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CCaden CONTEXT
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T Reprocessed TBP
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Monoamides for U & Pu extraction ...

— Innovative liquid-liquid extraction processes for the reprocessing
of spent nuclear fuels

— Good stability towards radiolysis and hydrolysis
\_ ... But what about fission products extraction? -
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CCaden CONTEXT

/ Technetium in the PUREX process \
> 99Tc = Long-lived (3 emitting radionuclide (with a radioactive half-life of 2.1x10° y)

» Radionuclide potentially mobile in the environment

» Present as HTcO, in nitric acid dissolution solutions

» Can cause some issues in the PUREX process if not correctly scrubbed
(hydrazine destruction, U & Pu contamination)

Q Measurements implemented in La Hague plant J

Solvent
TBP 30%

L> MAIN ——>  ZtPFE| | —> U,Pu,Tc
Zr, PF €<—— EXTRACTION <T SCRUB <

Load HNO; 2 M
Solvent UHillé) Z:;’ I\-;C
TBP 30% 3
L—> SECONDARY Tc —> U, Pu
7 EXTRACTION < SCRUB <—|
e 0 HNO, 1,5 M
HNO, 10 M
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Ccaden CONTEXT

/ Technetium in the PUREX process \
> 99Tc = Long-lived (3 emitting radionuclide (with a radioactive half-life of 2.1x10° y)
» Radionuclide potentially mobile in the environment
» Present as HTcO, in nitric acid dissolution solutions

» Can cause some issues in the PUREX process if not correctly scrubbed
(hydrazine destruction, U & Pu contamination)

Q Measurements implemented in La Hague plant J

Towards a new process ... o

» DEHIBA (N,N-di-2-ethylhexyl-isobutyramide) = %N\_C\;

promising extractant for future processes

DEHIBA
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DE LA RECHERCHE A L INDUSTRIE

CCaden OBJECTIVES & METHODOLOGY

-~

\_

Objectives :
» Understanding the mechanisms involved in the extraction of technetium with DEHIBA
» Modeling technetium extraction

> Integrating the model into the CEA PAREX code to improve the modeling of extraction
processes and help flowsheets design

~

/

Liquid liquid extraction: Modeling:
Batch experiments, yspectrometry, Solving the mass balance by taking into
UV-vis, etc account deviation from ideal behaviour

Physico- g o
chemical g e i

Objectives :
D, SF,
recovery %

Macroscopic
scale

—

jANeTzEs Ezstsa N process

ﬁ Solution de ﬁ mOdeIIng
MZ

Process simulation: Speciation of organic complexes:
Models integrated into the CEA PAREX code UV-vis, IR, ESI-MS, EXAFS etc.
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“ “ den TECHNETIUM EXTRACTION

EXPERIMENTAL PROTOCOLE

Aqueous phase: X
H,O &
HNO; 0.1-6 M L. " -
UOz(N03)23 O'lzggg.L-l . :** . 5 °;‘§5’j — ‘_ﬂ.. I
HTcO, 103 M + °9™Tc as y spiker | & T — 5] — I ol
0* o‘?“%’s - 0‘. B
Organic phase: _, _
DEHiBA/ TPH N Contact Vortexing Settlin
¢ 1h at 25T J
——————— .— e | ‘
:- ®MTc = short-lived y &
I emitter (T,=6h) 1 e
: | |
: Used as spiker for Tc ] I - Acid base titration |
: measurements : I - yspectrometry I
I I I - UV-vis spectrophotometry 1
| ] | |
| ] ' |
I I I - Acid base titration I
I I I - yspectrometry |
| I I - UV-vis spectrophotometry I
L e e e e e e e e e e e e e e e e e = = — J
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CQaden TECHNETIUM EXTRACTION MODELING

MODELING SPECIES DISTRIBUTION

@erimental results \ Mass balance equations

10 v Equilibrium constants:
3 ] -1 _ |[(HTcO4)L;] Yarreo,r;
it I | S "7 [CAATCO,] Yirreo,vr
o 06 R L 1 o _ [00,(N03), (Te0, ) | [HNO, YU0,(NO3;; (Tc0,);L; YHNOS
IQ_ i I F 5 & 2 1 Utot 30 g.L ? [L]2[UO,(NO3),][HTcO, ] YU0,(NOs), YHTc0, YT
4T L 1 o
e e .. {Ytl0ol Method:
i . | -1 _ _
02 [oos * ¢ o o ] Vot O 0L > Free extractant concentration determined by
AR S SR an iterative method based on dichotomy
0 2 4 6 8 resolution

MHNO3ag / mol.kg~1 _ _
. | » Calculation of U, Tc, H, H,O concentrations

> Dre = [Tclorg/[Tclaq 7 When Uy, /2 in organic phase

» Optimization of the unkown parameter K by

> Assumption of the following extraction ) :
P J an iterative method based on least-squares

ilibria: : : o
equilibria - analysis corresponding to the minimization
HTcO, +iL < (HTcO,)L; of:
2 —— —— 2
U0,(NO3),L, +jHTcO, & minz([ ]calc__ [X]exp>

