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C2A CURRENT NUCLEAR CLOSED FUEL CYCLE IN FRANCE
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INTEREST OF LIQUID LIQUID EXTRACTION PROCESSES:
SEPARATION AND PURIFICATION

Process flow sheet

Extractant(s)
. ]
Diluent < [Solvent treatment]

% E?? impurity
(Jofefeto] J—2EEEtEy™ | o
@j @j \ Lproduct| /i iia
T
Raffinate ﬁ Stripping ﬁ :Impumy:
% Feed SOIBLthllon Stripping \ | product{ / final
M, + M, solution

PUREX process
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Main advantages
«  Ability to operate in a continuous countercurrent mode,

«  Multistage mode (to achieve high separation factors),

« High yield of recovery,
* Regeneration of solvent.

La Hague. Areva
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THERMOCHEMISTRY APPLIED TO LIQUID-LIQUID

SYSTEMS

» Performances of a process characterized by

Aqueous - ycgfgan_ig
. . < '_';""1‘, . .
Affinity Oy Lt - § Selectivity
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= Competition between 1 Dy U(VI)
b complexation in agueous i N\
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= phase and transfer into N
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[U(VI)]ag

MM+ + g Ln+ & ML m+an Ba’
MM+ bX + nE S5 MXE, K°,

A(AextGO)leMl = (AextG O)M2 - (AextGo)Ml
(AexitG° v = F(Kext ms Ba’m) = f(K®oy Mo Ba°M2, K® ext My Ba°M1)
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THERMOCHEMISTRY APPLIED

TO LIQUID-LIQUID SYSTEMS

» Difficulty to predict the efficiency of the separation (affinity and selectivity)
Q Sum of contributions

Enthalpy/entropy Binding / solvation / transfer

40 . Complexation

20 IPr-8TP — - in organic phase -

0 AG AH ,_l M org + nEOI’g+bX aq ﬁ MEnm org + bX'aq

N -TAS Transfer and - 10 to -50 kJ/mol Transfer and counter
cation solvation ion solvation

kJ/mol

.40 1 +200 to +300 kJ/mol

(Mm+)x Ho0 + nEorg"'bx_aq ME M+ + bhX"

-60 n org org

-80 @ Eu(lll) Partial cation \ Associat
dehydration ssociation
e =il g 0 to -60 kd/mol with counter ion

100 to +3000 kJ/mol — =
M +bX g +1E,,, > (ME X, )

org

O Global effect with low energy effects

(- 2.7 kcal.mol?)
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CZ2A  SPECIFICATIONS OF THE LIQUID-LIQUID SEPARATION

Understand the driven force of affinity and selectivity

Nature of bonds Speciation Jrganizatio Thermodynamics

B kT e
S SR

iPr-BTP

AH

@ Eu(lll)

DFT calculations Spectroscopies (FTIR, UV-visible, Molecular dynamics 100 calorimetry, =
NMR, TRLIFS, EXAFS, ESI-MS), SAXS, SANS, osmometry spectroscopies
calorimetry

Classical approach in metal complexation chemistry but with
high acidity and radioactive elements (not at trace levels):
dedicated techniques connected with glove boxes

Selectivity between different ions
(charge and/or size)
(U(VI)/Fission products,
U(VI/Fe(lll),

U(VD/Pu(lV)

Selectivity between similar ions
An(lIN/Ln(1) = Am(1DH/Cm(III)
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AN INTEGRATED APPROACH:
THE KEY OF A SUCCESFULL INDUSTRIAL SOLUTION

simulation

Importance of each step
« to optimize the process conditions
« to take into account the side steps

Molecular
engineering

More than 200 researchers and engineers
at DMRC-Marcoule
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MAIN STEPS WHERE SPECIATION AND

THERMOCHEMISTRY IS IMPORTANT

Molecular O Molecular design (organic extractants, aqueous complexants)
Bl Fundamental knowledge of chemistry to design efficient molecules
= New ideas tested followed by comprehensive studies to describe the chemical

system
~x v = Establishment of structure-activity relations to propose new molecules

W\:O/JJ Speciation, AAG, AAH
0P~ o™

/_/—O

EI Process chemistry and modelling
Provide speciation and thermodynamic data
\ Process \ Equilibria in homogeneous phases and between phases and related K, AH

/modelllng /

O Industrial operation
Non classical industrial behaviors (dysfonctionment, shift,...): comprehensive
chemistry studies to give explanation and propose solutions

