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MAGNOX reactor fleet (1956- 2015)

Natural uranium metal based fuel in
‘Magnesium-non-oxidising’ alloy cladding

Magnox reprocessing
plant (1965- 2022)

1 1§

Uranium & Magnox High Activity Liquor
Plutonium (high Mg and Al from fuel cladding)
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Spent fuel reprocessing in the UK N Lomversiyof NucleU_S

MAGNOX reactor fleet (1956- 2015) Advanced Gas Cooled

Reactors (AGR) (1994) ) .
l - Light Water Reactor (pressurised

water reactor PWR) (1994 -)

Natural uranium metal based fuel in
‘Magnesium-non-oxidising’ alloy cladding

Enriched uranium oxide fuels
in zirconium alloy tubes

Magnox reprocessing
plant (1965- 2022)

1 1§

Uranium & Magnox High Activity Liquor
Plutonium (high Mg and Al from fuel cladding)

THORP (Termal Oxide
Reprocessing Plant)

J

Uranium & Oxide High Activity Liquor (higher fission products,
Plutonium actinides and Gd (neutron poison))




History of vitrification of HLW in the UK
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hour)

1982: second-generation French AVH processes preferred

(Atelier de Vitrification La Hague).

- Higher throughput than AVM (25 vs 15 kg glass per

- Elliptical rather than cylindrical melter.

1980: two-stage continuous

vitrification process selected: AVM
(Atelier de Vitrification Marcoule).

2002: Line 3 added

Higher waste loading (up to 35 wt%)
Higher throughputs (up to ~33 kg/hr)
Wider feed envelopes (50:50 Blends, etc.).
Product quality of “small deviations”.

Glass for Post Operational Clean Out (POCO)
of the HAL storage tanks containing zirconium
molybdate

1980

1990

2000 2010 2020

1981: Full Scale
Inactive Facility
(FSIF) at Sellafield

1989: Lines 1 & 2
commissioned

1990: First
containers

1991: Full Scale
Inactive Facility
decommissioned

2001: second full scale
vitrification test rig (VTR) built for
technical underpinning
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Highly Active Calcination Storage conditions:
Liquid Waste  Additives
| ! Off Gas Equipment

e e * Passive cooling to ensure glass

Condensers remains well below transition
Effluent

Treatment temperature of ~5000C

.  ~ 7,520 packages
Calciner _ e ~1,470 m3 of HLW

. (NDA radioactive waste inventory, 2022)

Storage

» »

Melter

~1050°C

Disposal:

169 L cylindrical 309 "

stainless steel vessel | Container = . Surface _
for Glass Lid Welding Decontamination  Swab Machine

Cooled for
24 hours Fig. 1. Schematic of the HLW vitrification process on the Sellafield site

e Each pour is ~200 kg glass, with ~70 kg remaining in the crucible as a
heel (total of 400 kg glass per container)

* Active products are not sampled but the feedstock is monitored
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Mixture Windscale (MW) base glass Sheffield Mt

Table 2. Composition of base glasses used for the vitrification of HLW in the UK Wt %

Base Glass Type Si0, B,0; Na,O Li,O

MW 61.75 21.88 11.05 .33

MW-%Li 63.42 22.50 11.35 2.74
* Equimolar Li and Na found to be desirable
* LiNO;added to calcine

Blend
Magnox

* To ensure that vitrified Oxide HAL
complies with product quality
requirements, the Oxide feed is blended
with Magnox liquor.

e Currently, the standard blend ratio is
75:25 Oxide:Magnox, although lower
ratios, e.g. 50:50, can be implemented.
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Glass Blend® _Magnox® Oxide®

Component Weight %

A0 — — — . . - .
CALO, 159 6.58 0.15 | Magnox HAL contains high aluminium from Mg — Al — Alloy claddin

y g

B0, 15.90 15.90 17.80

BaO 0.24 0.50 0.59

Ca0 0.03 0.01 0.01

Cdo —_ — —

CeO; 1.86 0.84 1.33

Ce20;

Cr,0; 0.23 0.58 0.31

Cs;0 1.60 1.11 1.20 . .

