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» System N,N-dialkylamide-Pu(1V)
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s Geometrical data in solid form (crystals)
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d (Van t’Hoff)

»> Selectivity
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DE LA RECHERCHE A L INDUSTRIE
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How explain the important effect of the alkyl chains

on the selectivity U(VI)/Pu(IV)?
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New investigations on the selectivity

1/ Speciation and structural information

DBBA - DBiBA .
- Geometry around the cation

BN A o 5 cr
- UO,(NOy),E,

el
P ﬂ?n S

»-»‘/

- Crystals (XRD)
- In solution (EXAFS)

- Stoechiometry of complexes (ESI-MS, slope analysis) M(NO,),E,

2/ Thermodynamic properties related to the extraction

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

M™ + hNOy + NE S M(NO.).E, Kex

org

DM:CNI

al
Ligand DEHBA | DEHDMBA DEHIBA CMq

Dp, 3.1 0.90 0.07 Stability constant
SFur. o7 [III88II 207
C,=1mol.I'*in dodecane- [HNO,] = 3 mol.L1 eXtrX (G -H- S)
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Structure of U(VI)-amides complexes

(crystals X-ray diffraction)

0

o i |
N
@J\N/\/\O—l3 ch/\/\N(\/\ CHy | - S
BEBA b DBiBA \
CHz

» ldentical coordination sphere for all complexes
» Stoichiometry 1:2 (2 monoamides and 2 bidentate ei)at
»CN =6
»Hexagonal bi-pyramide

> Similar distances

DBBA BEBA DBiBA
U-Oligand 2.343(1) 2.325(1) 2.344(1)
C=0 (A) 1.247(1) 1.256(1) 1.251(1)
C-N (A) 1.295(1) 1.165(1)* 1.323(1)

U-O-C-N (°)
free amide :dco=1.23-1.24A  dcy=132-1.34A

> Influence of ramified alkyl chains
DBIBA: isopropyl group turns towards the cation — — Less favorable configuration

significant steric constrains and distorsion (tonsamgle)
C. Tamain et al, 9" international conference on f-elemertixford, 6-9 Sept 2015
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Claden Nature of U(VI)-amides complexes in solution (1)

0
H:C N N
DBBA H\ 5/\/\ 5/\/\ j/\/\
CHz.

U(VvI) 2.35(1) 2.40(2) 2.38(2) 2.40(2)

x (k).k
[ T O O T VR R ST}

» Model from solid compounds suitable with organic
samples: 2 amides and 2 bidentate and symetrical nitrate ’ ’ R R 1° .
» No modification with ramification of alkyl chain

FTIR (experimental + DFT calculations) Experimental

o Calculated with 2 amide

0,15

Intensité (u.a.)

1450 1250 1050

Fréquences (cm™)

» Same stoechiometry 1:2 with the 3 amides
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lntenség juilo01.d: +MS
x10°3 intens. | N jUI00L.d: +MS
1 340.2204 | x10%] L,UO,(NO,) 350000 7 | a0anoss
2.5 6- 10109339 L,UO,(NO,)* 300000 -
. : = 550000 | l2UO2NO3
)QOL 2.0 . 4 1348.5681 a
! : : < 200000 -
j/\A 1.5 2+ 3 150000
1 T [
1.03 L O SO UUN £ 100000 -
; 1000 1100 1200 1300 mz
0.5 50000
: 0 1 T
DEHDMBA T S 20 40 60 80
400 600 800 1000 1200 1400 1600 m/z Sskimmer voltage (V)

[U(VI)]= 5.10“M ; [L]= 5.10M ; [HNO]= 0.03 M in CH5CN-H,O Skimmer 30 V

» Same stoechiometry 1:2 (predominant) and 1:3 with the 3 amides

Slope method (log D, = f(l09 Cfee amige)

N. Condamines and C. Musikas. SEIE. 10 (1). 69-100 (1992) stoechiometry 1:2
V. K. Manchanda et al. Nucl. Technol. 134 (3). 231-240 (2001).
P. N. Pathak et al.. Radiochimica Acta 89 (7). 447-452 (2001)

UO2" +2NO; +2L - UO,(NO,),(L),

. . | PAGE 7
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DE LA RECHERCHE A L INDUSTRIE

Ceaden

Extraction U(VI) - Thermodynamic properties (1)

1M
Amide

Dodecane

C,M 0.2 M

aqueous medium
3M HNO;,
And {1IM HNO ; + 2M LiNO ;}

/\ib/w DEHBA
E(\/\

T

DEHDMBA
o
M

Ias

Some data published

: studies with U(VI) as traces (Prabhu97, Pathak01,...)

