitrification approach woulenable
transfer of the resulting waste packages to the Sellaigé for storage, potentially assisting
earlier closure of the Dounreay site.

Deriving a lifetime waste management cost for these wastemie for near surface
storage has not been attemptdere. However, it is believethe cost re uctions associate
with managing lower volumes of wastes in the rest of Xi2A estate shoulbe transferable
to Scottish policy. It is important to note that the volumeuetion an concentration of the
waste associatewith this vitrification step woul not result in the re-classification of the
waste as HLW. This is important as a reclassification towtlWlV require consieration of
heat issipation in storage, intraicing significant extra costs forisposal, as well as

increasing the final volume requirén a storage vault.

1 Calculation baseupon reporte inventory of r ioisotopes for this waste stream armaccounting for the
concentration of activity achieveby vitrification. This packagevaste will meet state specifications impose
for a square corner 3 frbox.
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358

The ecrease risk to public health, superior quality of final wasteforimprove long term
stability, smaller footprint on the Dounreay ILW stores #re re uce waste management
cost, combine to prove a cre ible case for treatment of these wastes using vitrificatioerov

cementation.

5 - Conclusion

A vitreous wasteform for simulant PFR raffinate waxgelope at a range of waste loings
up to 20 wit%.The prouct was a stable an homogeneous amorphous soliwith no
observable crystal formationAll glasses performe comparably to vitrifie waste
compositions currently in use, both in the UK amternationally, for the immobilisation of
HLW. The aqueousurability was superior to that of current UK HLW glasseseun
comparable experimental coitions. Therefore, the glasses investigatbere coul be
consiere a stable matrix for ILW uer both geological isposal an near-surface storage
scenarios. The mechanical properties of the wasteforma mlatche or exceee those
currently in use for HLW glasses, in both the UKW®A, an therefore, shoul be amenable
to transport an storage in either 500 L HLW flasks or3lidV waste packages. Ationally,
we emonstrate that un ertaking immobilisation of PFR raffinate through thermal
treatment methos may also result in aecrease in the anticipatevolume of waste from
397 nito 28.6 n3, potentially resulting in significant lifetime waste managemergtsavings
an a more robust option to support the Scottish policy for ahnsurface storage ansite
closure.
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513 Figure 4 — Graphs displayinge normalised elemeral mass loss wh varying levels of PFR raffiraloading from PCT

514  experimensa 90°Cin82 = waerwihaSA/ of 499 m - 525 m (dependan on glass densy)
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516 Tables

Included in Simulan xcluded from Simulan

(surrogae elemen used)

Element ppm Element ppm
Na 9,711 Rh 15
Cu 8,725 Cm 4
Fe 3,837 Nb 3.5
Zn 3,566 Dy 2.4
Cd 2,540 Ag 1.3
S 1,351 As 13
Ni 1,277 Co 0.4
Cr 669 Ge 1.3
Cs 509 Hg 0.3
Nd 462 Ho 1.3

Am (Sm) 405 In 4
Al 350 Np 13
Ce 304 P 2.7

U (Ce) 168 Pb 1.1
La 163 Rb 1.3
Pr 158 Sb 1.3
Mo 154 Se 1.3
Pd 150 Sn 0.3
Ca 138 Tc 1.3
Sm 123 Eu 15
Y 112 Gd 15
Te 74 Pd 150
Sr 60
Mn 45
Ru 60
Ba 39
Ti 36

Total 35,186 Total 205

517 Table - Average composon of PFR raffinae as charaerised in [6] (Brackes) indicae where he use of an appropria
518 inac ive simulan was applied The righ-hand columns iderifies elemens excluded fromhe simulan based on badh low

519 concenra ions in he raffina e and on an economic basis
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520 Table 2 - Composdbns of base glass, simularcalcined PFR raffina and glasses producedComposiions of glasses
521 provided bo h as bached and as measured by XRF (boron analysis via llisso in HF and ICP- S) *No e glasses were
522 bached o 00w discrepancies repoed resul from rounding o 2 d,p

Componen G73-00 PFR G73-0 G73-5 G73-20
(w %) Base Calcine Bach | Meas | Bach | Meas | Bach | Meas
Glass

SiQ 42.0 0.00 37.80 34.29 35.70 33.4 33.60 32.58
BaO 42.0 0.09 37.81 41.21 35.71 41.61 33.62 38.61
Fe(O; 6.00 11.68 6.57 7.88 6.85 7.78 7.14 7.56
CaO 5.00 0.41 4.54 455 431 4.54 4.08 4.40
NaO 2.50 27.88 5.04 1.64 6.31 2.38 7.58 3.30
CuO 0 26.26 2.63 2.83 3.94 3.98 5.25 5.05
B,O; 2.00 0.00 1.80 0.46 1.70 0.56 1.60 0.46
nO 0 9.45 0.95 1.08 1.42 1.55 1.89 1.93
CcO 0 6.18 0.62 0.74 0.93 1.05 1.24 1.35
SQ 0 7.18 0.72 0.72 1.08 0.79 1.44 0.86
ALG; 0.50 1.41 0.59 0.86 0.64 0.85 0.68 1.2
NiO 0 3.46 0.35 0.55 0.52 0.71 0.69 0.86
CrOs 0 2.08 0.21 0.48 0.31 0.56 0.42 0.66
CsO 0 1.15 0.12 0.36 0.17 0.42 0.23 0.52
N .05 0 1.15 0.12 0.15 0.17 0.00 0.23 0.23
SmO; 0 0.30 0.03 0.10 0.05 0.14 0.06 0.19
CeQ 0 0.97 0.10 0.05 0.15 0.10 0.19 0.12
MoG; 0 0.49 0.05 0.06 0.07 0.08 0.10 0.09
205 0 0.30 0.03 0.03 0.05 0.05 0.06 0.06
LaOs 0 0.04 0.00 0.03 0.01 0.00 0.01 0.04
PrsOi1 0 0.04 0.00 0.04 0.01 0.06 0.01 0.09
RuQ 0 0.17 0.02 0.00 0.03 0.00 0.03 0.00
SrO 0 0.15 0.02 0.6 0.02 0.12 0.03 0.07
TeQ 0 0.20 0.02 0.00 0.03 0.00 0.04 0.00
TG 0 0.13 0.01 0.00 0.02 0.00 0.03 0.00
Mn,Os 0 0.14 0.01 0.08 0.02 0.08 0.03 0.09