,F.,joa 110 300 06 ] Magnox HAL contains higher Fe

o A Oxide HAL contains high Gd (added as a neutron poison)

K>0 0.15 0.01 0.01

La;0; 0.87 0.48 0.72

Li,O 3.92 4.07 3.70 ) ) ) )

|B~ﬁg 141 574 0.05_| Magnox HAL contains higher Mg from residual fuel cladding
MoOj 221 1.62 2.57

Na,O 8.58 8.29 9.01

NdiO: 277 1.44 237

NiO 0.21 0.37 0.51 . . . . . . .
[E:O: 011 026 010 ] Small amount of P as Liquid-liquid solvent extraction using tributyl phophate
PI';OJ

PrsOny 0.85 0.44 0.72

Rb0 _ — —_

Rh;04 —_ —_ _

RuO; 1.03 0.70 1.05

Sb20s — — —

Si0x 46.28 46.10 50.50

Sm,0; 0.44 0.22 0.41

Sl'lOz — b =

SrO 0.55 0.30 0.51

TeO, 031 — 0.19

ThO, —_ —_ —_

TiO; 0.06 0.01 0.02

[8[¢} — — _—

Y20, 0.36 0.10 0.19

Zn0 — — —

[ZO; 278 145 24 Oxide HAL contains higher Zr from residual fuel cladding

Total 98.42 100.14 99.89




Chemistries for post operational clean up (POCO)

Highly active liquor (HAL) storage tanks will be
emptied and washed out to remove any accumulated
solids. These solids are expected to contain high
molybdenum.

‘CalZn’ base glass allows for significantly higher waste
loadings by the formation of CaMoQ, crystals when
the Mo content exceeds its solubility limit in the glass.

Forcing precipitation of
Mo as Ca-molybdates
avoids undesirable Na-
molybdates that
decrease the durability
of the glass

SiO, 60.27
B,O, 24.11
Li,O 4.75
Na,O 10.88
Cao -

Zn0O -

The CaZn base glass has
been tested using Blend
HAL

NucleUS

CaZn base wt

%
56.1
21.51
2.92
11.48
1.94
6.03

12.5 % Magnox

73 % CaZn
Base glass



Chemistries for post operational clean up (POCO)

AESEE NucleUS

7 Sheffield

Highly active liquor (HAL) storage tanks will be
emptied and washed out to remove any accumulated
solids. These solids are expected to contain high
molybdenum.

‘CalZn’ base glass allows for significantly higher waste
loadings by the formation of CaMoQ, crystals when
the Mo content exceeds its solubility limit in the glass.

Rick Short / Procedia Materials Science 7 (2014) 93 — 100

15kU #1, 8808

Figure 7 - Backscattered SEM picture showing CaMoO; crystals in a simulated Ca/Zn plus POCO waste glass

%

MW base wt | CaZn base wt
%

SiO, 60.27
B,O, 24.11
Li,O 4.75
Na,O 10.88
Cao -

Zn0O -

The CaZn base glass has
been tested using Blend
HAL

56.1
21.51
2.92
11.48
1.94
6.03

12.5 % Magnox

73 % CaZn
Base glass



Summary of UK HLW glasses
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Base glass

25 % Magnox

MW?25 - Blend (75:25)

Waste Loading Waste Type

MW25 -
Magnox

MW25 - Blend
(75:25 or 50:50)

CaZn28 - Blend
(50:50)

CaZn XX POCO

Mixture Windscale base glass
25% waste loading
100 % Magnox HAL

Mixture Windscale base glass
25% waste loading
75 % Oxide HAL: 25 % Magnox HAL

CaZn Base glass
28% waste loading
50 % Oxide HAL: 50 % Magnox HAL

CaZn Base glass
25% waste loading
75 % Oxide HAL: 25 % Magnox HAL

MW
75 % Base
(% oxide/magnox) glass
6.25 % Mainox
Yes
MW
75 % Base
glass
Yes
14% M
Only on one active Ll
vitrification line
CaZn
Only on vitrification test 73 % CaZn
rig Base glass

