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Introduction

“Pyrochemistry” : High temperatures chemical reaction
processes

S Igneous metallurgy (— pyrometallurgy): materials upgrading well-being for

d everyday life (art, stained glass windows and ...).
Pocsidon. Weapons for defence... or conquest!
Athens National
museum.
Pyrochemistry - Molten salt chemistry

- Liquid metals chemistry

Pyrochemical reprocessing

Can be defined as: set of chemical separations and/or conversion processes avoiding
aqueous media.

Pyrochemical processing is, generally, associated to the molten salts media, however
molten salts are a sub-set of pyrochemistry.

Molten LiCl-
KCI salt
containing
Pus*

Molten NaCl-
KCI salt
containing
Pu4+
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Ccaden Advantages of molten salts for An/Ln separation

B High conductivity and large electrochemical
window: well adapted for treatment of 800
metallic fuels. BN

LiCl - KCI

B Radiation resistance: treatment of high
burn-up fuels, or shorter cooling time of 600
spent fuel.

B Simplified management of criticality:
compact installations.

0 20 40 60 80 100

B  Processes essential for treatment of MSR mol.% KCI

fuels

* Largely used.
. : : : » Eutectic mixture
Molten salts: ionic liquids 352°C (41 mol% KCI)
_ _ o _ » Working temperature range: 400- 550°C

B Non ideal behaviour liquids: notion of . anodic limitation: chlorine

activity must be considered.  Cathodic limitation: lithium

Activity: active concentration. Electrostatic interaction between different * Electrochemical window: 3.6 V
species decrease their reactivity potential, thus the concentration must be
corrected by introducing an activity coefficient.
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Ceaden Nuclear applications of pyrochemistry

First uses of pyrochemistry in the nuclear field

B 1930 — First experiment in molten salt to produce metallic Uranium (Manhattan
project)

B 1950 — ARE project (Aircraft Reactor Experiment):

Molten salt reactor NaF-ZrF, -UF, (53-41-6 mol%)
nuclear propulsion

B 1960 — MSRE (Molten Salt Reactor Experiment)-
LiF-BeF, -ZrF, -UF, (65-30-5-0.1) (molten salt =
fuel and heat exchanger) - pyrometallurgic
reprocessing

1964 — EBR I (Na reactor, metallic fuel)
Pyroreprocessing on site: IFR concept

Séminaire scientifique DRCP « TerraPower Reactor, Molten Salt a



Ce2den Laboratories dedicated to pyrometallurgy at the CEA
Marcoule

Two laboratories dedicated to molten salt chemistry in the Radiochemistry & Processes Department

Fundamental and applied studies on pyrochemical separation processes
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Ckaden Separation processes in molten salts

Three main separation processes:
Precipitation — role of oxoacidity

Electrochemical processes — electrorefining, electrolywining

Reductive liquid-liquid extraction

% Séminaire scientifique DRCP « TerraPower Reactor, Molten Salt and Forensic » | 03 Juin 2016 | PAGE 6



CZaden separation processes in molten salts: Precipitation

» AIDA-Mox process Gasitnyr

Conversion of military Pu into non military PuO, =

Precipitate

Precipitation
B Starting alloy: Pu, Ga (<5 wt%) and 2**Am (<1 wt%) (coming from 241Pu
activity)
B NaClI-KCl salt at 700°C

Pu-Ga alloy
Molt
Na (?I-le(:j — Alloy dissolution | chiorine . 5
I Solution
GaCl, Gt ) saline solide
volatilization Ium extraction (NaCl-KCl)
Spent salts ¢ | | de Pu(IV)
with <——| PuO,precipitation J+—  oxygen -
americium l alf T
PuO, powder | |
Figure 1 : Pyrochemical conversion of Pu-Ga alloy into Pu0, A.G. Osipenko et al, Molten Salt Forum, vol.5-6, 553 (1997)

B Alloy chlorination: Pu(lV), Am(lll), GaCl, volatile
B Selective precipitation of PuO, by bubbling O,,, Am(lll) remains soluble
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CZaden separation processes in molten salts: Precipitation

0 5 10 15 20
00 ————— ‘
0@ T g
-0.5
AmO,

) -1.0
o PuO,(s)---
e 1547
% PuCl; (sol)
—
< 20
@)
S 25
2
W -3.0

-3.5

Li
-4.0
E-pO? Diagram of Pu in LiCI-KClI at 450°C, [Pu(ll1)]=0.01mol/kg, et a 0.001mol/kg pour 'Am
Pu: C. Caravaca et al., J. Nucl. Mat., 377, 340 (2008), Am: D. Lambertin et al., Plasma and ions., 3, 65-72 (2000)
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Ckaden Separation processes in molten salts