100 - 100.13 | 98.795 | 100.20 { 100.81 | 100.26 | 100.32
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524

Sample ID
Glass Propey
G73-0  G73-5  G73-20
. 3.512 3.572 3574
Density (g crf) 0.002 0.002 0.003

Glass Transition Temperature
Q)
Liqui us Temperature C) 1045 10 1075 10 1020 10

470 10 483 10 484 10

525 Table 3 - Properes of glass wagforms produced avarying PFR raffin@ wase loadings includinghe densiy, liquidus

526 emperaure (measured in mullie crucibles — see mairex for he implicaion of his) and glassransiion emperaure

527
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528
529

530

NR Glass Composbn
(g m?day ) G73-0 G73-5 G73-20
B 3.33x1¢ 3.28x1¢ 3.24x 1€
Na 1.69x16¢ 217x16¢ 1.84x1€&
Si 7.18 x 16 8.40 x 16 7.19x 16
Ca 589x16¢ 3.62x1¢ 4.95x 16
Mo 444 x16¢ 4.78x16¢ 6.38x 16
Ba 443x16¢ 3.10x16¢ 1.47x16
Cr 3.48x1¢¢ 1.64x1¢¢ 2.30x 16
Cu 493x 16 145x 16 0.00
Al 0.00 0.00 291 x 16
Fe 0.00 0.00 0.00
Ni 0.00 0.00 0.00
Sr 0.00 0.00 0.00
n 0.00 0.00 0.00

Table 4 — Normalised elemeal loss raes for he hree wase PFR wag loaded glasses measured af 28 daysDaa is

from PCT experimers of he waseformsa 90°Cin82 = waer
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531
532
533

534

Glass NL af er 28 days NR af er 28 days SA/ pH
Compasiion (g m?d) (g NP day ) (m) (25 °C)
Nlg NLs; NRs NRsi

G73-20 0.9076 0.2012 0.0324 0.0072 1499 1026

SONGBE40] 0.4886 0.1559 0.0175 0.0055 2135 94
MW25]3 | 8.89 0.538 0.32 0.020 1200 -

Table 5 — Comparison of neork dissoluion limi ing normalised elemeral mass losses and normalised elemah
dissoluion ra es beween SON68 glass, Bsh Magnox wase HLW glass and G7% wase loaded glasseses ed, under

PCT condionsa 90°Cin82 = waer

30



10

11

12

13

14

15

16

17

18

19

20

21

Immobilisation of Praotype Fas Reator Raffinae using Barium

Silicae ILW Glasses

Paul G. Heath, Claire L. Corkhill, Martin C. Stennett, Rudseil JKieran M. Whales, Neil C.
Hyatt
Immobilisation Science Laboratory, Sir Robert fldl Buil ing, Mappin Street, The

University of Sheffiel Sheffiel, S1 3JD, UniteKing om

Abgract

The vitrification of Dounreay Prototype Fast Reactor Raffinate)(PFa barium borosilicate
glass matrix was investigatewith the aim of unerstan ing process feasibility anthe
potential benefits over the current baseline of cementa&pgulation. Laboratory scale glass
melts emonstrate the pro uction of homogeneous glasses incorporating at least 20 wt%
simulant PFR waste (on an s basis), with noetectable crystalline accessory phases. The
har ness an in entation fracture toughness of the simulant PFR waste glasses we
etermine to be comparable to those of current UK high level wakisgiformulations. The
normalise issolution rate of boron from the simulant PFR glasses wtsmine to be 3 x
102g m? -1, in 18.2 M water at 90C an surface area / volume ratio of 1500%nonly a
factor of two greater than the French SON-68 simulant h&yell waste glass, uer
comparable contions. Consequently, the simulant PFR waste glasses ast emn to
show consierable promise for meeting envisagevaste acceptance criteria for geological

isposal. Overall, the superior stability of vitrifieFR wasteforms couénhance the safety



22  case for long term near surface storage ofioactive wastes, marate by current Scottish
23  Government policy.

