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Background

In the UK (Sellafield) the waste arsing from
the reprocessing of spent nuclear fuel is
vitrified.

Reprocessing leads to liquid waste stored in
Highly Active Storage Tanks (HAST).

Produces waste containing large amounts of

R~

Amec (2017) Final report on studies of
simulant HLW glasses RWM005105

[zjgl?versity Nucle[I_S

2 Sheffield.

Estimated number of HLW containers

Made to date | Yet to be made |To repository | To overseas
(year 2015) (2015-2022) ((year >2040) customers

Magnox waste glass
18wt% (low incorp.)
25wt% baseline glass
28wt%

Blend waste glass (Oxide:Magnox 75:25)
17wt% (low incorp.)
25wt% baseline glass

28wt% highest currently, and currently the
highest spec for overseas customers

Blend waste glass (Oxide:Magnox 50:50)
28 to 35wt% incorporporation

. |
_ ~ 1780

Butex-containing glass (Butex +
Oxide:Magnox 50:50 or +Magnox)

D 10 N 1Y%
Post operational clean out, research phase
Waste loading strategy to be defined

Tech wastes, research phase
Waste loading strategy to be defined
Melter heels
Filters and swarf

POCO

Sub-totals

1780
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PP O effeld.

rolysis? . : : ‘l' Stagelll L _
o [ g = Glass composition, solution

P : . Stage Il P composition, pH,

ﬁo : §  Potential Rate temperature etc. affect rates

b7 5 Residual Rate [ Resumption )

3 b i o and timescales.

n b h“,:_; :'_:f:: ;: through the protective :Lerge precipitation of silicaste minerals

3 i% : _ . .

g ; 5 = Vitrified HLW in a Geological

£ ‘ E ; Disposal Facility has the

l .

scersse N dmate i 5 potential to be stable for
B e ; i 100,000+ years if dissolution
[4] 283-294 i :

stays at the Residual Rate.

_ Stage Il — important — active
Zeolites area of interest.

SEM taken from Gin
etal. (2015)
Geochimica et
Cosmochimica Acta
151 68-85
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Background Glass Dissolutio ¢ o

Shefﬁeld
N,d olysi ,. Onset of feedback ¢ ' l Stagelll
of glass u effects : : ’
] _
; i Stage Il ' ’ : -
3 : Different experimental
0o [ ' Potential Rate ] ] )
E ; ; Residual Rate t Resumption techniques used to investigate
.g : . : \::;t:'i:ﬂ:';j:\ through the protective ELarge precipitation of silicaste minerals Stages of g IaSS d iSSOI ution .
° ransition . B >
S :
E ]
: '
Schematic E 5
adapted from p '
Vienna et al. Forward Rate '
2013) IJAGS 4 N . . .
{4] oo : Materials Characterisation Centre

>
“Time -1

(MCC-1) Saturated conditions

Single-Pass-Flow-Through (SPFT)  Product Consistency Test —

Maintains dilute conditions B
(PCT-B) Saturated conditions

Short-term accelerated
dissolution

Zeolites

pH Buffer ~ Syringe
reservoir Pump

ul

|
e b [‘ll[l][l“\i/

t )
Powdered ISG Collection
75- 150 um Bottles
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~ ~
= Understand how varying Zn/Ca ratios influence the structure of the glass
and how this relates to the durability of simple base glasses &
28 wt. % waste loaded ZnCa MW,
\ _/
Achieved through NMR (Si-29 & B-11), Raman, SPFT, PCT-B &
MCC-1 investigations.
wt. % - % o
znca  znca  znca. I znca | znca  znca
MW  100:0  80:20  60:40 [ 40:60 | 20:80  0:100
MW MW MW MW MW MW
Sio, 61.7 46.76 46.76 47.18 47.61 48.05 48.5
B,03 21.9 22.99 22.99 23.2 23.41 23.63 23.85
Na,O 11.1 8.44 8.44 8.52 8.6 8.68 8.76
Li,O 5.3 4.13 4.13 4.17 4.2 4.24 4.28
Al,O4 - 4.13 4.13 4.17 4.2 4.24 4.28
Zn0 - 14.45 11.56 8.75 5.89 2.97 -
Ca0 - - 1.99 4.02 6.08 818  10.33 T e 1200 °C
T : 450 °C

anneal -



Si-29 NMR Results — Structure ), g NucleUS

Q3 Q4

Si

NBOQ?.Si‘\Si< > Si_%.ﬁ‘\g

Si Si

-65 -75 -85 -95 -105 -115
Chemical shift (ppm)

ZnCa 100:0 - i k-93
‘ nCa main pea ppm Q48 Q4(803)

