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Context

PUREX Process : the front end of the nuclear fuel cycle
Necessity to better discriminate the reactions
and parameters driving the dissolution...

U (95 wt.%) — Pu (1 wt.%)
Spent Nuclear Fuel » .
MA (0.1 wt.%) — FP (4 wt.%) Complexity of the ?

nitric media Auto-catalytic
HNo:\ catalyst reaction

NO «—

Amont du cycle
Prefered sites of attack
4: UTILISATION e

3 : FABRICATION
DU COMBUSTIBLE

EN REACTEUR = N gas
d )JCJ Surface alteration from irradiation o
\\ / > liquid

. Gas-liquid exchanges
O @

Bubbles formation

NVERSION
ENRICHISSEMENT 6: RECYCLAGE

Synoptic diagram representing the different phenomena involved in the dissolution of a UO2 pellet in nitric medium, from the work of S. Bertolotto
Aval du cycle

Nucl Fuel Cycle © CEA/Com Ci Com C e . o
Heear e e ommom e ... to optimize the PUREX process and extend it to

MOX Fuel and new thorium-based nuclear fuels
» Harsh reprocessing conditions (nitric acid 3 to 6 mol/L - T > 90°C)
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ﬁ Objectives and ap

How to discriminate all the paramaters implied in the spent nuclear fuel reprocessing ?

\

Model
compounds

Structural and
Irradiations microstructural control

Polishing
Samples . Monitoring of L
pie Characterisations vionitoring
preparation solid/liquid interface
WC
Heating - . .

treatments Coatlng Irérgloliot-l(':?rg DISSOlUtlon . . . ICP-AES

Ié:sbzolrr?&?:irsedel?hysique MaCFOSCODIC descrl ptlon .

experiments

of the dissolution

Macroscopic dissolution rates
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Preparation of the sint

Oxalate precipitation » Thermal conversion to oxide

4h, 700°C
Ar/H, (4%)

Hydroxyde Oxyde

U(OH), uo,
, (U, Nd,)(OH), (U;,Nd,)0,
<= (U,Th)(OH), (U1 Th)O,

Mgynthesis < 1 8 ' Room temperature
Excess NH; (aq) (400%)

Washing Drying (T, )
(H,0 - EtOH)
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Preparation of the si

)

Oxalate precipitation Thermal conversion to oxide Shaping / Sintering

-

msynthesis <1 g

Washing
(H,0 - EtOH)
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4h, 700°C
Ar/H, (4%)

Hydroxyde

U(OH),
(U,.4Nd,)(OH),
(U, Th,)(OH),

Room temperature
Excess NH; (aq) (400%)

Drying (T,

Grinding

Oxyde

uo,
(Ul-dex)OZ
(Ul-xThx)OZ

Unixial pressing
@5 mm, 500 MPa

Pellets Calcination

Ar/H, (4%)

1600°C 4 hours
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Caracterisation of the cation rati

RBS Characterisation

1 MAG:2501x HV:30KV WO: 157 m
x: 50,

NChannel P7S39 vs NYield P7S39
NChannel P8S39 vs NYield P8S39
NChannel P7540 vs NYield P7S40
NChannel P8540 vs NYield P8S40
NChannel P7S41 vs NYield P7S41
NChannel P4S41 vs NYield P4S41

v: 30KV W 10um

Mass Mass NormJAtom fbs. error [%] Mass Mass Norm|Atom fbs. error [%]:

s o5 e S ———_ L T U 1000 1500 2000 2500 3000

Neodymium60 L-Serie 83723 5.56 5.42 ¥ b.19 Thorium 30 L-Serie43510 8.81 9.37 9.59 P.25 |
Uranium 92 M-Serie227779196.94 54.58 .35 p.99 Uranium92 L-Serie28208485.2190.63 50.41 .19

! Energy (keV)
Sum 102.50100.00 X Sum 94.03100.00 100.00
RBS spectra for each sample composition

Element At. No.Lines. Netto

Expected composition achieved

# Good cationic homogeneity
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Parametric study of irra

Two kinds of interactions : two distinct effects

The projectile is slowed

down by atomic collision.

Cascades of collision are

’ observed.
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The projectile has a high
velocity. It is slowed down
by interaction with the
electron clouds of the
atoms of the target.

Projectile velocity

12/05/2023

Gold projectiles simulates
the radiation damage
induced by atomic collisions
from fission fragments (close
to their range).

Xenon is an accessible fission
fragment with the highest stopping
power (37keV.nm™1).