24  Keywors: Amorphous Materials, Waste Immobilisation, Mechanical progerti
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Introduction

The Prototype Fast Reactor (PFR) was the UK’s séasinreactor an operate between
1974 an 1994, utilising a high plutonium content mixexi e fuel (MOx) with a molten
so ium coolant [1]. Spent fuel from the PFR was reprocesse the Dounreay site by
issolution in nitric aci to recover the reusable fissile material. This proces$ gie
approximately 200 fof an aqueous r ioactive liquor, known as PFR raffinate [2]. The PFR
raffinate contains the majority of the rioactive material an fission proucts pro uce
uring the operation of the PFR reactor aan the Dounreay site as a whole [3]. Since the
reprocessing of PFR fuel was complete 1996, the waste raffinate has been storm
un ergroun tanks on the Dounreay site. Having spenta e in storage, PFR raffinate was
reclassifie as Intermeiate Level Waste in 2004, ostensiblye to its low heat output [4].
The conitioning of PFR raffinate into a passively safe, wastefoineistifie as a priority in
the Dounreay Site Restoration Plan [5]. A best practical @mwiental option assessment,
un ertaken by the UKAEA, proposaeeutralisation an cementation of the raffinate as the
reference waste management strategy [6]. For this waste treatmeption to be
implemente , a new facility (to be known as D3900) is requjrthe construction of which is
yet to begin at the time of writing.
Although laboratory stues have emonstrate that cement-encapsulateinactiveraffinate
has physical properties comparable to those of other cameilLW streams (e.g. viscosity,
initial setting time, blee water), PFR raffinate has a specific activity 20 times greagar th
other encapsulate ILW streams [2,3,7,8]. The high concentratio®éCs in PFR raffinates,
the porous nature anpoor immobilisation of Cs observéen cementitious systems, may limit
the ability of cement to retain the rioactive inventory of PFR [2,91]. It is not yet certain

that environmental release rates from a cementeFR raffinate wasteform will be within
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permitte limits over the relevant lifetime of the wasteform, particulagiven the policy of
the Scottish Government for long term near-surface steraga coastal location, as in the
case of Dounreay [12,13].
An issue that may be even more significant to safe intstomage is the high specific activity
of the wastes antheir significant alpha emitting componeri G <346 TBqm, J 3.21
TBq n¥) [2]. It is known that the r iolysis of cementitious water will praice H, while the
presence of significant nitrate concentrations in the wa8@0¢500 g1) an alpha activity
will also result in the formation @, an NQ[14 17]. These combinefactors will increase
the rate of gas generation when compar® existing UK ILW waste packages. As a result,
these reactions coulbe expecte to intro uce significant complexities to the long-term
management of cementePFR raffinate waste packages through the neemonitor, vent
an issipate gases form the waste packages.
It shoul be note that the near-surface storage policy was intnge after the strategic
ecision to encapsulate PFR raffinates in a cement wasteforits. i@sponse to the Scottish
Government consultation on higher activity wastes, the Cdtem on ioactive Waste
Management (CoRWM) highlightéhat certain wastes from the Dounreay site werever
likely to be suitable for near surface disposal and tfoeeegreater efforts need to be made in
the interest of safety, security and intergenerational eqtitfind a permanent solution for
this waste”[12].
The current investigation aims t@monstrate, in principle, an alternative processing option
for PFR raffinate, which coutnhance the safety case for long term near-surface storage an
ress the concerns of CORWM. éivative of the barium borosilicate glass, G73, previpusl
investigate as a matrix for the immobilisation of UK ILWs arising at Magacammissioning

sites [18-21], is here investigatas a isposal matrix for PFR raffinate, the composition of
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which incorporates ca. 7 wt% $S®@arium borosilicate glasses, such as G73, are reptote
have a high aqueouairability an the presence of Ba is known to increase the solubility of
sulphate species, which inhibits the formation of wateubtd yellow phase salts [18-23].
We present an analysis of the composition, amorphous eatagueous urability, thermal
behaviour an mechanical properties of vitrifiePFR raffinate with waste loings of 10 wt%,

15 wt% an 20 wt% (oxie basis), in a barium borosilicate glass. The resultsisceisse with

reference to the potential benefits of PFR raffinate viafion compare to cementation.

2 - Maerials andeExperimental

2.1 — Materials

2 Raffinae Simulan

The inactive surrogate for PFR raffinate was formulate the assumption that the waste
woul be treate using an evaporation or calcination step to puge a soli calcine prior to
vitrification. The composition was thus formulatesing the ata available on the average
composition of four PFR tanks at the Dounreay site [6.chemical composition of mel
PFR raffinate is prov@ in Table 1. The sob content of the raffinate calcine was calculate
base on the reporte elemental values in the raffinate (ppm) athen converte to their
oxi e form, which is reportein Table 2.

Some variations in the elemental composition were neagswhen batching the simulant.
For example, for reasons of practicality, any elements wathcentrations 15 ppm were
exclue (Ag, As, Cm, Dy, Eu,,&e, Hg, Ho, In, Nb, Np, P, Ph,Rb, Rh, Sb, Se, Sn drc).

One exception was P which was present at a concentration 0150 ppm in the waste
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stream. This was excle on grouns of cost, for this preliminary sty, an its known
propensity to exist as an insoluble noble metal in gladésrg4].

The omission of the elements not@above accountefor 2.8 wt% of the mass of the total
waste stream. ioactive elements with concentrations 15 ppmwere substitute by

relevant concentrations of inactive surrogates (Ce for USm for Am).