UOZ(NO3)2—]‘ (TCO4)]'L2 + JHNO; [X]exp




Ceader TECHNETIUM EXTRACTION MODELING

DEVIATION FROM IDEAL BEHAVIOUR

In aqueous phase: the simple solutions theory
» Simple behaviour of isopiestic solutions (Zdanovskii-Stokes-Robinson)
» Mikulin equation to calculate activity coefficients

bi Binary mixture data

bi
VHTcO, YHTc0, MHTcO, =f(a,)

YHTcO, =

Real mixture

UHTCO4mHTCO4 + UHNOgmHNO3 + UUOg(NOg)ZmUOZ(NO3)2 composition

ﬁocedure for binary data acquisition = triplet (®, y, m) Fitting according to a semi-empirich
equation (ex: NIST, Pitzer, ...)

= $=f(m)
Osmotic coefficient Alctlvmi coet;‘flc_lent of t_he
Measurements of water calculation electrolyte by integrating
- — Ina —> Gibbs-Duhem equation
activity a,, b=— w m g _ 1
vmMpy;0 Iny=¢—1 +J ——dm
/ o M

m = molality
(mole per kg of solvent) _ _ J
CEA Thesis L. Abiad




CQaden TECHNETIUM EXTRACTION MODELING

DEVIATION FROM IDEAL BEHAVIOUR

In aqueous phase: the simple solutions theory
» Simple behaviour of isopiestic solutions (Zdanovskii-Stokes-Robinson)
» Mikulin equation to calculate activity coefficients

bi bi Binary mixture data
VHTcO, YHTcO, MHTCO, =f(a.,)
YHTCO4 - Real mixture
UHTCO4mHTCO4 + UHNOgmHNO3 + UUOg(NOg)ZmUOZ(NO3)2 composition

ﬁocedure for binary data acquisition = triplet (®, y, m)

]/ \ %
\
mother water
solution

n+2

h CEA Thesis L. Abiad J




Ceaden TECHNETIUM EXTRACTION MODELING

—— PERTECHNETIC ACID BINARY DATA

Pertechnetic acid HTcO, binary data = triplet (Pyrc04 Yatcoar Myteoa)

Pink coloration of the most
concentrated solutions

/ o \ —_— Hypothesis: Tc,0, formation
New variation of y = f(m) _ 2 HTcO, < H,0 + Tc,0,
— Boyd’s data available in the
literrature

-~ New a,, measurements

— New variation implemented in the
models

bi bi
v _ UHTcO, YHTc0, MHTCO,
HTcO, —

k UHTc0,MHTC0, T VHNO;MuNo, T UUOz(NO3)2mU02(NO3)2/

MHTcO4 / mol.kg'1

Boyd, G.E., Inorganic Chemistry, 1978. 17(7): p. 1808-1810.
Moeyaert, P., et al. The Journal of Chem. Therm., 2015. 85(0): p. 61-67.
Moeyaert, P., et al. The Journal of Chem. Therm., 2015. 91(0): p. 94-100. CEA Thesis L. Abiad
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Cea den TECHNETIUM EXTRACTION MODELING

RESULTS
1.0 ‘ . . ;
<
. * N ] / Main extraction mechanisms: \
- I 7 _1 1
s . | Bttt HTcO, + 4L 3 (HTcO,)L,
o6 ° Tt T | Uget 80 AR (2)
o . o HTcO, + 3L + HNO;< (HTcO,)(HNO3)L;
5 0 . o {Upt30g.L" 5
04 | Y e 1 HTcO, + 2L + HNO;<& (HTcO,)(HNO5)L,
3 ¢ e Utot 10 g.L
® |
02 ., - 5 ® s | UtOt 0 gL-1 UOZ(N03)2L2 + HTCO4_ 5—2 UOz(NO3)(TCO4)L2 + HNO3
) 8
*.3’9 2 : g & ¢ 2 \O (NO3)2(HN03)L3 + HTCO4 5—2 UOz(N03)(TCO4)L3 + HN(y
‘ . s e

0 2 4 6 8

MHNO3aq / mol.kg™ /
»> An_ avnlicativa mndal ahla tn eimylate
0

L4(HTcO,) L3(HTcO,)(HNO;) Lo(HTCO,)(HNO;)  Lap(UOL)(NOs)(TcO,)  La(UO)(NO;)(TcO,)(HNO;)

100
':90 te Dy

e
o —80  (Uy,
~ —70
_E —60
S 20 on
< [0
) |
=}

[33 )

11




CCaden TECHNETIUM SPECIATION IN ORGANIC PHASE

IR and XAS spectroscopies investigations

Contact
Aqueous phase: - Vﬁrtex'”g Settling
HNO; 1 M, H,0, R 1h at 25C
UO,(NO,), 0-30 g.L2 | (I3
HTcO, 0-0.1 M Je \
Y —> |2
8 >
en? e ~
Organic phase: . / Al ‘.:;.?
DEHIBA 1 M / TPH 5 J L9
¢
~
‘ . F_—
& Experimental conditions
IR spectroscopy: influence of the Tc/U ratio \