Lead is used to maximise the effect
of the electronic stopping due to its
high atomic number (55keV.nm™1).

laboratoire commun CEA/DRF CNRS/IN2P3




” Irradiation simulations — comparison bet

Displacements created by collision cascades Penetration depths of the projectile

Au — 7MeV uo, Xe —1GeV Au — 7MeV uo, Xe —1GeV

COLLISION EVENTS COLLISION EVENTS ION RANGES ION RANGES
— 5 . — . — | IlonEange = 77404 Skewness =-0.2400 o Ion Range = 3L.7um Skewness =-4,7409
2| e S T o I
T Replacement Collisions '_I' Replacement Collisions o & 6000
g 6 = X @ o
° ° 24 E = 5000
Z s 2 £ =
Qb =0 2.0 = =
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'E 2 E 3 o ~ 2000
= =l e E =
= 1 = s 4 E = | 1000
E—— « NS - Z =
- Target Depth - 0A - Target Depth - 50 um L = 0
A - Target Depth - 50 um
lonization of the target material Displacements per atom

Au - 7MeV U0, Xe —1GeV Au — 7MeV uo, Xe — 1GeV

—_ TIONIZATION — IONIZATION
= 350 £ RECOILS UO2 - Xe - 1GeV
) = 30 UO2 - Au - 7MeV 15 dpa en fonction de la profondeur de pénétration
o 300 48 dpa en fonction de la profondeur
= = M
- -
5 = > 20 & : 10 .
N 200 = 5 V d \.. s .
% = N 4 % ® ®e
=) 150 = 10 | °® o 5 .
— — ° LY K
B 100
Fing ; \ J .
: 50 : 0 e 0 cmm———
i = 0 0.5 1 1.5 2 0 10 20 30 40 50
0A - Target Depth - ~Target Depth - Profondeur (um) Profondeur (um)
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Simulation

Optimization of the gold irradiation conditions

Damages caused by gold irradiations at 3 energies : 1; 2 and 7MeV and fraction of gold atoms

I incorporated within the UO2 material as a function of depth

2.50E-04 A

Fraction of deposited gold atoms - 1MeV
2.00E-04 4 = Fraction of deposited gold atoms - 2MeV
M Fraction of deposited gold atoms - 7MeV

1.50E-04 Fraction of deposited gold atoms - Sum

Damage (dpa)

* Damage - 1MeV

1.00E-04
* Damage - 2MeV
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¢ Damage - 7MeV
5.00E-05 4

¢ Damage - Sum

052 062 072 082 092 102 . . 132 142 152 162 172 182 192

Depht (pm)
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Irradiation experiments — at

Pelletcode = Composition Irradiation
P2539 uo2 100%
P4S39 uo2 100%
P5539 uo2 50,62%
P6539 u0o2 70,85%
P1S40 UTh10%02 59,45%

> About 4 hours of irradiation P2540 UTh10%02 100%

P4S40 UTh10%02 65,63%

P5S40 UTh10%02 100%

drmev an = 1,3.10° cm™2 P4S41 UNd10%02 65,96%

Irradiation bamev au = 3,2.10™ cm ™ mplentation P5541 UNd10%02 100%
P1mev ay = 2.10%* cm ™2 beam line P6541 UNd10%02 100%

» A mask is placed on half the surface
to determine the effect of surface
irradiation.

‘ o=l s [y P, 7 P8s41 UNd10%02 52,52%

in situ

s 5
{ i ators for Pluridisciplinary reseal
Synthesis & Characterization using ion Acceler: s
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Irradiation experiments

Imaging the surface

Images are taken by optical microscopy

=1,3.10'> cm ™2
Irradiation Domev au = 3,2.10% cm™2
D1mev,au = 2.10" cm™

» Hugin & Gimp are used to obtain a
complete mesure of the surface
(px and pum).
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Coating

» Epoxy Resin
» Coating after 2 hours
» Drying : 8 hours

12/05/2023

Static dissolution exg

Only the irradiated surface is of
interest




Static dissolution expe

Dissolution test

Static dissolution condition

» Sampling of 15% of the total volume (4.5mL)
» Diluted by 2 (9mL)

First parameters

I » Room temperature

+—— Dissolution reactor > 0,1 mol/L nitric acid concentration
..\ Leachate

» Epoxy Resin iy Pellet

» Coating after 2 hours ~ R
> Drying : 8 hours T N Support

Magnetic stirrer
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» Epoxy Resin
» Coating after 2 hours
» Drying : 8 hours

12/05/2023

Static dissolution exper

Dissolution test

Static dissolution condition

» Room Temperature

» 0,1 mol/L nitric acid concentration

|

1 Dissolution reactor
Leachate
Pellet

Support

Magnetic stirrer

Analysis of elements
released in the solution

Elementary concentration
determination

» ICP — AES

> a scintillation




“ Characterisation of the solu

NL(i) — .S

m; : amount of (i)in solution (g)
S : Reactive surface area (m?)
fi : mass ratio of (i) in the solid

» ICP — AES

> a scintillation
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N, () (@.m?)