2.1.2 Glass Prepat#on

Three glasses were synthesisan characterise in this stuy. These glasses were basan

a erivative of the G73 barium-silicate base glass composftiefierre to here as G73, for
simplicity), which was previouslgvelope [18-21], with PFR raffinate simulant incorporate
at 10 wt%, 15 wt% ar20 wt% waste lo ing. These glasses arentifie as G73-10, G73-15
an G73-20, respectively. The base glass compositioneptesin Table 2 for reference, is
i entifie as G73-00.

Glasses were prace from batch chemicals to prowe 250 g of glass. The components of
the raffinate simulant were batchein either their oxie or carbonate forms accoing to
their molar proportions to obtain the specifiavaste lo ing. The following analytical gre
chemicals were usefor batching; Al(OH) NaB;O;.10HO, BaCg) CaC@ C O, CeQ
Cr(N@s.9H,0, CsCQ, CuO, F; La0s, Mn,0s3, M0G;, NaCQ, N 03, NiICQ, POy, RUQ,
NaSQ, SiQ, SmO;, SrCQ TeQ, TiQ, 0z an nO. The batche pow ers were heate in
mullite crucibles with stirring to 120C at 10C mint an hel at temperature for 3 hours.
The glasses were pour@to blocks an anneale at 500 C for one hour before cooling to
25 C at 1 C mink. Glass monoliths were prepardéor SEM-ED ickers harness testing an
fracture toughness testing to a 0.25 &inish by successive grimg an polishing with SiC

grit papers an iamon pastes. Power samples were prepareusing a harene steel ring
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an puck mill. The sub-75m si fraction was collectefor use in RD an RF analysis an
the 75-150 m si fraction was collecte for use in aqueousurability experiments an

prepare accor ing to ASTM starar C 1285 02 [25].

2 2 - Characrisaion
Glass Charaerisaion
-ray Fluorescence RF) analysis was performeusing a Phillips PW2404RF AXxios
instrument to obtain compositionakta. BO; content was etermine by issolution of glass
pow er in HF followe by analysis of leachate using a Perkin-Elmer Optima 5@80view
In uctively Couple Plasma Atomic Emission Spectroscopy (ICP-AES)ksiy of the glass
wasteforms was measureusing a 75 m pow er, using an AccuPyc 1340 Il helium
pycnhometer with the following analysis regime; 200gas of the chamber followeby 50
cycles using an equilibration rate of 35 Pahain25 C in a 1 cthchamber an a fill pressure
of 86.2 KPa. Scanning Electron Microscopy was pegfousing a JEOL JSM 6400 SEM with
an accelerating voltage of 20 lkan a working istance of 15 mm. Concurrent Energy
Dispersive Spectroscopy was acquil@gNCA, Oxfor Instruments). A itionally, an FEI
uanta 200 F SEM was utiliséor high resolution imaging, using an accelerating voltaige
30 k an working istance of 10 mm. Concurrent Energy Dispersivay analysis was
performe (Genesis ED.
Thermal and mechanical propdaes
The glass liquus temperature for each sample was measuby placing a 20 cm long mullite
boat, fille with sub-75 m glass power, into a tube furnace. The samples were left to
equilibrate at 1200C for 24 hours anthe temperature gr ient along the length of the boat

at 5 mm intervals was measurasing a retractable thermocouple. The boats were remove
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an rapi ly quenche in air. The point of crystallisation was measurable to withmrt by
optical examination of the crucibles arthis was then correlate with the associate
temperature to estimate the liquus temperature. Alterations in chemical composition
resulting from crucible corrosion were not account®r, nor were the phases proce
analyse. As the purpose of this test was to check if the pointmystallisation was below
1100 C, an the contaminants from crucible corrosion are likely to éowihis value, the
results presenteare consiere useful in this context.

The ickers harness inentation metho was use to etermine both harness (k) an the

in entation fracture toughness {Kfollowing the proceure escribe by Connelly et al. [26].
In entation was performe on a Mitutayo HM-101. Sixty ients were m e at each of three
in entation lo ings; 0.98 N, 1.96 N ar2.94 N (twenty inents at each force per sample,
error 0.02 N). The lo was hel for 20 secons. Samples were left for 24 hours prior to
analysis using optical microscopy. Tlekers harness5 4r6Pa an the Fracture Toughness

(K) was calculate using Equations 1 ar? respectively:

= > Equation 1

= —a5 Equation 2

whereP is the applie lo (N),a is the half length of the irent iagonal (m) an c is the
me ian/r ial crack length (m). The results quotare those obtaine from the 1.96 N
lo ing ue to the higher number of acceptable entations (a minimum of fifteen per

sample).
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Aqueous durabilly assessmen

Aqueous urability assessment was performeaccor ing to ASTM starar C 1285 02
(Pro uct Consistency Test - PCT) utilising am5 150 m si fraction in 18.2 [ HO at
90C with a SA/ between 1499 mtan 1525 m! epen ent on glass ensity, as provie in
Table 3 [25]. Experiments were performa triplicate with uplicate blanks, sampling at 3,
7,14, 21 an28 ays. Samples were filterausing a 0.459J & TFE filter anleachate analysis

was performe using ICP-AES.

The normalise elemental mass loss (Nlan normalise elemental issolution rates (NR
were calculate accoring to Equations 3 an4, respectively; using the analyseglass

compositions.