ZnCa 0:100 - main peak -91 ppm
z\ —Q4(1A1/BO3)
‘ A q —Q4(Al/BO3
—Q3 & Q4-B04
—Q4(Zn/B0O4) & Q3
—Q2

B

—Fit 47.3%

68.9 % —Fit
/— —Raw Data
—Raw Data 34% 7<
24.2% \ U
/ 18.7%
6.9% /

AN

-60 -65 -70 -75 -80 -85 -90 -95 -100 -105 -110 -115 -120 -125 -130

-60 -65 -70 -75 -80 -85 -90 95 -100 -105 -110 -115 -120
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B-11 NMR Results

ZnCa 100:0
——7ZnCa 80:20
——ZnCa 60:40
—ZnCa 40:60
—ZnCa 20:80

—7ZnCa 0:100

B3 B4

non-bridging O

corner-shared 0
Images adapted from Stechert et al. (2013) J. Am. Cer. Soc. 96 [5] 1450-1455.

Alkali -
network modifiers network former

\

= Generally more Q4 units in Zn containing glasses = glass more
polymerised (better connected) =» should be more durable.
= Currently deconvoluting other spectra. Possible to distinguish Q4(Zn) peak?
u = Currently analysing B-11 spectra. More Zn (less Ca) = more B3. y




The

Durability Results — Stage | - SP (&) ;= NucleUS
40 °C, pH 9 (TRIS buffer), 1-35 days, crushed glass 75-150 ym : s oy
Flow-Rate log [Q/S] = -6.78, confident that this maintains O
dissolution at the Forward Rate. Based on extensive ISG g Iﬂ
1056677 —
§ @ ZnCa 100:0 X ZnCa 40:60 @ ZnCa 0:100 01sG ; s,jge, ‘%‘({Q'TH—%[I J AA A
= ; 00
N ! *Colleion
T 1.00 Le® e o o P e, | Boties
R e o0 (0] | T
g . , Q wt ¥
V]
2 0.10 g Q?CILC‘; xzer;i; .g?lC;J Oisc
g :X X X X X X X X X MW MW Mw
= ¢ 0 0 oep a a ® 9 o ¢ o ° Si0: 4675 4713 435 562
o - o o = o o B:0: 2255 222 2385 173
.‘oﬂn 0.01 3 a 0O p Na:0 844 852 3.76 122
- . Li:0 413 417 4.28 -
Sl ALLO, 413 417 4.28 61
0.00 x ' 1 TR
0 10 20 30 40 20, 23
Days
N )
Forward Rate - Durability follows the trend ZnCa 100:0 > ZnCa 0:100 si
= Expected? Yes, the most polymerised glass (based on 29-Si NMR) is the &
most durable. Si—@ ‘Si‘\
= More Si-O-M bonds need to be broken (hydrolysis) in ZnCa 100:0 =» more ? si
\_ durable. ® -




Durability Results —Stage Il - PC &)
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90 °C, 1-35 days, crushed glass 75-150 um, UHQ, SA/V = 2,000 m-!, pH 9.6-10 post dissolutior
Normalised mass loss = NVZJi=Cli—=Clib /fli (SA/V)

él’ZnCa 100:082znCa 8&20AZTnCa 60:40 X ZnCa 40:60Sellafield X ZnCa 20:80@ ZnCa 0:10C1 cha 60:40 E

%

——
i

i SRS BARARRERER
- oD 0@
I U | -

Days AL D10.2x1.0k 100 um

No evidence for ‘large’ alteration layers on
ZnCa 40:60, 20:80, 0:100.

= Durability follows the trend ZnCa 0:100 > ZnCa 100:0. Reverse of Stage |.
= |s this result expected? Note: the most polymerised glass (based on 29-Si NMR)
is the least durable (for stage Il).
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Results — SEM EDX

ZnCa 100:0

» Stratified alteration layers

« Zn concentrated in outer
layer, negligible detection in
solution.

« Zn-silicate precipitate phases
identified in literature (VHT
on waste loaded ZnCaMW)

Cassingham et al. (2016) J. Nuc. Mat. 479 639-646,
Zhang et al. (2015) J. Nuc. Mat. 462 321-328.

CS = Calcium silicate hydrate [Ca,Si0,.H,0] [02-0735]

g Q H = Hemimorphite [Zn,{5i0.).H,0] [02-0562) |

s . Q = Quartz (5i0:)(82-0512)
. ¥ 0 S i
X.; f N
g Vl \‘k,\‘ﬁ‘ "\‘ A\u‘ VWMV“WWJ Q 30 days
I H l Ccs P
5. ‘J l " s, b Precipitant
é '!" "o ﬂ Q N& & 20 days 'z 100rm
= J\\ !W'.ﬁ{i”, MMWM s g jpe” o
@ 1 ‘ ‘“ cSa A
L)
- ‘\ Q 10 days »

0 days

3 10 15 20 25 30 35 40 45 30 35 o0 65 0 S %0 835 % —.-h,.“.,.__....