Three main separation processes:

Electrochemical processes — electrorefining, electrolywining

cathode|—>—| I<—I anode

Cathodic depoﬁ

Electrodeposition

% Séminaire scientifique DRCP « TerraPower Reactor, Molten Salt and Forensic » | 03 Juin 2016 | PAGE 9



Ccaden Industrial pyrometallurgical processes

Industrial uses of molten salts

Aluminium production
~24 Mtlyear

Alkali Metals
sodium ~ 100 kt/year

= Wi ! F, production
i coming I SO R B ~ 1,5 kt/year

—_—
BT T T

Bain
électrolytique

Bloc cathodigue [-m.r,_,,\. L3 ......-,,u....l.
il Clig) + X "+ 2 Mail)
Alumlinium
Alumina Electrolysis in molten cryolite Electrolysis of alcali chlorides. Electrolysis of 2HF.KF at
(NagAlF,) at 950°C Ex: production of sodium at 600°C (ZH;?S'?:ZSFZ)
(2NaCl =2Na + Cl,) ;
Monel pool: porous
Pool AP30 (Alcan) : 14m Iength, ~300KA, Pool Down : charge 8t, 45 KA, carggtnheo?jr;c’)gi,::[eel
Far. Yeald = 96%, 2,3t/d Far. yeld = 90%, 0,8t/j (Na), 1,3t/j (Cl,) Far. yeld = 90-95%, 4kg/h
(F2)
Other metals (mg, ca, Li, zr..)
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ceaden Nuclear applications : Electrorefining process

\

— FP

LiLi* Lo | E_ | An/Anc CICl,
’7 I O — Zr/lzr4+ ’_‘
L | | L] potentials

» Purification process: anodic dissolution of impure metal and cathodic deposition of

purified metal
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Nuclear applications: Reprocessing of metallic
fuels

U deposit

Most adapted process for metallic fuel recycling
(US, Japan, South Korea, Russia, India)

Analogue process for nitride fuels (Japan, Russia)

FUEL FABRICATION

FURNACE

l'!!IFIIIIIIIIIIIIIIIII-.

i

Purified metal

Source: ANL website
http://www.ne.anl.gov

Table 1. Inventory of Spent Fuel Designated for Pyroprocessing at IML.

Fuel Type EBR-II Driver FFTF Driver | EER-I1 Blanket Total
(MTHM) (MTHM] [MTHM] [MTHM)

Initial Fuel in . e - e e

_I'.,IIJI'.' 1996 3.1 0.25 224 2575

Fuel Treated

as of January 0.8 0.22 3.6 4.62

2012

Remaining 2.3 0.03 19.8 21.13

Untreated Fuel

Séminaire scientifique DRCP « TerraPower Reactor, Molten Salt and Forensic » | 03 Juin 2016
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Ccaden nfluence of thermodynamic on electroseparation

Electrochemical processes

B Nernst equation, equilibrium Ox + ne- — Red
n+ A Eeq
E..(An™ / An) = E°(An™ / An) + 21T jog a(An”) c, | cr
nF a(An) P
?/
Zr+ | Zr
n+ . X n+
E.,(An" / An) = E°(An"™ / An) + 23RT log Ton |, 2:3RT log| 2~ us+ | U
nk Y an nF XAn
i i .. Np3* | Np
— Use of inert solid electrode (deposition of pure An, a(An)=1)
Pu*—+ Pu
: Am3*-1- Am
2 3RT 2 3RT An/Ln separation
Eeq (An™ /An)=E°(An™ /An) + |Og<7/A - )+ lo (XA n ) depends on AE I
" nk " Nd3* 4 Nd
La3* + La
— E*°(An"™ / An) + 2.3RT Iog(x ) =_E'° apparent standard potential Lt L
An Determined by electrochemical measurments
& Electrodeposition of metal: more cathodic potential compared to
E., (=more negative than E,)
g Séminaire scientifique DRCP « TerraPower Reactor, Molten Salt and Forensic » | 03 Juin 2016 | PAGE 13
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Ccaden nfluence of thermodynamic on electroseparation