NL; = N quaion 3
G .
NR = —= qua ion 4
fix—x

\%

where NLis the normalise elemental mass loss of elemdr(g m?), Gis the average, blank
correcte concentration of elementin solution (g n¥), f is the fraction of elemenitin the
unleache glass, SA/is the ratio of glass surface area to the volume of watet)(iNRis the
normalise elemental loss rate ant is time in ays.

Geochemical melling of the solution leachate was performeusing the PhreeqC
geochemical meelling co e (v3-12-8538, prove by the Unite States Geological Survey)
to i entify solution saturation species, using the Lawrence bioee National Laboratory

(LLNL) thermg/namic atabase.
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3 - Resus

3 - Glass Form&on and Composion

It can be state with confi ence that the three simulant PFR waste le G73 glasses exist
within a stable glass forming region of the phasgram up to a 20 wt% loing. The glasses
forme re ily an poure from the melt at 1200C, with no evience of un-issolve batch.
However, a smallegree of corrosion was ewnt insi e the crucible, which is responsible for
the elevate concentrations of alumina in the final composition. Thenposition of the three
glasses was analysasing RF an ICP-AESata are shown in Table 2, which compares the
final composition with the nominal batch&€ompositions.

Overall, it can be seen from Table 2 that the batche analyse compositions are in
reasonable agreement for major aminor oxi es, although with some notable exceptions.
NaO, BOs;, an SQ, are, in general, analyseas lower than the batchecomposition, ue to
volatilisation from the melts uring high temperature processing. oi@n BaO are,
respectively, systematically higher dower in the analyseglass compositions comparéo
the batche. The complexity of the glass composition ®m econvolution of overlapping-
ray emission lines, from multiple elements, challaggan may be responsible for this
systematic iscrepancy. The loss of such volatile components filemelts oes not pose
a challenge to the off-gas system of existing HLW meitestems an, therefore, is not
expecte to be problematic for full scaleeployment. In ition, it shoul be note that the
lower surface area to volume ratio, apresence of a colcap, in full scale melter systems
will re uce volatilisation conserably, with respect to laboratory scale melts.

Analysis of the vitrifiepro ucts by -ray iffraction showe only iffuse scattering (Figure 1)

characteristic of an amorphous material, with no evice of phase separation oetectable

10



203 crystallisation. The lack of contrast in both the SEM-Bfaging an SEM-ED mapping
204 analysis,isplaye in Figure 1b anFigure 2, is inicative of a chemically homogeneous glass
205 ona micron scale. Each glass shosimilar characteristics. There was no evice from RD
206 or SEM-EDanalysis of istinct segregate sulphate phases.

207  Crystallisation in r ioactive waste glasses, when puee from the melt, is unesirable for
208 several reasons, incling: the possibility for the precipitation of soluble ronucli e
209 containing phases; the potential foecrease aqueous urability of the matrix, ue to the
210 removal of refractory components; athe potential for swelling of crystal phases as a result
211 of amage from self-irr iation. The absence of significant crystallisation aminimal
212  evi ence of crucible corrosion ificate that a high-quality glass wasteform was obtaitteat

213 shoul be both stable anamenable to the processing of PFR wastes.

214 32 - Thermal Properes

215 Table 3 shows theensity, glass transition temperature ameasure liqui us temperature
216  of the simulant PFR glasses. The values obtdorethe T, are comparable, within error, for
217 the three waste-lo ings an correspon well with the transition temperature previously
218 reporte for the same base glass lee with organic exchange resins [18-21].

219 The liquius temperatures of the glasses were all below 1100 an no correlation with
220 increasing waste loing was observe Glass compositions with a liqus temperature
221 below 1100 C are thought to be beneficial for nuclear waste vitrificat@s the lower
222 temperatures minimise volatile losses of ibactive components uring melting [27-29].
223  Although not essential for all melter operations or wastefoacceptance criteria, the

224  absence of crystalline practs in icates that the wasteforms will be amenable to commercial
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application; ue to the associate simplification of wasteform qualification, improve
efficiency of melter operation arpre ictability of process control [30]

As the glasses proce in this stuy have been shown to retain their Cs inventory after
processing at 120@, the retention of Cs shoube expecte to be retaine in full scale melts
given the smaller melt surface area to volume ratio possibility of operating with a col

cap [31].

3 3 - Mechanical Tefg

The ickers harness an in entation fracture toughness of the PFR simulant glasses are
plotte in Figure 3. The fracture toughness of the glass retatédse energy require to form

a new surface anis relevant to qualifying the suitability of rioactive waste packages for
transport, e.g. in estimating the likelihoof respirable fines formation in acent scenario
[32].

The lowest waste loe glass, G73-10, h the highest inentation fracture toughness an
the har ness value of the glasses test&573-15 an G73-20 glasses gave lower values an
were equivalent within measurable precision. All compos#iwere comparable or superior
to existing HLW glass compositions (e.g. UK MW gtast®)S PNL 76-78 glass, Fig. 3) for
in entation fracture toughness anwere comparable, or superior, in terms ofckers
har ness [26,32].

Although no specification for fracture toughness cothe exists for UK vitreous waste
packages, the results imply that, as the G73 bagkasses are comparable to current
wasteforms, they are likely to be compliant with storageekisting (HLW) canisters.