» Calorimetry

4d

DEHIBA.
initial aqueous phase:
500 pL Cyoznosy = 0.07 mol L™t and Cy o3 = 3 mol L™t
initial organic phase:
l 300 pL Cpeyiga = 1 mol L7t in n-dodecane

25.000 °C — stirring 120 tr min~1 —
\___ 15 x 15 pL organic phase with a speed of 0.5 pL s™*

20 30 20 Time,how
0 o
| + st experiment
¢ 2nd experiment
151 & o
%
—_ Lo < 2 *
2 -30 - 5 ¥ . <
= o © o
i o & * @
' e % A H=-27.9 £ 0.3 kd/mol
o ©
+
-60 | - r -
0 3 6 9 12 15
injection #
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2014. Molecular Physics. (112) 9-10.1362-1374 | PAGE 8



DE LA RECHERCHE A L INDUSTRIE

CcCaden

Extraction U(VI) - Thermodynamic properties (2)

» Van't Hoff method (K',,,=1f(T))
U O N O L ' - A(i‘XtH 1 A(i‘XtS
. _[ ,(NO,),(L),] InK, = X — +
u - — e— R T R
aUOZ(NO3)2 [L]Iibre
Methodology HNO, 3M
2,5
—_ ®DEHIBA ¢DEHDMBA #DEHBA y=3.76x-11.1
_[UO,(NO;),(L).] - FX measurements -;) 2 - 099t
U -
a 1,5
coz c y =4.70x - 15.3§
1 | =0.9983
0,5
%7 84x - 13.22
_ y =3.84x - 13.
Mikulin relation [Llwe = C& AZIIL HHNO )] - 2U0,(NO ), (L).] ) 5 R?=0.9958
Simple solutions theory
Concentrations in -1 4
molality scale (mol/kg) JHNO , +iL [ L,(HNO ),
'1,5 1 1
m, = @opoc, Published data (Condamines. Ferru....) 3 32 3.4 3,6
@000~ G, @y ~FioMlie, D CrioMiio I CM, 1000/ T (K%Y
Measured DEHBA DEHDMBA DEHIBA
A, H LINO4-HNO, 2-1M -31.3 -35 -27.9
( kJ/mol) HNO; 3M -27.9 -39 -32 -
TAexS LINO4-HNO, 2-1M -24.4 -34.4 -28.7
HNO,; 3M - - -
(kd/mol) 3 27.6 38 32.8 | PAGE 9
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Extraction of U(VI) - conclusions

U0 +2NO; +2L - UO,(NO,),(L),

40,0
mDEHBA  DEHDMBA mDEHIBA
20,0 I
0,0 _ T T 1
AG AH -TAS

(25TC) (25TC)
-20,0
-40,0 HNO,; 3M

Similar complexes 1:2 with the 3 amides

Similar thermodynamic properties with the 3 amides: com pensation between AH
and TAS

No influence of the steric hindrance of the radical

CEA |GLOBAL 2015, Paris, 21-24 Sept 2015 | PAGE 10



Structure of M(IV)-amides complexes
(crystals X-ray diffraction)

Identical coordination sphere for all complexes

» Stoichiometry 1:2 (2 monoamides and 4 bidentate nitrates)
» CN=10
» Distorted bi-capped dodecahedron

{ce) 0 —

DBBA DBIiBA DBBA ~
M-O amide (R) 2.250(1 22511 2.26(1
C-N (A 1.238(1) 1.326(1) 1.26(1)
U-O-C-N (°)

M-O e (B) 2.457(2) 2.472(2) 2.43(1)

CEA |GLOBAL 2015, Paris, 21-24 Sept 2015 | PAGE 11



Nature of Pu(lV)-amides complexes in solution (1)

I Slope analysis I

Few previous studies with different stoeichiometries
3.6 DEHBA - 2.4 DEHIBA - Prabhu et al, 1997
2.9 DEHBA - 3.8 DEHIBA — Pathak et al., 2001)

4,0 - ¢DEHBA
m DEHIBA
?3,0
8
82,0
551,0
o)
(@)] /./././
20,0 /./
-1,0 .