12.5%

75 % Base
glass

POCO

73 % CaZn
Base glass
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Tests to measure the forward rate S‘ﬁ‘gﬁgﬁ NucleUS

A) Single Pass Flow Through [T T T T T
0.24 T=40°C |
:‘:D:}I - Forward Rate R?=0.924
: —\) o
Gas in | e U “ \ go.zo
p =
e monolith R )
or %0.16
powder %
.20.12
E
Zc,0.08
N J R
' 9 (22°Cto90°C | O ) o
Input solution Output solution (Iwalewa et al., 2017) MW-25_magnox
16
14
- 1 s g 81w
m Forward rate g m? d! Method & reference E 10 §§§ i & o & T MWL
~ 84 a80 @ B
MW 25 0.185 (40°C) SPFT; Iwalawa et al., 2017. z 6 .
ISG 0.026-0.006 (50°C) SPFT/MCFT Fisher, 2020; Inagaki 2013 4 SONGS
2 g @ 8 1T,
SON68 0.017 (50°C) Jollivet et al., 2012 SamEe W = - {EE)
0 1000 2000 3000 4000 5000
time / d
Curti et al 2006 12.2 year PCT-B type experiment at 90 °C, SA/V = 1,200 m-

1,in UHQ water.



Is the increased Mg part of the problem? overmiyel chleILS
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« 11IB MAS NMR spectra of a simplified glass series
showed a systematic increase in the amount of three-

coordinated boron ([3]B) with increasing amounts of . 7 j |
Mg. E 6
i A
* However, 11B NMR measurements of the leached ';lz : "—j_—:-'*"'
material showed that the additional [3]B was not g 2 = =
preferentially leached. 1 — T
g : :;"-— 1 2 3 . 5 6 7

* Despite the structural changes in the glass induced by
Ca/Mg substitution, initial dissolution rates (r0)
remained invariant, within error, with Ca/Mg ratio. Fig. 9. The linear fit (dashed line) of the amount of boron that transform from four-fold

coordination to three-fold coordination on substitution of Mg for Ca per 100 mol of ca-
tions (filled square).

mol % of Mg

Table 5
Initial dissolution rate of the simplified glass series as determined from the rate of change in the effective thickness of dissolved glass based on Si concentration.

CaEM Mg25Ca75 Mg50Ca50 Mg75Ca25 MgEM

Initial dissolution rate (g/mzfd) 233 = 0.23 2.60 = 0.26 254 = 0.25 242 = 0.24 2.22 = 0.22

Guo et al., 2018
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Static monolith dissolution tests
Example- ASTM C1220 (MCC-1)

f( \\

22°Ct090°C

Static powder dissolution tests
ASTM- C 1285 (PCT- A/B)

f( \\

o @Oy

b 4

22°Cto0 90 °C
J
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Comparison of the short term behaviour of MW vs CaZn ) Sheffield
In the short term CaZn base glass appears more durable than MW base glass: E;Z::prreor;fs":&dc":‘;‘;'gt(',;géeﬁs
f{ \\

* Addition of CaO/Zn0 to the UK HLW glass reduces gel layer thickness and
average alteration rate.

* Hydrated Ca- and Zn-silicates are the products of CaO/Zn0O modified glass
alteration.

22°Cto90°C

* The average alteration rate exceeds that for the French HLW simulant, SON68.

Static powder dissolution tests
ASTM- C 1285 (PCT- A/B)

el Rl B °° Gel layer thickness > 20 micron (- )
Rate =3.4+0.3 g m?d!