Furthermore, the mechanical properties suggest that packgigilarger 3 mboxes may also
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be possible, although in this case analysis of thermallyce cracking/stressesuring

processing requires investigation.

3 4 - Aqueous Durabily
The short-term chemicalurability of the simulant raffinate glasses was investigatising
the PCT methmlogy [25]. Figure 4 shows the normaliseass loss of elements that were
etectable by ICP-AES in concentrations higher than those meeasuthe blank solutions.
The normaliseelemental mass loss (Nan normalise issolution rate (NR28 ays) ata
are shown in Tables 4 ab, respectively. The solution pH buffer® a value of pH 10.20.2
after 3 ays (Fig. 4) anthere was no further measurable fluctuation of pHring the 28-ay
uration of the experiments.
The normalise elemental loss rates (to 28ays) for boron were similar for each glass
composition, giving an NRetween 3.24 x 18gm? -lan 3.33x 1&g m? 1( 5x 1069
as state in Table 4. This imcates that varying the waste loang from 10 to 20 wt%i not
appreciably alter the chemicalrability on the timescales investigate Importantly, the
glasses showea comparable normalisemass loss annormalise issolution rate to other
high-level waste glass compositiomstine for long-term isposal, teste un er comparable
con itions (Table 5). For example, the UK HLW MW?25 glass, i&®aN20 x 16g m? ay?
[33], compare with 3.24 x 1?g m? - for the 20 wt% lo e simulant PFR raffinate glass
(Table 5). The NR approximately twice that of the SON68 French HLW basg, flawever
it shoul be note that the specific activity in R7T7 (the active analogue of 8PNl be
substantially higher than that of the PFR k@ G73 glasses. At praction, R7T7 contains an

average specific activity ca. 110 PB¥ approximately 20 times greater than the average ca.

13



269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

201

292

6 PBq m estimate for the G73-20 glass [34]. As such, these glasses beutonsiere
suitable for the immobilisation an isposal of PFR raffinate.

Glass issolution was observeto be incongruent; B anNa leache at similar rates (N
NLyg), however the normalise mass loss of all other elements was anesrof magnitu e
lower than both B anNa (Table 4). The normalisenass loss of all elements was observe
to be rapi for the first 3 ays of issolution an, after this time, the normalisemass loss of
Si, Na, B began to néce in icating an approach to quasi-equilibrium, asigate in Figure
4,

The normalise mass loss of Ba arCa iffere as a function of glass composition, albeit
without a notable tren. For example, the normalisenass loss of Bacrease after 7 ays
for the 20 wt% waste loe composition, an after 14 ays for the 15 wt% glass (Fig. 4b).
There appeareto be little removal of Ba from solution from the 10 wi% le glass.
A itionally, the Nk, roppe after 14 ays for all three glasses (Fig. 4f). This behaviour may
be attribute to the formation of Ca-, Ba- arSr-containing alteration layers on the glass
surface. Inee , geochemical mecelling in icate that tobermorite (CgSgH;10., 5) is likely to
precipitate. A number of recent investigations have alsmtifie this phase in glasses
containing Ca, or where Ca is present in solution38pan have shown that its formation
can significantly raice the issolution rate of nuclear waste glasses, by aneorof
magnitu e compare to other me ia [39]. Other phases shown by geochemical eiling to

be favourable precipitates were the Ca- Ba- &@r-carbonate phases, calcite (CgCO
witherite (BaCg¢) an strontianite (SrC¢). Arising from equilibrium of GOn air with the
leaching meium, it is possible that these phases precipitat@ solution, an when the
samples were filterefor analysis, they were removele ing to an apparentecrease in Ca,

Ba an Sr leaching. It will be necessary to perform further wigh leaching experiments to
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examine the properties of the alterdayer so that the origin of the fluctuations in these
elements can beetermine an set in the context of recent mechanistic stes of UK HLW

an ILW glass performance [40-43].

4 - Discussion

Previous work has shown that cement may not have the cgptcieffectively immobilise
the iverse inventory of r ioactive elements present in the PFR raffinate waste stream [44]
Cementitious wasteforms coube subject to increase issolution an release rates ue to
their inherent porosity an high internal surface area. The high solubility gotential for
removal of many of the waste elements which sorb to tament surface; especially Cs,
which makes up over 60% of the ioactive inventory by activity, is of potential concern [2].
These factors highlight the opportunity to vitrify PFR wadi® minimise r ioisotope
migration to the biosphere.itrification, using G73 barium silicate glassscribe in this
investigation, is likely to offer significant improvertgem long term wasteform performance
over the current baseline.
The benefits of vitrification reach beyothe improvements in wasteform qualityescribe
an may also offer fiscal incentives, for example, by substdnti@lucing the waste volumes
for storage an isposal. The current lifecycle waste management plan is teeceé the PFR
raffinate in 500 Lrums, with a target waste lo ing of 0.305 riper rum. With 212.1 i of
raffinate to process this woukesult in 397 rmof package waste for isposal (696 x 500 L
rums with a isplacement volume of 0.57 heach) [2]. If vitrification, at 20 wt% loing was
to be utilise, the volume of waste prauce woul be reuce to 14.4 m of glass.

Conceivably, this volume of material cobk re ily processe in a small or moular plant,
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utilising one of a variety of thermal treatment options oYV being evelope in the UK e.g.
plasma vitrification, resistive heating melters or Hot-IsostBtiessing [45].