Degrees 26 & : e ’ '




Base glass - Conclusion

> <t Shefﬁeld

Original Aim - Understand how the varying Zn/Ca ratios N .Q4' o
influence the structure of the glass and how this relates to a N A
the durability of simple base glasses. D 2D 20D 2
*“ *“
= More Zn (less Ca) = more polymerised structure (Q4) *Te :’ L :‘ Je :’
=» intrinsically more durable (stage |) BUT....in saturated o, AR
conditions (stage Il) Ca containing glasses are more *Se :’ Je :’
durable o’
Why?

= Carrich alteration layers are effective

at passivating the glass.
Chave et al. (2011) Geochimica et Cosmochimica Acta
75 4125-4139.

= Zn - Zn-silicates precipitating out,
local under saturation wrt Si =» less
durable glass in the long-term.

Zhang et al. (2015) J. Nuc. Mat. 462 321-328.
SEM/EDX after 28 days VHT on simulant
ZnCaMW 20 wt. %

| Ingle\ ersity NuCIe U S
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wt. %

Wa S te'l Oa d ed g I a s S : oxige N2 100:0 ZnCad0:60 ZnCa 0:100

Component MW - MW - MW -
Zn Ca MW 28 Wt % 28wt. % 28wt.% 28wt %
L Al,O4 3.08 3.15 3.21
B,03 17.13 17.56 17.89
= |nvestigate varying ZnCa ratios on 28 wt.% waste- = ' e
- Li,O 3.07 3.15 3.21
loaded glass durability. Na,O 629 645 6.57
Sio, 34.83 35.71 36.38
Zn0 10.77 4.41 -
[ \ BaO 0.96 0.97 0.97
Three Compositions — 130 Lot Lot
. 0 Cr,05 0.54 0.55 0.55
MW ZnCa 100:0 28 wt.% Cs,0 i 5 05
MW ZnCa 40:60 Sellafield 28 wt.% Fe,0, 2.29 2.31 2.31
MW ZnCa 0:100 28 wt.% Gd,0, 3.99 4.01 4.01
HfO, 0.06 0.06 0.06
\ / La,0, 0.77 0.77 0.77
MgO 1.63 1.65 1.65
MnO, 0.00 0.00 0.00
MoO; 2.56 2.58 2.58
Nd,05 2.38 2.40 2.40
NiO 0.36 0.36 0.36
P,0s 0.48 0.48 0.48
Pro, 0.79 0.79 0.79
RuO 0.59 0.59 0.59
SO, 0.03 0.03 0.03
Sm,05 0.49 0.49 0.49
SrO 0.52 0.52 0.52
TeO3 0.30 0.31 0.31
TiO, 0.00 0.00 0.00
Y,0, 0.30 0.31 0.31
Zr0O, 2.61 2.63 2.63

Total 100 100 100




Waste-loaded glass: ZnCa MW 28 wt. % -
Characterisation
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Three Compositions

ZnCa 100:0 MW 28 wt.%

ZnCa 40:60 MW Sellafield 28 wt.%
ZnCa 0:100 MW 28 wt.%

\ J

—nCa 0:100 MW 28 wt. %
——ZnCa 40:60 MW 28 wt. %
ZnCa 100:0 MW 28 wt. %

M = Magnetite Fe304[75-0449]
R = Ruthenium Oxide Ru0;[21-1172]
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Durability Results —Stage Il - PC .

« On 28 wt. % waste loaded samples (75:25 , Oxide:Magnox)
« 90 °C, 1-35 days, crushed glass 75-150 um, UHQ, SA/V = 2,000 m-!, pH 9.6-10 post dissolutior
« Normalised mass loss = NZIi=Cli—=Clib /fli (SA/V )

16
.'214 R i:vc\f 100:0
b Standard
w12 ¢ , MW 25 wt. % (750:25m)
8 [ | x2ZnCa40:60 ) . . .
=10 k£ MW Sellafield Harrison (2011) Procedia Materials Science
ﬁ - 7 186-192.
5 8 |@zncs 0100 B e P—
o - MW e
3 °F it % 120 day PCT-B
g 4 ; a””
c - ‘2”
1 2 E ”I 6
° @ © o) o)

O ‘. AT N S SR TR T N T S SN SO NN SN SR SR S S S SN SO SN S SR SR S N SO S SR S S S N
0 5 10 15 20 25 30 35 40

Days

= Durability follows the trend ZnCa MW 0:100 > ZnCa MW 100:0.