P ) Q) ) Gy

A

MW _25

Gel Layer

Gel layer thickness < 10 micron

= + -2 41
Cazn_25 Rate=0.9+0.1 gm™?d L y

22°Cto0 90 °C
J

(d) ELIEY

b [
g 5
3 7
3 =
3 =

U
9 ©

Cassingham et al., 2016



Long term behaviour of MW 25 vs CaZn

Over longer time periods CaZn base glass appears less
durable than MW base glass and does not display a rate o MUDE 5 CaZh MR CaZn

drop:
rop Y e mwas a CaZn MW20 o\
S\,ﬁ%

- MW25 has faster dissolution rates over the short term
but displays classic ‘stage II” behaviour

. . MW25
- CaZn28 has faster dissolution rates over the long term

and does not display a rate drop (at 90°C, 112 days in DI
water

o

Stage Il

0 20 40 60 80 100 120
Time /d

Fisher et al., 2020



Long term behaviour of MW 25 vs CaZn

Over longer time periods CaZn base glass appears less
durable than MW base glass and does not display a rate
drop:

- MW25 has faster dissolution rates over the short term
but displays classic ‘stage II” behaviour

- CaZn28 has faster dissolution rates over the long term
and does not display a rate drop (at 90°C, 112 days in DI
water

- Increased waste loading shown not to be detrimental to
glass performance

- Ifincreasing waste loading makes a more durable glass
then the evidence is pointing to component of the
waste glass (e.g. Zinc)

Fisher, (2021)

(b)

T =N
N B OO ® O

B - normalised mass loss / g m™
[
o

~-CaZn MW20
4-CaZn MW35
{-MW38

-0-CaZn MW28 -0-CaZn MW28*
-#-MW25 “MW31




Behaviour of UK HLW in hyperalkaline solutions

AACEOE N cleUS

Glass powders and monoliths were dissolved for 168 days in
saturated Ca(OH), to represent those in a co-located
geological disposal facility.

Dissolution in the presence of high concentrations of Ca (>200
mg/L) was lower than dissolution in water.

A lag in Si release was observed until a Ca:Si ratio of <2 was
achieved due to incorporation of Ca into the hydrated surface
before precipitation of C-S-H phases that play a controlling
role in future dissolution.

Corkhill et al., 2013 Backhouse, 2017

(b)

NL; (g m?)

(d)

8.0E-3

7063 € Waler
6.0E-3 |

5063 f

2R
3.0E-3 §*

2.0E-3 $

! A
103 fg A B

E A Ca(OH),

t

A

f 1 s

A

0.0E+0 .‘

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170

Time (days)



Behaviour of UK HLW in hyperalkaline solutions

Glass powders and monoliths were dissolved for 168 days in
saturated Ca(OH), to represent those in a co-located
geological disposal facility.

Dissolution in the presence of high concentrations of Ca (>200
mg/L) was lower than dissolution in water.

A lag in Si release was observed until a Ca:Si ratio of <2 was
achieved due to incorporation of Ca into the hydrated surface
before precipitation of C-S-H phases that play a controlling
role in future dissolution.

Corkhill et al., 2013

Initial ‘incubation’ phase. 0 - 28 d
Solubility Ca = Si
Ca:Siratio > 2

ca!v

-

Si-0-Ca-0-Si
I

Si-OH + OH'

,

A
I
@)
e
D

Intermediate phase. 28 -84 d
Solubility Ca > Si
Ca:Siratio 1.2 -2

/]

Si

Q
(g~
! AR
Q
Si-0-Ca-0-Si —> & Mg+ Al + Na +H,0

H*

Residual phase. 84 — 168 d
Near- equilibrium Ca €= Si

Ca:Siratio 1-0.45

Si

Si-0-Ca-O

Si-0-Ca-0-Si —

m n

k si
l H* B, Li, Na

i Mg+ Al + Na +H20/l

Lag | Intermed.

Residual

Ca

Mg+Si+ Hzgl —

Al

B, Li, Na

P Ca?*+SiOH"

M-S-H

=)

C-(N)-(A)-S-H,

s L M B
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Fig. 5: Scanning transmission electron microscopy analysis of CaZn28 glass after 84 d

of dissolution in Evolved Cement Water.