Assuming packaging of vitrifi€FR waste into 3hhLW boxes was preferable ai0% of the
box capacity (2.573ncoul be fille , each 3 rAbox woul hol 1.8 n? of vitrifie pro uct. In
this scenario, the waste coube fully conitione using just eight 3 fboxes, proucing a
total waste volume forisposal of 28.6 /1 This treatment methoology, when compare
with cementation, woul re uce the waste isposal inventory by more than 90%, ann
principle, coul be achieve, using in-container Joule heatemelter technology. The heat
generation, surface activity limits asontainment limits for impact of this hypothetical G73-
20 waste stream have been estimat® be within existing guelines for a 3 mILW bok
[46]. The substantial volume ngction achieve by the vitrification approach woulenable
transfer of the resulting waste packages to the Sellaigé for storage, potentially assisting
earlier closure of the Dounreay site.

Deriving a lifetime waste management cost for these wastemie for near surface
storage has not been attemptdere. However, it is believethe cost re uctions associate
with managing lower volumes of wastes in the rest of Mi2A estate shoulbe transferable
to Scottish policy. It is important to note that the volumeuetion an concentration of the
waste associatewith this vitrification step woul not result in the re-classification of the
waste as HLW. This is important as a reclassification towtlWV require consieration of
heat issipation in storage, intraicing significant extra costs forisposal, as well as

increasing the final volume requirén a storage vault.

1 Calculation baseupon reporte inventory of r ioisotopes for this waste stream armaccounting for the
concentration of activity achieveby vitrification. This packagevaste will meet state specifications impose
for a square corner 3 frbox.
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The ecrease risk to public health, superior quality of final wasteforimprove long term
stability, smaller footprint on the Dounreay ILW stores #re re uce waste management
cost, combine to prove a cre ible case for treatment of these wastes using vitrificatioerov

cementation.

5 - Conclusion

A vitreous wasteform for simulant PFR raffinate waxgelope at a range of waste loings
up to 20 wt%. The proaict was a stable an homogeneous amorphous soliwith no
observable crystal formation. All glasses performeomparably to vitrifie waste
compositions currently in use, both in the UK amternationally, for the immobilisation of
HLW. The aqueousurability was superior to that of current UK HLW glasseseun
comparable experimental coitions. Therefore, the glasses investigatbere coul be
consiere a stable matrix for ILW uer both geological isposal an near-surface storage
scenarios. The mechanical properties of the wasteforma alatche or exceee those
currently in use for HLW glasses, in both the UKW®A, an therefore, shoul be amenable
to transport an storage in either 500 L HLW flasks or3lidV waste packages. Ationally,
we emonstrate that un ertaking immobilisation of PFR raffinate through thermal
treatment methos may also result in aecrease in the anticipatevolume of waste from
397 nmito 28.6 n3, potentially resulting in significant lifetime waste managemeargtsavings
an a more robust option to support the Scottish policy for ahnsurface storage ansite
closure.
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496 Figures

497

498 Figure - a) Powder XRD parns of G73 PFR raffina loaded glasses, displaying diffuse s@&ing characeris ic of
499 amorphous maerial and b) SM-BS image displaying homogensi of G73-20 glass max, se above i) - iii) SM- DX
500 maps of key elemers for b) and iv) a higher resolion BS-S M of G73-20 glass meix iden ified in b) which aken

501 illus ra es he absence of crysalline maerials in he final wase produc

502
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503 F

504 Figure 2 - SM-BS images of he hree wase loaded glasses G733, G73-5 and G73-20 avarious magnificaons The
505 lack of image comras suggess chemical homogeney wi hin he sample

506
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507

508 Figure 3 — Indera ion frac ure oughness and hardness values of G73 PFR ra#inease loaded glasses ohined using
509 he ickers indena ion me hodology, wih comparison o wase glasses curretty used for HLW immobiliséon [23,30]

510 rrors correspond o 3 x he measured sandard deviaion

511
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512

513 Figure 4 — Graphs displayinge normalised elemeral mass loss wh varying levels of PFR raffiraloading from PCT

514  experimensa 90°Cin82 = waerwihaSA/ of 499 m - 525 m (dependan on glass densy)

515
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516 Tables

Included in Simulan xcluded from Simulan

(surrogae elemen used)

Element ppm Element ppm
Na 9,711 Rh 15
Cu 8,725 Cm 4
Fe 3,837 Nb 3.5
Zn 3,566 Dy 2.4
Cd 2,540 Ag 1.3
S 1,351 As 13
Ni 1,277 Co 0.4
Cr 669 Ge 1.3
Cs 509 Hg 0.3
Nd 462 Ho 1.3

Am (Sm) 405 In 4
Al 350 Np 13
Ce 304 P 2.7

U (Ce) 168 Pb 1.1
La 163 Rb 1.3
Pr 158 Sb 1.3
Mo 154 Se 1.3
Pd 150 Sn 0.3
Ca 138 Tc 1.3
Sm 123 Eu 15
Y 112 Gd 15
Te 74 Pd 150
Sr 60
Mn 45
Ru 60
Ba 39
Ti 36

Total 35,186 Total 205

517 Table - Average composon of PFR raffinge as charaerised in [6] (Brackes) indicae where he use of an appropria
518 inac ive simulan was applied The righ-hand columns iderifies elemens excluded fromhe simulan based on badh low

519 concenra ions in he raffina e and on an economic basis
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520 Table 2 - Composdbns of base glass, simularcalcined PFR raffina and glasses producedComposiions of glasses
521 provided bo h as bached and as measured by XRF (boron analysis via llisso in HF and ICP- S) *No e glasses were
522 ba ched o 00 w %,; discrepancies reported result from rounding tad2p.

