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Composition for 1 Phenix assembly after irradiation (Cooling time 1y at 85GWd/t)
= U:40kg (76%)
= Pu:8,1kg (15,3%)
= MA (Np, Am, Cm) : 294 g (0,55%)
= FP:4,35kg (8,2%)
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» SNF : Multi-element inventory
B Recycle MA without :

== Neutronic poisons (Ln : Sm, Eu...) =
impact on transmutation performances

== 3—y FPs =» impact of dose rate on

fabrication processes

» Close physico-chemical

properties between elements

B MA/FP competition
B An(lI)/Ln(lll) separation

» High acidity of the solution

B M"/H* competition

» Solvent radiolysis and hydrolysis
B Chemical degradation of extracting

molecules
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How recycling minor actinides ?

» SX as a reference option in consistency with the
current industrial experience of La Hague
B High separation yields
B Low amount of secondary waste

B Very significant feedback: > 25 000 t,,,, LWR SNF
reprocessed in La Hague plants

» Methodology applied for MA partitioning

A few hundreds = Develop new SX processes based on new extracting
of new molecules .
or complexing molecules
1 B A 3 steps methodology applied in wide cooperation
framework (several EU projects ... ACSEPT...
Scale : 1/100 a 1/1000 SACSESS and now GENIORS!)

== EXplorative R&D and in-depths understanding of actual
mechanisms

== Batch lab experiments and process design

== Demonstration experiments on actual SNF (5-10 kg)
- In ATALANTE (CEA) or JRC (EU) or NNL

Nuclear Energy Division - Marcoule th
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=» grouped recycling
GANEX processes

MA diluted ~2% in standard
fuel in the whole core of

lU
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Heterogenous
Recycling

=>» Enhanced partitioning

Advanced PUREX +
DIAMEX-SANEX (or i-SANEX)

B BOG
X

Moderated core target or blanket
in periphery of the core with MA
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GEN |V reactor
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S S e content up to 20%
§ (MABB concept)
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= grouped recycling => Enhanced partitioning
GANEX processes Advance-:l PUREX

EXAm

Moderated core target or blanket
— in periphery of the core with MA
B S content up to 20%

d (MABB concept)

MA diluted ~2% in standard
fuel in the whole core of
GEN |V reactor
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Numerous SX
processes
developed
worldwide on
MA partitioning!

sRcsess

' Safety of actinide
separation processes

Wwww.Sacsess.eu

Nuclear Energy Division - Marcoule
Research Department on Mining and Fuel Recycling ProCesses
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DE LA RECHERCHE A L'INDUSTRIE

ceaden European hydrometallurgy partitioning strategy

for actinide recycling

: { Used Fuel

Y : Y
| . , PUREX or

U GANEX 1 1) multi-cycle 2)single-cycle U/Pu

| COEX
I
I

Y I( 1)"’ ~ 2) Y 2) A 4 2) A 4
: An(lll) + Ln(ln) An(lll) selective An(lll) selective Am selective

GANEX 2 || co-extraction extraction stripping extraction

| (TODGA) ) (1-cycle-SANEX) (i-SANEX) (EXAm)
I
Ir A 4
| An(lly/Ln )
: separation
| (r-SANEX)
|
| A 4
I Am/Cm
| separation
|\ J
|

Y | Y Y Y Y Y

Pu/Np/Am/Cm : Am Cm Am/Cm Am/Cm Am
< > < >
Homogeneous Heterogeneous
Recycling Recycling

G. Modolo, A. Geist, M. Miguirditchian, « Minor actinide separations in the reprocessing of different fuels : recent advances in Europe »
Reprocessing and Recycling of Spent Nuclear Fuel - Published by Robin Taylor
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Recycling

ﬁ S Spent Fuel
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Two step strategy

[

Fission | [ 1 ]

Products )

- SEPARATION
2 I Am. Cm ) ' of MAs from Ln

(e.g. SANEX, TALSPEAK processes

CO-EXTRACTION
of MAs and Ln

(e.g., DIAMEX, TRUEX processes
using hard-donor ligands)

using soft-donor ligands)