Pristine glass

a’ Pristine glass

Mg-silicate phases

Gel layer
Dense

‘e precipitate
Gel layer

Needle
precipitates

C-S-H phases
Zn —silicate phases

200 nm

Pristine glass

200 nm

Pristine glass Gel layer Precipitate Layer
BF — 200 nm BF BF 50 nm
1 Image showing the cross section of the pristine glass, gel layer and precipitate layer; (b) dark field .
nicrograph of the gel layer and Mg-silicate rich ribbon precipitates; and high resolution bright field _ S
mages and associated selective area electron diffraction patterns of: (c) the pristine glass; (d) the gel BF gel layer BF needle precip —— 100 nm QM BF dense precip —— 100nm

ayer; and (e) the precipitates.

Corkhill et al, 2022 NPJ Mater. Degrad., 6, 67.



But what about more complex systems
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Validation

Invalidation

Finding the ‘curveballs’

Identifying the ‘dominant’ effect
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Purpose of field experiment and natural analogue Sheffield

Validation

Invalidation

Finding the ‘curveballs’

- Identifying the ‘dominant’ effects

HV spot | det N HFW Xi 1016 mm — 2 ym ——————

15.00kv | 3.5 | LFD | 42820 | 9.68 pm | 11.6 mm | y: 8196 mm Quanta 650 FEG ESEM
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Glass dissolution in complex environments ’ Sheffield Ud

Alteration layer formation can be influenced by
elements from without as well as within

Clay overpack
Steel overpack
Vitrified waste

Host rock
natural barrier

Containment

Glass is cast into steel canisters.
The overpack may also be
composed of steel

Far-field

HUGE reservoir of
elements present in
rock-forming
minerals

Engineered
Barrier

Thorpe et al.., “Forty years of durability assessment of nuclear waste glass by standard methods,” npj Materials Degradation 2021
2



Influence of elements not in the glass
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43.75
40.63
37.50
34.38
J31.25
28.13
25.00
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18.75
1563
12.50
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65.25

3.13

0.00

Ave 8.61

Fe Conc.

University of
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Elements sequestered for seawater and/or w Sheffield

Pb Conc.%
65.00
60.94
56.88
52.81
48.75
44,69
40.63
36.56
32.50
28.44
24.38
20.31
16.25
12,19
8.13
406
0.00 '

Ave 18.28 Ayedilg

Ca Conc.%
30.00
28.13
26.25
24.38
22.50
20.63
18.75
16.88
15.00
13.13
11.25
9.38
7.50
5.63
3.75
1.88
0.00
Ave 3.09

S Conc.%

Ca——— 20um

P Conc.%
13.00
12.19
11.38
10.56
9.75
8.94
8.13
7.31

Zn Conc.%
2.00
1.88
1.75
1.63
1.50
1.38
1.25
1.13
1.00 6.50
0.88 : : 5.69
0.75 B e ; o8
0.63 3 ‘ 4.06
0.50 Vel R 5
0.38 - 24
0.25 & ] 189
0.13 : ‘ ‘ 08l
0.00 & \ ‘ 0.00
Ave 0.12 ; B o218

Si Conc.%
39.00
36.56
34.13
31.69
29.25
26.81
24.38
21.94
19.50
17.06
14.63
12.19
9.75

7.31
4.88
244
0.00
Ave 12.53

Si——— 20um ' Zn ——— 20 um




Ballidon Quarry, Derbyshire o NucleU_S

Location

& Limestone quarry
4Derbyshire, UK

Ballidon Limestone quarry
Derbyshire, UK
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e'buried at th?é é‘ur_féc_e? ‘
-zand at ~40 En 3bgve the :
surfage A

Fletcher, 1972



History
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The Ballidon experiment was originally designed to test the degradation of archaeological
glasses compared to modern glasses, and to be compared to previous field experiments:

1963: Overton Down experimental
earthworks

1963: Wareham experimental

1970: Ballidon experimental
earthworks

—the same
nine glass as Wareham



Four experiments at Ballidon \ NucleUS

1960

1970

1980

1990

2000

2010

2020

1970 - present: Original samples 9 glasses including
roman, medieval and modern types for > 500 years.