Component | G73-00 PFR G73-10 G73-15 G73-20
(Wi%) Base Calcine Batch | Meas. | Batch | Meas. | Batch | Meas.
Glass
SiQ 42.0 0.00 37.80 34.29 35.70 33.4 33.60 32.58
BaO 42.0 0.09 37.81 41.21 35.71 41.61 33.62 38.61
Fe(O; 6.00 11.68 6.57 7.88 6.85 7.78 7.14 7.56
CaO 5.00 0.41 4.54 455 431 4.54 4.08 4.40
NaO 2.50 27.88 5.04 1.64 6.31 2.38 7.58 3.30
CuO 0 26.26 2.63 2.83 3.94 3.98 5.25 5.05
B,O; 2.00 0.00 1.80 0.46 1.70 0.56 1.60 0.46
nO 0 9.45 0.95 1.08 1.42 1.55 1.89 1.93
CcO 0 6.18 0.62 0.74 0.93 1.05 1.24 1.35
SQ 0 7.18 0.72 0.72 1.08 0.79 1.44 0.86
ALG; 0.50 1.41 0.59 0.86 0.64 0.85 0.68 1.2
NiO 0 3.46 0.35 0.55 0.52 0.71 0.69 0.86
CrOs 0 2.08 0.21 0.48 0.31 0.56 0.42 0.66
CsO 0 1.15 0.12 0.36 0.17 0.42 0.23 0.52
N .05 0 1.15 0.12 0.15 0.17 0.00 0.23 0.23
SmO; 0 0.30 0.03 0.10 0.05 0.14 0.06 0.19
CeQ 0 0.97 0.10 0.05 0.15 0.10 0.19 0.12
MoG; 0 0.49 0.05 0.06 0.07 0.08 0.10 0.09
205 0 0.30 0.03 0.03 0.05 0.05 0.06 0.06
LaOs 0 0.04 0.00 0.03 0.01 0.00 0.01 0.04
PrsOi1 0 0.04 0.00 0.04 0.01 0.06 0.01 0.09
RuQ 0 0.17 0.02 0.00 0.03 0.00 0.03 0.00
SrO 0 0.15 0.02 0.6 0.02 0.12 0.03 0.07
TeQ 0 0.20 0.02 0.00 0.03 0.00 0.04 0.00
TG 0 0.13 0.01 0.00 0.02 0.00 0.03 0.00
Mn,Os 0 0.14 0.01 0.08 0.02 0.08 0.03 0.09
100 - 100.13 | 98.795 | 100.20 { 100.81 | 100.26 | 100.32
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524

Sample ID
Glass Propey
G73-0  G73-5  G73-20
. 3.512 3.572 3574
Density (g crf) 0.002 0.002 0.003

Glass Transition Temperature
q®)
Liqui us Temperature C) 1045 10 1075 10 1020 10

470 10 483 10 484 10

525 Table 3 - Properes of glass wagforms produced avarying PFR raffin@ wase loadings includinghe densiy, liquidus

526 emperaure (measured in mullie crucibles — see mairex for he implicaion of his) and glassransiion emperaure

527
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528
529

530

NR Glass Composbn
(g m?day ) G73-0 G73-5 G73-20
B 3.33x1¢ 3.28x1¢ 3.24x 1€
Na 1.69x16¢ 217x16¢ 1.84x1€&
Si 7.18 x 16 8.40 x 16 7.19x 16
Ca 589x16¢ 3.62x1¢ 4.95x 16
Mo 444 x16¢ 4.78x16¢ 6.38x 16
Ba 443x16¢ 3.10x16¢ 1.47x16
Cr 3.48x1¢¢ 1.64x1¢¢ 2.30x 16
Cu 493x 16 145x 16 0.00
Al 0.00 0.00 291 x 16
Fe 0.00 0.00 0.00
Ni 0.00 0.00 0.00
Sr 0.00 0.00 0.00
n 0.00 0.00 0.00

Table 4 — Normalised elemeal loss raes for he hree wase PFR wag loaded glasses measured af 28 daysDaa is

from PCT experimers of he waseformsa 90°Cin82 = waer
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531
532
533

534

Glass NL af er 28 days NR af er 28 days SA/ pH
Compasiion (g m?d) (g nP day ) (m) (25 °C)
Nlg NLs; NRs NRsi

G73-20 0.9076 0.2012 0.0324 0.0072 1499 1026

SONGBE40] 0.4886 0.1559 0.0175 0.0055 2135 94
MW25]3 | 8.89 0.538 0.32 0.020 1200 -

Table 5 — Comparison of neork dissoluion limi ing normalised elemeral mass losses and normalised elemah
dissoluion ra es beween SON68 glass, Bsh Magnox wase HLW glass and G7% wase loaded glasseses ed, under

PCT condionsa 90°Cin82 = waer
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