An/Ln Electroseparation: AE,.,, = Exnnt/an — Einntiin

On inert electrode On non-inert electrode
Lnn* An Ln* Ji An
Annt Ant
Me
Salt Salt
& Pure An deposit & Deposition of solubilised in metal

or intermetallic formation

X w X n(Me , e ’ n(Me
AEAn/Ln = AEOAn/Ln +2’3ilog( XAn . ”~ J+ 2 3RT Iog[j/An J—i_ 2 3RT Iog[yl_ " )j

nF Ln™* XAn(Me) nF 7/Ln”+ nF 7/An(Me)
/ »
Thermo data Evolution of Activity Activity
(pure comp.) concentrations coef. Coef.
in salt In Metallic
Ratio ~1 solvent
[D> ] [D> ] [D> ]

- v ratio in metal may be very important
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Ccaden Activity coefficient in metal

« Determination of activity coefficient in metal
— Galvanic Cell: An | molten salt, AnCl; | Angye,

\\' Molten salt
L —" containing AnCl,

LiCI-KCI-PuCl;, Bi electrode at 500°C

i Metal Me containing An(Me)
4= with known molar fraction x

Electromotive force (e.m.f.) :

2.303RT 2.303RT
fem=E, —Eunme = n—F|09(7An(Me)) + Tlog(xAn(Me))
S e.m.f. =f(109Xan(ve)) —  logyanme)

—>  Number of exchanged electrons

% Measurement does not depend on electrolyte

% Séminaire scientifique DRCP « TerraPower Reactor, Molten Salt and Forensic » | 03 Juin 2016 | PAGE 15



Ccaden Activity coefficient in metal

Inert cathode / reactive cathode

B Inert Yan=1
B Liquid cathode: solubilisation of An in metal Yan% 1 (Cd, Bi)
¢ Solid reactive cathode: intermetallic formation an, = 1
-1 Example : logy(Pug;)=-8,7 at 550°C
] Pu — U
1. Am = _/ zu |
o La s == NP Inert cathode: high An/Ln
< Nd separation, but deposit may be
2 -14 - U — e o
< _ T — = | g difficult to stabilise on cathode
(7)) |
>
> -16 - Np s
S 15 Pu = Liquid cathode: lower
3 Am separation but stabilisation of
C species in liquid metal.
Nd m— tI/L
La 1
2.2 . ‘ .
Sol. W Liq. B|’CD Sol. Al Source: J.P. Glatz, Atalante

conference 2008
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Exhaustive electrolysis or electrowinning (FP7 - SACSESS)

Key step of the process: salt coming from E. ref step still contain An

EURATOM

— Necessity to recover these An

First electrolysis realised on simulated electrorefining salt baths
Anode — production of Cl,,
(first tests on lanthanides at the inactive laboratory)
Understanding of the electrolysis behaviour:
>  determination of faradic yelds, characterisation of the obtained deposit at the cathode, Nicekll
>  optimisation of Cl, producing anode, s "
> influence of the cathode material (Al, Mo) Cathodg,
Active tests on salts containing actinides (Pu) and lanthanides (Ce)
— An/Ln Separation

09
= === résultats de 'ICP-AES
-
(151 \"“. COurant 5C|
0.7 Ve |
S,
LN —
0.6 M 40'g
— \_L E
§ 0.5 . -
N Nl
= 0.4 S o
3 * - s
0.3 0 ,3
0.2
10
0.1
0 " 0
0 20 a0 0 80 100 120 —
Charge théorique (%) "erraPower Reactor, Molten Salt and Forensic » | 03 Juin 2016 | PAGE 17




Ckaden Separation processes in molten salts

Three main separation processes:

Reductive liquid-liquid extraction

Salt
: Met;a
Liquid-liquid extraction
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Ccaden Influence of thermodynamic on L/L extraction

Principe

I\/Ixy (salt) + y/ zR (metal) =M (metal) + y/ Z sz (salt)
R: reductive metal dissolved in a Metallic solvent
Ay, aﬁ{,{é Agalt = XSalt * Ysalt

K :a ~iE VA
Mx, AR Aus = Ams ~ Yms

* Important parameters:

» Distribution coefficient D,, = XM(metal)/ Xpmxy(salt)

» Separation Factor SFyum = D/Dyr

*_Example : PuF; + 3Lig; = Pug;, + 3LiF

Dpy= Xpuei)/ Xpurs
Spund = Dpy/Dng

Salt

MX, RX,

M R
etal

In general, molar
fractions (thermo)
or wt% (exp.)
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CZaden Influence of thermodynamic on L/L extraction

Example

B Pu/Nd separation by Al, in LiF-AlF;

PUuF; + Al = Pu,, + AlF;
_ aPu(AI)aAIF3 . Y pu(al) XPu(AI)' AIF3'XAIF3 D. = Xpu(an)