1981 - 1986: European Science Foundation buried archaeological
type glasses for 4 years.

1986 — present: US DOE glasses to study nuclear waste glass durability in
alkaline environments. Parallel studies at WHIPP (salt) and STRIPA (granite).

2004 - present: UK nuclear waste glasses buried
by Russell Hand



Samples removed in 2022
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As original samples
were removed
additional samples
were added in their
place.

4 sets of samples were

------------------------------------------------------------------------------------------------------------------------------------------- - ~38cm

removed in 2022: 36 ~4m
samples in total ®
B F H J
2022 2098 2482
A UK HLW 18 years L
C US Compositions 18 years A E G |
E UK HLW & Russian 16 years Efr:l:\/\i/n ::L(Sf;an ggzy;ars 55766
2006 2004
G Original samples 52 years
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Site characterisation
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@

Temperature °C

iz | Average temp: 8 °C
Range: 0—19°C

Nov Dec Jan Feb Mar Apr May June Jul Aug Sep Oct Nov

Saturation/Conductivity

The site is under-saturated
and dries in the summer

Nov Dec Jan Feb Mar Apr May June Jul Aug Sep Oct Nov
Rainfall

16 ) Average 70 mm rainfall
- per month

mm
-
)

oON B O

Nov Dec Jan Feb Mar Apr May June Jul Aug Sep Oct Nov




Magnox glass

Blend glass

NF-PRO Glass

75:25 iron phosphate

Iron phosphate + 35%
CaCl,

: ek - 2 cm 1 T 3 a £
z,”c”M“'”l””'””21””“” e “‘55” i @ Identification

m Identification

A W N

V26

Blend MW25
Magnox MW 25
Russian K26



NucleUS
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MW?25 - Blend R26 (Russian)



Glass Corrosion Process LA RO NucleUS

Blend glass
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Glass Corrosion Process LA RO NucleUS

Sheffield

Blend glass Magnox glass

| 3 3 a <R ;
:3 Ma—&—h—-ﬂ -}H“hi\:&'f—.‘ ..,-d\ . _.-':*‘."...-_ SapeE

HY det WD maEI mode|spot
15.00 kv vCD 10.0 mm 2 500 x None| 3.5 |

HV det
15.00 kV|vCD mm|25




UK HLW glass dissolution

University of
Sheffield ket

15.00 kKV|vCD [10.0 mm| 2 500 x | None | 3.5 |

/ Soil

/3) Si poor zone
2) Si/Al/Fe/K/Ca
rich zone

/ 1) Sirich zone

Three (possibly more)
zones:

1) Sirich zone next to the
pristine glass
2) Sirich layers

3) Sipoor layers
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K Conc.%
12.00

11.25
10.50
9.75
9.00
8.25
7.50
6.75
6.00
5.25
4.50
3.75
3.00
2.25
1.50
0.75
0.00
) Ave 3.43
Pristine glass
B Conc.% Na Conc.%
5.00 4.00
4.69 3.75
4.38 3.50
4.06 3.25
375 3.00
3.44 2.75
3.13 2.50
2.81 2.25
| 2.50 2.00
2.19 1.75
1.88 1.50
s 1.25
1.25 1.00
9.5t 0.75
0.63 0.50
0.31 0.25
0.00 0.00
Ave 1.23 Ave 0.64
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4.69
4.38
4.06
3.75
3.44
313
2.81
2.50
219
1.88
1.56
1.25
0.94
0.63
0.31
0.00
Ave 1.58

Fe Conc.%
5.00
4.69
4.38
4.06
3.75
3.44
313
2.81
2.50
219
1.88
1.56
1.25
0.94
0.63
0.31
0.00
Ave 1.08