One step sirategy

Spent Fuel

Fission
Products
(with Ln)

MA separation

SEPARATION
of MAs from FPs

(e.g., DIAMEX-SANEX, i-SANEX,
1-c SANEX, ALSEP processes
using hard and soft-donor ligands)




CEA DIAMEX-SANEX Process

» Process based on actinide separation by selective actinide stripping

HDEHPIDMDOHEMA | A""'L" Ln
——» Extr. [ | MA Selective stripping ‘_|=’ Ln stripping
o 0 i/l PUREX selective complexant
NT o on raffinate @ pH 2-3
3M HNO,
B Use of mixture of HDEHP and DMOOHENA o) S
DMDOHEMA for Am+Cm-+Ln (A ;
extraction :' “SOLVENT ! m Hﬁ%m Mo+ Ru )
B Specific separation steps to --SEFNF it
H Ln(lll) n
f[ake Mo Ru Zr Fe extraction j _ineack L
into account ST'"G
. . . . . oxalique
B Selective An stripping using o Zr+F:N0 HEDTA

HEDTA and citric acid at pH 3

B Demonstrated on genuine
PUREX raffinates in 2000 and Am recovery > 99.9 %, Cm ~99.7 %
2005 in Atalante facility DF MA/Ln > 800

G. Modolo, A. Geist, M. Miguirditchian, Reprocessing and Recycling of Spent Nuclear Fuel - Published by Robin Taylor

Nuclear Energy Division - Marcoule
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I-SANEX-TODGA

innovative solutions
" e sustainable nuclear energy

_ R(;.:SEPT

» Process developed by CEA, based on the « japanese » TODGA

B Use of a mixture of TODGA and
TBP for An+Ln co-extraction

I Selective An stripping using DTPA
and malonic acid at pH 2 with a
salting out agent (NaNO;) to
maintain Ln in organic phase

= NO need of a 2
exchanger (HDEHP)

® = Strong sensitivity to pH

cationic

/\/\/\« ot

SN
N\g/\o/\g/N\/\/\/\/

TODGA 0.2M, TPH

+ 0.5M TBP
" Q=60 mL/h 1 4 112 16
An, Ln EXT -
FP b FP Scrubbings T
Q=30 mih &
HNO; 3Moxal. 0.5M || HNO, 0.5M
HNO; 5M oxal. 0.5M
Q=30 mL/h HEDTA 0.13M
g 28 1

Ln Scrubbing

W
TI\Nd A Nd A Nd A\ Nd

B Hot test performed in 2009 on o | (Nd)
genuine PUREX raffinate in (R _omaoom [t ] BNG,
ATALANTE in the frame of the l |" "H222 <-| \
ACSEPT project — —
Product: A f ”""%%%ﬁ“ "“'%»E%T“
>99.8 % Am(lll | j j ey A== = [Am<0.01%]
G. Modolo, A. Geist, M. Miguirditchian, >99.9% Cm(lll)| & ~ 7 eyt Cm < 0.02%
e e S | <2%massLn | meme T T

. J

Nuclear Energy Division - Marcoule
Research Department on Mining and Fuel Recycling ProCesses