XAS spectroscopy: influence of the Tc/U ratio and data processing

DEHiBA-HNO,- / \ DEHiBA-HNO;-
uo,(NO,), HTcO, J

DEHiBA-HNO;,-
Nuclear%nergy DIVISTON, Varcoure : )
Pauline Moeyaert — April 12t 2016
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Ceaden TECHNETIUM SPECIATION IN ORGANIC PHASE

IR spectroscopy

; T : T ' T i : : : T ; y TC/U
free =0 — - — .———— ratio
| 1 vi1N=CO | '
vas U022
1.2
0.6
|
| | l : 0
I L ' - L 1 L | ' | L L L II L 1 = | L
1700 1600 1500 1400 1300 1200 1100 1000 900 ! 800 700
v / cm
- - - " '; T T T é Bonded C=0 and UO, stretch shifted to \
: bonded v N0 ! vas |u<322+ : lower frequencies when [Tc] /7
f |
I Jf}f—{p T i e SOSE : » Changes in the intensity and in the shape
I 1 T : | /:k | of the nitrate v, N=0O stretch when [Tc] /7
| et | =T . :
| 1600 1575 1550 1525 1500 | | 950 940 930 920 910 900 : - Chan_ges_are occuring in the U(_VI) inner
R A S coordination sphere when uranium and

\ technetium are co-extracted
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Cea deﬂ TECHNETIUM SPECIATION IN ORGANIC PHASE

IR spectroscopy combined with theoritical calculations (DFT)

/ - Guillaumont
» Optimisation of the UO,(NO,)(TcO,)L, complex structure

» Vibrational frequencies calculation for UO,(NO,),L, and
UO,(NO,)(TcO,)L, complexes

— Confirmation that changes are occuring in the U(VI)
inner coordination sphere when uranium and
technetium are co-extracted

— Calculated UO ,(NO,)(TcO,4)L, structure is used as

Ksupport for XAS data processing /
v / cm?
Tc/U

__________________ ratio Type of vibration Bo(r;c_igd v v, UO,%*
I ‘ ‘ ‘ ™l _ I -
|| bonded viN<O :. vas |L1022+ . exp UO,(NO,),L, 1573 935
I _,,C.l?\,,_l\_,_ |I e S I 1.2 1
I J,’T\_,/TL__ :I M : 0 Type of vibration Bo(r;(igdv Vs UOL2" |
1600 1575 1550 1525 1500 950 940 930 920 910 900
I v/ CITI_1 I I v/ cm'1 I UOZ(NO3)2L2 1587 933 ﬂ
L L I calc

UO,(NO)(TcO,)L, | 1576 «| 930 «f

vy o
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Ceaden TECHNETIUM SPECIATION IN ORGANIC PHASE

XAS spectroscopy

T T T J —CNU;QEL-
Ratio [ 1 6
Tc/U | 2 5.7

ULz k3 (R

J 71 CNygeq
dU-Oeq N

R-¢/ A

Fourier transform of the k3-weighted EXAFS spectra at
uranium L5 edge for U-Tc complexes

(UO,JNO,,L,
A ﬁ 5 “ (UO,)(NOR)(TCO,)L,

/ Confirmation of the suggested co- \
extraction mechanism of U(VI) and Tc(VII)

ULz k3 (K

4 6 8 10 12 14 16 k ‘ " j
k/ A
k3-weighted EXAFS spectra at uranium L, edge for U-Tc T. Dumas . .
. Pauline Moeyaert — April 12t 2016 15
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DE LA RECHERCHE A L INDUSTRIE

Ccaden CONCLUSION & OUTLOOK

Liquid liquid extraction: Modeling:
Batch experiments, yspectrometry, UV-vis, etc Solving the mass balance by taking into account
deviation from ideal behaviour
1,0
# Ugor 120 gL
= _ " Ugot80 g L™
o 0B . * | UptaogL! 0 10
EM e e e lugrog? 35 ail ® s Utot 120 g.L™"
\ v & W . g 30 ' . . Ugor 60 gL
il Al i o510 g.L”" . A © L S o % {ugaogL!
g 2- .d... E., .a Ut 0 9.L . PhyS|CO' ® 55 a 04 ) .o T UtotmgL"*
MHNO3ag / molkg™! Macroscoplc chemical 12 o,z's:; i '5 g ! ; I:i:té;t;
. scale . . FEE i (e
odeling ' ° 2 4 & @
A3 MHNO3aq / molkg™!
Objectives :
D, SF,
recovery % B
iluant B
Process ) ’
S ] A R
.Bﬁ@. Eiﬂﬂ modeling
bonded vq N=O
Raffinat Solution de I
M, désextraction
Charge M, Solution de
M, + M, désextraction
1600 1575 1550 11525 1500 950 940 930 920 91-0 900
v /em” v | em1
Process simulation : Speciation of organic complexes:
Models integrated into the CEA PAREX code UV-vis, IR, ESI-MS, EXAFS etc.

Moeyaert, P., et al. Inorg. Chem., 2016. Submitted
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