3.50
3.26
3.00
275
2.50
225
2.00
1.75
1.50
1.256
1.00
0.75

Mg Conc.%
0.50
0.25

i 4.00
0.00

375
Ave 0.51

Fe ————— 20 um ' Mg ———— 20um
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Ce Conc.%

8.00

7.50

7.00

6.50

6.00

5.50

5.00

4.50

4.00

3.50

3.00

2.50

2.00

1.50

1.00

0.50

0.00
Ave 1.69

Pr Conc.% ] Gd Conc.%

4.00 £ 60.00
3.75 s 56.25
3.50 52.50
3.25 . 48.75
g
250 41.25
225 ¢ o 37.50
200 2 33.75
1.75 1 30.00
1.50 } £ 26.25
1.25 N 22.50
1.00 ! 18.75
0.75 : 15.00

g-gg ‘ 7.50

Ave 0.78 3.75

‘ 0.00
Ave 13.76

Gd ——— 20um



ST
Influence of elements not found in the glass g‘ﬁ‘:fggﬁ NucleUS

; Ca Conc.%
7.00

6.56

6.13

5.69

5.25

4.81

4.38

3.94

3.50

3.06

2.63

2.19

1.75

1.31

0.88

0.44

0.00

Ave 1.35
Zr Conc.% P Conc.%
5.00 4.00
4.69 3.75
438 3.50
4.06 3.25
3.75 3.00
344 2.75
3.13 2.50
2.81 295
2.50 200
2.19 175
}'22 1.50
1.25 1.25
0.94 1.00
0.63 0.75
0.31 0.50
0.00 0.25
- : Ave 1.02 0.00
Zr —————— 20um Ave 0.36

P——— 20um
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Phosphate Precipitation NucleU_S

Sheffield

Phosphate Solubility Product
Ko*

Phosphate insolubility

Phosphates of waste- AlO,P 9.84 x 10#
i i water coagulant ions. FeQ,P 1.30 x 1022
In waste-water treatment the Ca, Fe and Al cations are all used in Cas(PO,), 2.07 x 10°%
coagulants to remove phosphates by precipitation because their
phosphates are insoluble. Phosphates of ions that NaH,PO, Soluble in water
might engage in Na,HPO, Soluble in water
 Rare earth phosphates are even more insoluble than aluminium and dissolution iof: KH,E0s golublelinwater
. exchange. K;HPO, Soluble in water
Iron phosphate. Mg3(P04)2 1.04 x 10-24
Zirconium Many forms — no
 Their insolubility suggests that these phases will be stable in this Phosphates  data, but insoluble
environment. Could they be more durable than the glass itself?
Phosphates of rare YO,P 1.738 x 10>
earth elements in the LaO,P 7.080 x 10°%7
Ballidon samples. Pro,P 8.710 x 10
NdO,P 1.122 x 10°%
SmO,P 1.023 x 1026
GdO,P 4.074%10%
CeO,P 1.0x102
Ce,0,,Ps 2.915 x 103

*Units vary depending upon the stoichiometric coefficients

of the ions in the equilibrium.
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Attempts to precipitate pairs of rare earth phosphates together, in the lab, produce crystalline structures of monazite, xenotime or
rhabdophane rather than discrete phosphates.

* Monazite is able to form a solid solution with the Ca bearing phosphate mineral, cheralite.
* Rhabdophane is able to incorporate Ca into its lattice.

* Xenotime prefers Yttrium and the heavier rare earth elements such as Gadolinium, but it does form mixed phases with monazite.

Small amounts of Fe, Al, Zr and Mg do occur in the monazite lattice (2). In natural deposits they are present as impurities/inclusions.

|18-microfocus to
explore any
emerging crystalline
structures by uXRD,
UXRF and uXANES

Monazite co-ordination/structure:

Red=0 Paleblue=P

Dark grey = Lanthanide (rare earth)/Actinide
or Calcium for charge balancing.

Diamond Lightsource, UK
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Laboratory based durability
testing of UK HLW

of UK HLW in complex
natural environments
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