DTPA
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I-SANEX Process

innovative solutions
1or sustainable nuclear energy

> Process developed by Julich and KIT in the frame of ACSEPT

B Mixture of TODGA + 5% octanol in TPH for An+Ln co-extraction il
CEHI:"\N 0 N,'-'JaHn
B Selective An stripping using hydro SO;-Ph-BTP at 0.35M HNO, ot it
@ = Stripping at high acidity, no need to control the pH ToneA -
@ = Stability and potential downstream effect of SO,-Ph-BTP, no CHON
B Spiked test performed in 2012 at Julich on a surrogate PUREX W
raffinate [ SOsPhBTP T
Solvent Feed Scrub 1 Scrub 2 . -
0.2molL TODGA in HAR-simulate 3rn9ﬂ. HNO, 0.5 mol’L HNO,
}‘ _Etraction f:::ﬁ:?@ﬁ_‘:::rI::::s;@:rfz‘:::ﬂ
4 Stages 8 Stages 4 Stages 0.35 mol’L HNO,
0.018 molL aq-BTP Spent
Raffinate \ 40 mUh solvent
Am < 0.1% e N\
Cm<0.1% i— rf [E-ﬁ;e}t}aéti::ﬁi ~ An-Stripping F_L_t;s_tﬁﬁp-iﬁg_ i
amlh || [ === ======
6 Stages 6 Stages 4 Stages
i . An-Product Uﬁoducl Ln-Strip
G. Modolo, A. Wilden et al., Progress in Am > 99.8% Am<0.1% RO e ol
Nuclear Energy, 2014, 72, 107-114 Cm > 99.8% Cm < 0.1% 40 mLm
Ln < 0.1% Ln ~99.4%

Nuclear Energy Division - Marcoule th
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y U.S. DEPARTMENT OF

> Process developed by US DOE based on a reverse-TALSPEAK
process (similar to DIAMEX-SANEX process) ~

B Mixture of T2EHDGA and HEH[EHP] for An+Ln
co-extraction

I Selective An stripping using DTPA and citric acid
at pH 2-3
[ — SFLn/Am "‘30

B Spiked test performed in 2017 at ANL and
planned at Julich in centrifugal contactors on a
surrogate PUREX raffinate in 2019

B Am/Cm separation studied at DOE by Am(lll)
oxidation and selective extraction of Am(VI)

= Oxidation of Am(lIl) by sodium bismuthate
= Selective extraction by DAAP or a monoamide

B. Mincher et al., SX-IX, 2014, 32, 153-166

Nuclear Energy Division - Marcoule
Research Department on Mining and Fuel Recycling ProCesses

CoH CoH
CaHg\tz 50 o 2}CAH9
(e}
NJ\/ \)l\N

C4Hg\|) \rcmg

CoHs D CaHg

T2EHDGA

\/\j\/?
.
OH

HEH[EHP]

100 —8- Am

B La
—w— Ca

&— Pr

# - Md

$— Sm
—— Eu
—2— 5d
— Min. SF

10 -

01 4

Distribution Ratio or Separation Factor

0.01

pH
G. Lumetta et al., SX-IX, 2014, 32, 333-347
A. Guelis, I&EC, 2014, 53, 1624-1631
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Lam]] " :
T Am separation
Heterogenous

Recycling

" W—:l
U, Pu PUR@

SEPARATION

Fission
Products 1 of Am from FPs
(with Ln) and Cm
+Cm

(e.g., EXAm, Euro-EXAm, AmSel
processes)

One step strategy




CEA EXAm: the sole-Am recycling

» Adaptation of DIAMEX-SANEX oo
process for the sole Am recovery T*(ZT %O\ g(/v

. . . \\/\/\ c(/P\o
B Selective Am(lIl) and light Ln extraction - "
by HDEHP+DMDOHEMA solvent from AmCm
5M HNO =’ La, Ce, Pr, Nd, Sm, Eu, Gd, Y
3 j\/ \j\ Cs, Sr,Ba, Rh, ... Fe, Mo
— Addition of TEDGA to increase Am/Cm (< ° - 25 A6 D
selectivity from 1.6 t0 2.5 TEDGA HNO, 4-6 mol/L

B Selective Am stripping by DTPA +
malonic acid at pH 2.5

— | DMDOHEMA + HDEHP || :==-cczczzzcscczczsccsczzcsocscsaccsmsszsocsssszsssazzzz,
TPH n