-0,6 -0,4 -0,2 0,0 0,2 0,4 0,6
log [free amide]

Behavior of DEHIBA different

@( 2

L«}'*g;}«
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juin0118.d: +MS

67 +
x10 E LH Intens. J juin0118.d: +MS

340.2191 *10 L,Pu (N03)3+

254

N

201 1103.8072
153

1.04

053
0.0l

LN B e e e e e s e
1100 1105 1110 m/z

o

\ 103 8072

400 600 800

T
1000 m'z

[Pu(IV)]= 5.104M ; [L]= 5.10M ; [HNO,]= 0.04 M dans CH3CN-H20

L = DEHDMBA

Same stoechiometry 1:2
(predominant) and 1:3 with
amides

the 3

| PAGE 12




DE LA RECHERCHE A L INDUSTRIE

Ceaden

Nature of Pu(lV)-amides complexes in solution (2)

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

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

Pu(NO,),L,

DEHBA

krlk)
K1(R)

k(&)

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

Best fit: Pu(NO,),L,

Pu(NO3),L4

k*z(k)

Paper Submitted, 2015

PU(NO;),(HNO,),,L,

9

DEHIBA
PU(NO3),(HNO,),L L

' merge_2a/1c
2d
1c

b
2a
Pu-DEHIBA _exp

1 13 0 1 2 5 6

B E(A)

I_Bg‘s,t fit: mixture of Pu(NO,),L, and Pu(NO,),(HNO,),,L,

or Pu(NO,),(HNO,),L L

| PAGE 13




Extraction Pu(lV) - Thermodynamic properties (1)

Pu**+4NO; +2L - Pu(NO,),(),

—AHP) 1 (AS®P

InK_,, =| ——— | x — + | —
R T R
® 1 DEHBA : DEHBA DEHDMBA DEHIBA
H
s| & Yt | DegH LINO; 2M-HNO, 1M - -8.9 -7.9
' ( kd/mol) HNO; 3M -9.3 9.1 -19
41 DEHDMBA TAS LINO. 2M-HNO., 1M 0.9 4
—_ ﬂ//- ext [ 3 - 3 . -
2, - — y=110x-0045 | (i 3/mol) HNO, 3M -4.4 0.1 -15
=
2 7 -
DEHIBA y =2.3x-6.02
R2=0.9894
1 .
0 T T T 1
3,1 3,2 3,3 3,4 3,5

1000/T (K-1)
HNO, 3M

_ | PAGE 14
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Ceaden Extraction Pu(lV) - Thermodynamic properties (2)

Pu* +4NO; +nL - Pu(NO,),(L)n

20
PU(IV) m DEHBA
DEHDMBA AH increases with steric hindrance
10 i
Entropic term favorable when
o steric hindrance decreases
B AH
AG

-10
-20

Presence of complexes with outer sphere amide

Detailed analysis to identify the driving force
1A (AextGO)LZILl = A(AW + A(AcoordinationG'o) L2/L1 + A(AsolvationG‘o) L2/L1

2/ A(AextG() PulU = A(AextH() Pu/U ™ T A(Aexts() Pu/U

Further analysis:
- check the nature of complexes with other amides and in less acidic
conditions, if necessary, addition of equilibria (with related thermodynamic

CEA |GLOBAL 2015, Paris, 2A/88%E58015 | PAGE 15




Conclusion

Selectivity U(VD/Pu(1V) by dialkylamide extractants

- extraction of U(VI): no (small) influence of ramified alkyl chain on structure
and on thermodynamic properties

- extraction of Pu(lV): influence of ramified alkyl chain on C=0
- no influence in solid phase (first amide-Pu crystal!)
- amides are partially present in the outer sphere

- thermodynamic properties (enthalpy and entropy) modified

The selectivity U(VI)/Pu(lV) comes from the behaviour of Pu(lV): furthet studies will focuse
on this cation

Interest of multi techniques approach for such complex systems.

Importance of speciation insight to complete the thermodynamic approach

CEA |GLOBAL 2015, Paris, 21-24 Sept 2015 | PAGE 16
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