0,1 mol.L* HNO, - 22°C

p 125
6,0x10™
5’0“04._‘ i ; {20 R (L) . dNL(l) _ 1 dmi
g L — -
g 1 = :
4,0)(10" - ‘ v | 175 E° dt ﬁ- S dt
# i v =
J i 1 ;"
3,0x10° - g ; g 1 Y wov Ja T
P 1 igsi 17 - - h: ® R; (i) = R (j): congruent dissolution
y = A
uf 105 , N s , ,
1 3 gt % v Pr ’ R, (i) # R.(j):incongruent dissolution
1,0x10" - * ¢ Ce
| <« U 40,0
0,0 I =% . ks © caks P wills © o3
0 20 40 60 80 100 120 140 160 4
) =90
Time (day) Y
X |[Stepl Step 2 Step 3
Evolution of normalized mass losses N, (i) (g. m™2) (left axis) and relative masses of £
dissolved UO, (Am(U,t)/mq in %) (right axis) recorded during dissolution of sintered <
samples of formula U, gLn, ,0, 4 at 22°C a
5]
€
§ RS Steady state
) % constant rate
JDQ
How the first step and steady state are =0.5
oo Increase of S
. . .. =005 [ Increase of autocatalytic
modified by irradiation ? < | species
x AAOfR(t)
H /2 Z2 &
| JL l/ J ,/ -
er;u,se RL 0 Leaching time (days)
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ﬁ Operando study of evolvin

Taking and assembling images at
different dissolution times

Making of a video
Fiji/lmage) Images taken by Environmental SEM

(ICSM) and AFM (lJCLab)
7 [
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% Conclusion

Conclusions Future experiments

Lead and Xenon irradiation at 1GeV

@ I\ [l Early July 2023
laboratoire commun CEA/DRF CNRS/IN2P3

Raman spectrometry

%
Perspectives ; pgf’ i iay / June 2023

LB 2INFINIS &
LYON

ma.

Operando study by Environmental SEM

@ October 2023
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Goal of the PUREX process Repositry (L) ——
|

" . . Pressing ‘1—’ Mechanical cutting/shearing
to recover the plutonium and uranium . Gumeos
contained in irradiated fuel with the highest el EEETTTNES
possible yields and to purify them in such a T 3T
way as to allow their reuse, and to condition i | & 1

. . . Repository (HLW) UO,(NO;), l i ;
th_e various waste:_s in a form compatible 7T T e j
with storage, while having the lowest B S—

possible impact on the environment”. R




Main equation used to define the oxidation of uranium* :
U0,(s) + NO5 (aq) + 4H*(aq) - UO2" (aq) + 2NO,(aq) + 2H,0
Equations defining the formation of nitrous acid :

U0,(s) + 2N0,(aq) + 2H* (aq) » UO2" (aq) + 2NO(aq) + 2H,0

2NO(aq) + HNOs(aq) + 2H,0 — 3HNO,(aq)

Nom Formule chimique Degrés Etat physique a Remarques
d'oxydation de T=25'CetP=1atm
I'azote
Anhydride nitrigue NaOy +V gaz
Acide nitrique HNO;y +V liquide pur ou di Initial P
Ton nitrate NOy +V dissous
Ton nitronium NO; W dissous
lon peroxynitrite ONO, +V dissous
Dioxyde d’azote NOy +IV gaz (Teb = 21,4°C)
Tétroxyde d'azote NaOy +IV gaz (Teb = 21,4°C)
Anhydride nitreux NaO3 +I1 gaz
Acide nitreux HN©, +I1 dissous
Ton nitrite NOy +I dissous
Ton nitrosonium NOT +I11 dissous
Ton nitroacidium H.NOJ +I1 dissous
Monoxyde d'azote NO +II gaz
Acide hypoazoteux HyN3 Oy +I dissous
lon hypoazotite NO~ +1 dissous
lon hyponitrite NyOF~ +1 dissous
Protoxyde d'azote N0y +1 gaz
Azote Ny 0 gaz
Hydroxylamine NHyOH -1 gaz
Imine NH =1 gaz ou dissous
lon hydroxylamonium NH,OH?Y Bi dissous
Hydrazine NaHy B dissous
lon hydrazinium NoHF - gaz ou dissous
Ammoniaque NHy - gaz ou dissous




Appendix 3 — Stru

Polishing by diamond disk

Structural imperfections : presence of cavities
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Appendix 4 — preparatic

Thermal conversion to oxide Polishing

A

' Unixial pressing
Washing Drying (T,.) @5 mm, 500 MPa
(H,0 - EtOH)

Pellets Calcination

. Ar/H, (4%)

o Grinding 4 | 1600°C 4 hours

N
O
v




Appendix 5 : AFM characteriz
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