I Validated in 2010 after a hot test cm sl Cm Scrubbing
performed in mixer-settlers on a genuine _d =
PUREX raffinate in ATALANTE facility N Lo |
M, 14, Ce, Pr, Nd, Mo, Fe, Ru, TEDGA
B Adaptation of the EXAm process to treat l
a PUREX HAC (x3) [ e |
= Hot test performed in 2015 allowed to oy | Do ] [ e ocid :
recover 2.4 g of Am (DF Am/Cm ~ 50) i
M-J. Bollesteros et al. Procedia ~ 98.5 % Am(lII) T e Sl us ’
Chemistry, 2012 DF Am/Cm ~ 500 - l ‘ TEDGA ,
V. Vanel et al, Procedia Chemistry, 2016 | pE Am/Nd ~ 340 Am sanicacd | | re O acid up step
Nuclear Energy Division - Marcoule GENIORS P&T day, October 25%, 2018 | PAGE 14
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EURO-EXAm S,RCSESS

~ Safety of actinide
separation processes

» Adaptation of i-SANEX for Am selective extraction

B Mixture of TODGA + 5% octanol in TOOGA

TODGA OZMTPH B%. C La]

TPH for An+Ln co-extraction Fetan Oty Oy

I Selective Am stripping using | ez | | Scrubbing
TPAEN at pH 1 Y am

— Good Am/Cm selectivity (SF ~ 4) é Rih mo ]|

@ = No need of a 2" cationic exchanger and :
no need of TEDGA nor pH buffer [ LnReBrimetion | Am Stripping

= Difficult Am/Light Ln separation
@ ° El TPAEN

Low solubility of TPAEN aq. phase pH?

Ln

i~
I i |

B Spiked test performed in 2015 in Jilich
on a surrogate PUREX raffinate g

HO,C._ N b N \/. |
= Solubilities issues during the spiked test } U“’“’ ‘/E“j\CO’H

M
P CO:H

B Alternative  solution  studied in G \“_/,N — >
GENIORS with SO,-Ph-BTBP O Y

= Medium Am/Cm selectivity (SF ~ 2.5) 9 )

S0;Na Na0;$

= Good Am/Light Ln selectivity sormaTer J(IT ‘J JULICH

,,,,,,,,,,,,,,,,,,,,,,,,,,,, Forschungszentrum

— High solubility # AmSel Process GENIGRS 'S
@ = NO CHON compound . ol |

Nuclear Energy Division - Marcoule
Research Department on Mining and Fuel Recycling ProCesses
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SELECT Process @I

» Multi-step approach to separate

Am! developed at JAEA (Japan) Dissolution —*{lodine
B MA+RE and MA/RE separation steps peupuea,. .
tested on genuine raffinate “‘)V Partial U separation —"

hJ

DEHBA 3:39“1/\” U-Np-Pu separation—>|U, Pu, Np

B Am/Cm separation tested on a
spiked solution

High-level liquid solution (HLLW)

G ", L MA Separation
Am, Cm, Ln > 99,9% RN MA+RE
nel %o o//C_N\cuH% recovery » FP without RE
TDdDGA l
SFamEy~ 6 iL f MNREf Tc-PGM sep.—* Tc
Am ~ 94.5%, Cm ~ 78% Separation AW
La~0.1% Nd ~16% TMQLH \hE l —y
HONTY ; Am/Cm sep. Sr-Cs sep.
SFAm/Cm ~ 55 . A ¥ L l
SFamicm~ 41 with TEDGA habe Am| |Cm Sr, Cs| Other FP
Am > 99% with Cm ~ 9.6% H/Q j\H
ADAAM(EH)**
H. Suzuki, T. Matsumura, et al., J. Nucl. Sci. Technol., in press.
Nuclear Energy Division - Marcoule GENIORS P&T day, October 25", 2018 | PAGE 16
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U Pu MA

Homogenous
Recycling

MA group
separation

2-step GANEX concept :

- Selective U separation by the
monoamide DEHIBA (GANEX 1)

- Transuranium group separation



CEA GANEX 2

> Adaptation of DIAMEX-SANEX process to the group actinide separation

B Use of a mixture of HDEHP and DMDOHEMA to extraction TRU and Ln
= Increase of [HDEHP] to increase loading capacity (due to high Pu content)
= Increase of [HNO;] to extract Np(VI) along with Pu, Am, Cm