Speciation, stability constants -

| PAGE 8
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APPROACH TO DESIGN A NEW CHEMICAL SYSTEM

0
N G SN SN W~
— /_/—o éﬁ\ f N « High affinity towards the target element,
d v P - Reversibility,

* High selectivity / other solutes and
Impurities

ects of media

« Stability (hydrolysis in acidic media.
oxydation....) and low influence of
degradation products,

* Solubility of the extractant (low in the
aqueous phase, high in the organic phase
even in presence of the target element)

[ Molecule family selection ]
* Kinetics of reactions and hydrodynamic
properties (viscosity, densities, interfacial
tensions....) compatible with industrial

contactors,
Performance checks * Cost of the reactants and synthesis,
Dy = FSyym and organic solubility) * Chemical hazards and respect of

REACH regulations
Environmental footprint

=) \ » Good recovaribility of reactants,
L7 ] V.V * Incinerable reactants (CHON)
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[ Molecule selection ]
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CHEMICAL ELEMENTS IN NUCLEAR SPENT FUELS

) mmm— (5 )
1 @) AcrinDES 2 For 1t of spent fuel
H D FISSION PRODUCTS He (standard fuel , irradiation
— — : 3 years)
(3 )+ ) () ACTIVATION PRODUCTS o ) Y

. f5 \76 1(7 \(8 \(9

Li || Be BIC| N| O]| F|Ne

(11 (12 ) (13 (14 \(5_ \(1e_ \(7_ (e )

Na |[Mg \AIAS|APASACIAAr)

(19 )20 )2 (22 (2 (4 5. (. (= ‘%8_‘69 N0 V(31 )32 V(3 )2 )3 (6 )

K ||Ca [So} Ti || V I[Cr|{Mn| Fe|Col|lNi|Cu|Zn|Ga|Ge| As|| Se|l Br| Kr .

— = e e e e e e e e e ' PFs (without Ln):

37 38 39 20 41 2 B3 44 45 46 47 48 49 50 51 52 53 54 24 kg

Rb|[Sr| Y |[Zr||Nb||Mo| Tc|Ru||Rh|Pd||Ag| Cd| In |[Sn| Sb| Te|[ I || Xe

55 56 (72 (s (ra V(s (e (77 e 7o (e (st (s fss_ . Jfs£ )(e5. (e )

Cs| Baj Ln | Hf | Ta)| W |Re | Os|| Ir ]| Ptj|Auj|Hg]| Tl ||Pbj| Bi | Poj At Rn
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 Lanthanides:

carianioes - (La]| Ce|Pr [Nt (Pm){Sm) Bul [ @al T [By o & [T Vo [ Lu] 3550

Cre) e (e B S i ) ) L

89 90 9 92 U 955 kg
ACTINIDES | Ac || Th Pu  9.6kg
Minors actinides
0.78 kg
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Cea RECENT STUDIES: SPECIATION / AND THERMOCHEMISTRY

Molecular design
o Extraction of U(VI) from phosphate rocks

o Separation U/Pu for future plants by N,N-dialkylamides

o Hydrophilic diglycolamides to separate Am/Cm(ll|) P08 N. Boubals

Process chemistry and modelling
o Kinetics data (extraction of U(VI) and Pu(lV) by N,N-dialkylamides) OC31 A. Lelias

Industrial exploitation
o Impact of y-irradiation on the palladium behavior in the PUREX process P69 B. Simon

o Speciation of ruthenium in the PUREX process with coupled spectroscopic techniques
OC9 C. Lefebvre

| PAGE 11
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EXAMPLE 1: OPTIMISATION OF URANIUM EXTRACTION

CZA FROM PHOSPHATES (1)

Context: Extraction of uranium from phosphates ores
Aim of the study: Research of new extractant system

o ) ( TOPO HDEHP
Reference system: synergistic mixture
n-Oct P/O —— 0.0
n-Oct” | SYNERGY o7/
s n-Oct OH
;;‘}J ‘ Neutral \A)/v
\;g, , \_ oxygen donor Acidic ligand )
Limitations due to - affinity to U(VI) (not enough to improve the process compactness
- affinity to Fe(lll) slightly too high (insoluble cruds - U stripping)
: _ 0O
Extracting moeity — 0O
Family of molecules R // _ _ _
[}] m||3\o R Bifunctional molecules: Amido-phosphonates
R2 R® R® OH

Chemical system (in SF
o ~ dodecane) (moI/L) UlFe

ol

OH
J\fﬂ TOPO + HDEHP (1:4) 200 D, x 20
Extracting system SF 3

DEHCNP

R. Turgis et al. SX-1X, 2014 - R. Turgis et al., Procedia Eng., 2016
Patent WO 2013/167516 Al 6/5/2013 (national) and 14/11/2013 (international) PAGE 12
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EXAMPLE 1: OPTIMISATION OF URANIUM EXTRACTION