= Assume the reverse is true for stage | (based on base glass results)

= ZnCa 40:60 28 wt. % MW Sellafield similar durability as Standard MW 25 wt.
%
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Future work

» |nvestigate varied waste loaded ZnCa MW (20, 28 & 35 wt.% waste (Magnox
& Oxide blend)). Waste-loaded glass optimization (ZnCa ratio 40:60). Does Zn
inclusion allow for greater waste loading (in terms of durability)?

920 Yo MONT -
Pz 18.k ot U
¢

PIS 3543 vk teyw

ZnCa Magnox — ZnCa Oxide blend — :
High Mg ( ~6 wt. %) & Al (~6 wt. %) Mg (~2 wt. %) & Al (~2 wt. %)

» Longterm PCT-B & MCC-1 (>2 years) on base and waste loaded
glasses to investigate possible rate-resumption due to Zn precipitates
(stage lll).cin etal. (2013) 1UAGS 4 [4] 371-382, Arena et al. (2016) J.Nuc.Mat. 470 55-67.

» UHQ, expected groundwater and near-field solutions (UK cement
backfill).

=>» Zn addition expected to be problematic.

11
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Impact of results

Potential to impact waste treatment at the
Sellafield site (optimisation of MW glass
formulation).

Provide the robust data to support a safety case for
geological disposal of nuclear waste in the UK. B

This investigation also highlights the important fact e
that glass formulations (in terms of durability) for geemy (|| Diosa
geological disposal should not be selected based LRSS

solely on forward (maximum) dissolution rates.

Discussion — what do we mean by a durable
glass?
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Thanks for listening.
Questions?
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TO DO Results — Durability Stage Il - F ) §~ NucleUS

@ "/ \‘ 2
“ Sheffield.

* 90°C, 1-35 days, crushed glass 75-150 um, UHQ, SA/V = 2,000 m%, pH
COMMENT ON PLOTS post dissolution
* Normalised mass loss = NVLIi=Cli—Clib /fli (SA/V )=

“n,:w, 'l' Stage lll
- g J ‘
2 Stage Il ; s Z n >Ca
L:o Potential Rate
'§ Resumption
z
Zn<Ca
Time >
No evidence for ‘large’ alteration layers on
ZnCa 40:60, 20:80, 0:100.
4 e Durability follows the trend ZnCa 0:100 > ZnCa 100:0. )

* |Is this result expected? Note, the most polymerised glass (based on 29-Si
NMR) is the least durable (for stage Il).

* Passivating effects of Ca in the alteration layers can explain the durability.
\ [Chave et al. (2011) Geochimica et Cosmochimica Acta 75 4125-4139]. )
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Discussion &) i NucleUS
1. What is the effect of ZnCa additions on the structure? Q4

[ [ J
2. Should a more polymerised glass (high Q4) be more durable? . J \ J N ®
: . .. . o 3% Fe 0% Fe 0* T
3. Main durability factor? Connectivity or solubility? o ¢ )/
e 42" L2
4. How much ZnCa is necessary in ZnCa MW? Note, addition of *Se :’ L :’ 2|
Zn to base glass formulation is expected to have adverse L
effects in the long-term by increasing the dissolution rate. (sin D 2D
et al. (2013) IJAGS 4 [4] 371-382, Arena et al. (2016) J.Nuc.Mat. 470 55-67]. : ) —si »
®o

Conclusion

 RETURN TO OVERALL AIM understand how the varying Zn/Ca ratios influence the
structure of the glass and how this relates to the durability.

* More Zn (less Ca)=>» more polymerized structure = intrinsically more durable BUT in
saturated conditions Ca containing glasses are more durable!

* Initial studies suggest ZnCa 0:100 most durable base glass (PCT-B 1-35 days).
* ZnCa 100:0 intrinsically more durable when dissolving at forward rate (SPFT).
e Carich alteration layers are effective at passivating the glass.

* Zn addition — trade off between processing benefits and long-term durability.
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Part 2 - experiments on waste loaded ZnCa
MW (28 wt.% waste).

Long term MCC-1 dissolution experiments (>2
years) on base and waste loaded glasses to
investigate possible rate-resumption due to Zn

addition.

Amount of dissolved glass

—Zn addition

= 71 possible optimisation??

Raman spectroscopy, comparison with NMR. : : Time

Impact of results

Potential to impact waste treatment and
decommissioning at the Sellafield site (optimisation of
MW glass formulation).

Provide the robust data and mechanistic
understanding required to support a safety case for
geological disposal of nuclear waste.

Safety case for geological disposal should not be
based on forward rate dissolution. NEEDED — SPFT ON
STAGE 3 DISSOLUTION!!