B Selective An stripping by HEDTA+ citric at pH 3
= Addition of hydroxyurea to reduce Np(VI)

Feed
) DMDOHEMA + HDEHP rom
B Hot test performed in 2008 inTPH -4 M ANG, + HEDTA A
on a genuine PUREX raffinate | |
in 48 mixer-settlers ___Eftfic_ﬁefl__lf___s_c_fﬂb_b_in_g___
8 Stages 4 Stages C“;:_‘l‘ ;_‘;id
Raffinate
DMDOH!EMA +HDEHP |  ——FTV————~ |
= Mo, Tc Scrubbing
M. Miguirditchian et al. 8 Stages
Proceedings of GLOBAL Mo + Tc + Ru
conference, 2009 Spent

HEDTA + citricacid solvent
+ hydroxyurea pH 3

DMDOHEMA + HDEHP
NTPH [ T T T T e bt d Am bt T T 2 N e Em Cat

99.8% < Actinide recovery < 99.9%
8 Stages

20 Stages (8+12)
DF An/FP ~ 20-40 s [
‘ Np + Pu+ Am +Cm | TEGDA + oxalic acid

Nuclear Energy Division - Marcoule
Research Department on Mining and Fuel Recycling ProCesses
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CSEPT

innovative solutions
Tor Sustainable nuclear energy

EURO GANEX

> Development of group separation process based on TODGA solvent
B Use of a mixture of TODGA and DMDOHEMA to avoid Pu precipitates  national NUCLEAR....

LABORATORY..
= Possible to extract high concentration of Pu along with Np, Am, Cm and Ln ’

Actinide/Lanthanide separation by selective An stripping with AHA and SO;-Ph-BTP

Spiked tests at NNL and a hot test performed on a genuine GANEX 1 raffinate in

centrifugal contactors in 2012 at JRC
M. Carott et al. Hydrometallurgy, 2017

Co-Extraction R. Taylor et al, Procedia Chemistry, 2016

le\il ey Ay Np ~ 99.91%, Pu ~ 99.85%, Am ~ 99.9%
YODGA  DMDOMEMA )ci Pu, Np, Am, Cm Tot Ln ~ 0.06%

AEcempm l B Alternative solution studied in

CDTA
/ﬁ;ﬁjv{r\; itn +t|7n An stripping Ln stripping GENIORS
“‘j\?"n’ REAREN = Substitution of TODGA+DMDOHEMA

5.9 M HNO, | by MeTDDGA and SO,-Ph-BTP by
| JHa Hydro-BTP OsNa ; PyTrIDIOI - e
Ln and FP AHA | H,.C /'1"0 p o rljzlcﬂH \I/EK ’f_/
| 1 RV A Ln S (U G
OH - N _L( ol
Pu, Np, Am, Cm H " " = CHALMEX process PyTri-Diol (PTD)
s 0.5M HNO, - CyMe,BTBP + TBP in FS-13
GANEX 2 (TRU) cycle
Nuclear Energy Division - Marcoule GENIORS P&T day, October 251, 2018 | PAGE 20
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Conclusion

» Efficient partitioning processes of MA have been developed and qualified

m DIAMEX-SANEX, 1c-SANEX, i-SANEX, ALSEP, EXAm,... for heterogenous
mode
B GANEX processes for homogeneous mode

» Priority is now put on Pu multi-recycling and we need a strong
international collaboration to keep developing MA partitioning processes

I W e e

m Improvement of Euro-EXAm
B Improvement of i-SANEX and EURO-GANEX with GEN|@’R

promising mTDDGA and PyTriDiol molecules | ——
B Study the impact of these new partitioning processes on the conversion step
Impact of PTD, AHA, SO;-Ph-BTBP on actinide conversion

\\\d

A\

\

» Study the impact of a lower FP decontamination on the MA transmutation
performances to develop more compact and cost-effective processes