FROM PHOSPHATES (2)

Comprehensive studies to describe and understand the origin of higher performances
uranium extraction (FTIR-EXAFS-DFT calculations-MD-SAXS-SANS)

Q\F"OH . 7

E - . ; == ) w\ﬂ

L

n

>

n

&)

=

(@]

| —

(]

‘; HDEHP; DEHP; TOPO  Numerous aggregates (from 2 to 6)

N S. Dourdain, I. Hofmeister, O. Pecheur, et al. Langmuir (2012)
O. Pecheur, Solv.Extr. lon Exch.(2016)
O. Pecheur et al., J;Phys.Chem. (2016)
O. Pecheur, PhD Montpellier (2014)

]

o o NP Best fit for EXAFS spectra

() “OH

e 4 DEHCNPB linked to U with P=0O bonds
« 1 DEHCNPB bidentate

¥

C_EG " + Coordination number : 5
g Neutral fonction (N)CO (less basic) in the outer sphere
= . i
c _ _ Complex Log K AH (kJ/mol)
2 From slope analysis (batch experiments)
m

U022+ + 2.5 (HY), < UO,Y,(HY); + 2 H* UO,Y,(HY); 8.22 -51.5

2UQy*" + 2 (HY), < UO,Y, +4 H* (high saturation)  yo,y, 11.86 515

Fed3* + 1.5 (HY), < FeY,+ 3 H*

( )2 3 M. Miguirditchian, Solv.Extr. lon Exch.(2016 FeY3 6.1 -49.4
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EXAMPLE 1: OPTIMISATION OF URANIUM EXTRACTION

< FROM PHOSPHATES (3)

» Design of a flowsheet with 3 main steps tested on a genuine industrial
phosphoric acid solution (Counter-current test runned in mixer-settlers)

DEHCNPB / Extracion [——P| FeScrubbing F—P U Stripping >

dodecan j! W [

Uranium H2504

Carbonate
depleted WPA Feed

U 120mg/L
Fe 5.7g/L
HaPOs 5.2 M

U PSS

01

0,07

(e/1)
o

o 0,05

Foo - good agreement between experimental
oy and calculated concentrations profiles
°, . . o . which validates the extraction model

Recovery of U >91% (U losses (raffinate and

- Increased efficiency of an industrial
process obtained from molecular
design

recycled solvant) < 5 mg/L)

Concentration of U from 0.12 to 5.6 g/L

The studies on speciation are in
progress (diff. spectroscopic
methods): with U, but mainly with Fe

High DF of U from Fe and other impurities

Fe/U = 0.043% < ASTM specifications (0.15%)
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EXAMPLE 2 — EXTRACTION OF U(VI) AND PU(IV)

BY N,N-DI-ALKYLAMIDES (1)

Context: Pu multi-recycling (towards GEN(IV) fuel cycle)
AIm: Research of a new extracting system with high U/Pu selectivity

: l Chemical l Process
[thterature LDatabase knowledge specifications
FEX”?‘C“”Q ey = Family of N,N-dialkylamides
amily of molecules
. . @;15/\/\
Z DM; Kk\ @:}%\k H/\/\

5 Uy
\ U . ,/\

Pu (IV)

241
ol

2

Dy
1

u(vI)

o
N =1
IS
(]
00—
3

1 1 1 ) a , '
0 2 4 6 8 10 0 ] 4 8 8 10 [HNSs]

[HNO,) M
i TNOIM -y N. Mathur. J.N, Radiochim. Acta, 1996 and Prabhu, D.R.
J. Inorg. Nucl. Chem., 1997

G.M. Nair et al., J.Radioanal.Nuc.Chem., 1995, 191. 323.

How explain the important effect of the alkyl chains
on the selectivity U(VI)/Pu(IV)?

; 15
ISMEC 2017,June 12t — 15t Dijon (France) |



EXAMPLE 2 — NEW INVESTIGATIONS ON THE

SELECTIVITY U(VI)-PU(IV)

Obijective: Better knowledge about the influence of the ramification of alkyl chains

NS g, O Speciation and structural information
DBBA .

kL% kL PEBA . Geometry around the cation
L O\ aatnis] ~~5 o - Crystals (XRD)

X 8 - In solution (EXAFS) M(NO,),E,,

- Steoechiometry of complexes (ESI-MS, slope analysis)

O Thermodynamic properties related to the extraction

Describe the distribution of a solute as a single net equilibrium and
application of classical mass balance

M™ + hbNOy + NE S M(NO.).E, K

Corg

Ligand DEHBA | DEHDMBA | DEHIBA DM C
M

Dpy 31 0.90 0.07 Stability constant
Fom o7 (SB[ 07
C.=1mol.I* in dodecane- [HNO,] = 3 mol.L eXtrx (G -H- S)

T 7o TY
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EXAMPLE 2 : MOLECULAR APPROACH TO DESCRIBE

U(VI) EXTRACTION BY N,N-DIALKYLAMIDES

Intensité (u.a.)
°

Experimental i
Calculated with 2 amides :

x (k)&

6
k(AY)

Spectroscopy
IR/Raman
visible UV Laser

Fluorescence
X Absorption *

° S THERMODYNAMICS
+ 1st experiment
15 ©2nd experiment R s .
2 30 0
E. ™ .
E g ¥ 5 Calorimetry
-45 - . 3 2 *
o ©
F.Rodrigues etal, s |6 o 1 1
Molecular Physics 2014 injection KINETICS
25
7 | eDEHiBA ®DEHDMBA | Y =376x- 1116
52| oDEHBA = 0.9987
1.5 A
X! y = 4.70x - 15.3§
=1 =0.9983
—0.5 A

0 A =384x - 13.22
-0.5 1
1

R2=0.9958

-1.5

3 3.21000 / T 3Kt
ISMEC 2017,June 12t — 15t Dijon (France)

3.6

UO2* +2NO; +2L — UO,(NO,), (L),

x106 itens, N juil01.d: +MS
, 5] 3402204 | ¥ty L,UO,(NO;)
. . +
6 1 1010.9339 |_3U02(N 03)
20 4 1348.5681
1.5 2
1.0 o . : ; ; <
1000 1100 1200 1300 mz
05 — L - -
0.0

T T T T e T T r T T 0 T T T '
400 600 800 1000 1200 1p00 1600 m/z

ETS
Spectrometry

SPECIATION

COORDINATION

X-ray
Diffraction
(single
crystal)

ELECTRONIC
STRUCTURE

Molecular

Modelling
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EXAMPLE 2 : MOLECULAR APPROACH TO DESCRIBE PU(IV)
EXTRACTION BY N,N-DIALKYLAMIDES

C. Tamain et al, 9t international
conference on f-elements, Oxford, 6-
9 Sept 2015

Coordination in solution (EXAFS, DFT)
DEHIBA

Complexation in the outer sphere due to
steric hindrance

DEHBA

Ramification of the

alkyle Chain E. Acher et al., Inorg. Chem., 2016,
ﬁ 55, 5558-5569
Pu(NO,),(DEHBA), -
Extraction to the organic phase = DEHBA
DEHDMBA
- DEI:I.B-A———A——A"—‘ 10 wDEHIBA
i y=111x+1.76

OEHIBAS——— ¢ T2 oR 2
31 32 joo0iikny 34 - P u4+ -+ 4 N Og + 2 E —> P u( N O3)4 (L)2 .
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NATURE OF PU(IV)-AMIDES COMPLEXES IN SOLUTION

EXAFS spectra
+ simulation with FEFF and
DFT (atomic positions)

Synchrotron SOLEIL, Saclay, Mars
Synchrotron ESRF, Grenoble, ROBL

PUu(NO,),L,

DEHBA

leglk)

k(A1)

Experimental (Pu(lV) extracted from HNO,
3M by amide 0.5M-dodecane)

Best fit: Pu(NO,),L,

ISMEC 2017,June 12t — 15t Dijon (France)

DEHIBA

= merge_2aflc
2d

1c
o 2b
°  2a
Pu-DEHIBA_exp

k(A

Best fit: Pu(NO;)sL HL

E. Acher et al., Inorg. Chem., 2016,
55, 5558-5569




C2A CONCLUSION

O The development of liquid-liquid extraction processes is efficient

Speciation: identification of
With a good modeling of extraction at each step: data base complexes, coordination

Thermodynamic properties:
equilibria, stability constants and
related AG-AH-AS
O Improvement of the methodology to design new molecules In

progress (objective: to reduce the number of synthesis)

StrUCture-aCtiVity relations with Not Obvious W|th radioelements

help of basic knowledge, and biphasic systems
speciation and thermodynamic -

properties (AAG-AAH-AAS)

Efficient methodology if combined with spectroscopic
techniques and DFT calculations.

Detailed analysis to identify the driving force
1/ A (AexiG®) 21 = AlAdenyaraionC°) 21 + AAcoordinationC°) 121 + AMAsonaionG®) L2/ 1

2/ A(AextG‘o)Pu/U = A(AextHo)Pu/U =T A(AextSQ)Pu/U

| PAGE 20
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(ICSM)
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