B Find a compromise by better linking P&T studies

Nuclear Energy Division - Marcoule h
Research Department on Mining and Fuel Recycling ProCesses GENIORS P&T day, October 257, 2018 l PAGE 21
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Recycling the minor actinides, a potential

contribution for decreasing the waste burden

> Recycling MA ¢ decrease waste » Recycling MA < preserve the

lifetime and toxicity "repository resource”
104 : : U I N of the heat load < & density
o Belatlve radiotoxicity of the repository

== |Nterest in the sole-Am recycling

102 \\Spe"t nuclear m Strong A of repository "lifespan”
10 M SR

1
01

L I ST
RSN -« AIER OB et
oo § ¢ e DNEOREEY Y T

f ‘Am recycli}lg

Nuclear Energy Division - Marcoule HLW: 16;) ha HLW: 1200 Ha .
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DE LA RECHERCHE A L'INDUSTRIE

Ccaden GANEX 1HOT TESTS

HA test first performed at CEA (ATALANTE, CBP) in 2008 on genuine spent fuel in 28 mixer-
settlers
Uranium recovery >99.99% with high DF (Np, Pu, Tc, Ru, Cs)

DEHiBA 1M/TPH j
\Huéf\/\ EXTRACTION Pu, Np, Tc SCRUBBING U STRIPPING

UOX3 Feed
Np, Pu, Am, Cm + FP U 176 gL N,H, U >99.9% HNO;
Pu2.5g/L HNO, 0.01M
HNO, 6 M

HA test performed at ITU in 2012 within ACSEPT contract in 16 centrifugal contactors with
high content of Pu (20 g/L)

Solvent
Solvent U<1ugl mag/L Feed Raffinate Loaded U Qrganic
105mlmh Hot GANEX 1 Pu<1uglL organic | fraction out
[MDEREAR TR T 1‘“9’1 U | 101300 10 36500 | 48000 21
v, Extraction Scrubbing Stripping Pu 20200 18300 9.2 24 0
(10 stages) (6 stages) |« . (16 stages) Am 320 240 0 0 0
-r T I J, '_T Cm Below Detection Limit
Raffinate Feed Scrubbing Uranium Stripping
53 mL/h 35 mL/h 20 mL/h 37 mL/h 35 mL/h Np 17 13 0.25 0.4 0
HNO, 3.5 M HNO, 5 M HNO, 1.5 M U119 gL HNO, 0.01 M Te 41 18 392 35 16
U2 mg/L U125g/L i Pu 3.5 mg/L
Pu 1792 gL Pu 26 gf'L Hydrazin 0.2 M Tc1.1 mgf’L Np almost completely routed with the raffinate
Te 50.ng’L Te 50 mg/L Small Tc losses to the U fraction

Nuclear Energy Division - Marcoule

th
Research Department on Mining and Fuel Recycling ProCesses GENIORS P&T day, October 25, 2018




EXAm HAC test results

> 1st EXAm hot test on a HAC (dec-2015)
B Good hydrodynamic behaviour

B Needs an accurate process monitoring

B Compromise between Am recovery and
Am/Cm decontamination factor

Purity (%)

95,5

0,6

0,0

0,0

0,2

0,1

1,4

0,0

0,0

0,3

0,1

0,0

0,7

Performances : o
ement
» 2.4 gof Am recovered Am
- DF (Am/Ln) ~ 2000 cm
Y
- DF (Am/Cm) ~ 50 .
« Loss of Am in the raffinate ~ 10 % Ce
p
* Loss of Am in the Mo output < 0.01 % N;
Sm
B Am very well recovered from fission products but Eu
decontamination towards Cm lower than expected Fe
Mo
== Due to a inaccurate modelling of Cm extraction in presence of 2
TEDGA in these conditions Pd
== 40 stages of Cm scrubbing would have been required to reach Ru

98% Am recovery and DF (Am/Cm) ~ 500

Nuclear Energy Division - Marcoule
Research Department on Mining and Fuel Recycling ProCesses
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