= = Pu
X
Apyr, Apy 7 P, X pur PuFs

Pu

B Nd: NdF; + Al = Ndy, + AlF,

K. — Ang (anAaF, 7Nd(AI)@WAIF3'XAIF3 D, = Xna (A1)
Pu - X
Angr, Al M NdF,

B Separation factor can be expressed from previous equations:

D
_ _Pu
SI:Pu/Nd - D
Nd
K Y oy VNd (Al
log SF, g = Iog[ PU |+ Jog| “24= |+ log| SMAAD
K Y g Vpu(Al)
% Séminaire scientifique DRCP « TerraPower Reactor, Molten Salt and Forensic » | 03 Juin 2016 | PAGE 20



Ccaden Influence of thermodynamic on L/L extraction

Electrolysis Liquid / liquid extraction

Salt

An Rx+
N 2
AN | e an N R

Salt Metal

Electrolysis

Xygne X n(Me ) n"t , n{Me
AEAn/Ln - AEOAn/Ln + Z’BRT |Og = ) il + 2 3RT |Og 7/A + 2 3RT |Og 7/L i
nF Xan XAn(Me) nk 7/Ln”* nk 7/An(Me)

Extraction
K
— An
|Og SI:An/Ln - Iog[ K
Ln
Thermo. data Activity coefficients Activity coefficients
(pure comp.) Salt Metal
E Séminaire scientifique DRCP « TerraPower Reactor, Molten Salt and Forensic » | 03 Juin 2016 | PAGE 21



Ccaden Influence of thermodynamic on L/L extraction

« Pu/Ce Separation— activity coefficient dependency

-1.0 ~
Al
i~ -2.0 ~
=
& trop faible
> solubilité @
o
80 @a
:
S
> Bi —— Al (Lebedev)
5 ! Bi (Lebedev)
40 - Zn Zn (Lebedev)
o ———Cd (Lebedev)
Ga - par potentiométrie
Cd Bi - par potentiométrie
A Cd - par voltamétrie cyclique
50 ---e-- Zn- par voltamétrie cyclique
400 500 600 700 800 900 1000 1100

Temperature (°C)

Comparison of activity coefficients in different metallic solvents
t%> Al best solvent (A. Laplace et al., Proceeding 9" IEMPT, Nimes, September 2006)
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data-comp

		Comparaison des données de coefficient d'activité

		1. Formule sur une gamme de température ou data à T

		formule pour chaque métaux						Etat de référence : métal pur solide (soit dans son état à la température de travail)

								(en effet si liquide alors DGfusion=0)

		Formule		logg=a+b/T		(T en K)		essentiellement données de Lebedev (1)						sauf dans Ga où on a la variation de T

		Couple		gamme T		logg		logg		a		b		Auteur		Méthode

				(K)				à saturation

		Pu(Bi)		/		/				1.76		-8587		Lebedev		fem

		Pu(Bi)		549		-8.5		-8.2		/		/		JV-AL		fem - dépôt coulo

		Pu(Al)		/		/				4.69		-10330		Lebedev		fem

		Pu(Zn)		/		/				5.05		-9499		Lebedev		fem

		Pu(Zn)		551		-7.16		-7.2		/		/		JV-AL		par cv - variation vitesses

		Pu(Cd)		/		/				3.71		-5853		Lebedev		fem

		Pu(Cd)		500		-3.7				/		/		JV-AL		cv

		Pu(Cd)		551		-3.4				/		/		JV-AL		cv

		Pu(Ga)		560-650		/				2.15		-8454		Jorgen		fem alliage direct à saturation

		Pu(Ga)		611-796		/				2.354		-8642		AL-LB		fem alliage direct à saturation

		Pu-Ga		550		-8.14								JV-AL		fem - dépôt coulo

				603		-7.35								JV-AL		fem - dépôt coulo

		Ce(Bi)		/		/				2.03		-11400		Lebedev		fem

		Ce(Bi)		551		-11.8		-11.6		/		/		JV-AL		fem - dépôt coulo

		Ce(Al)		/						4.19		-11227		Lebedev		fem

		Ce(Zn)		/						5.10		-12245		Lebedev		fem

		Ce(Zn)		453		-12		/		/		/		JV-AL		par cv - estimation - solub trop faible pour obtenir par fem et dépôt coulo

		Ce(Zn)		551		-9.7		-9.7						JV-AL		par cv - estimation - solub trop faible pour obtenir par fem et dépôt coulo

		Ce(Cd)		/						4.14		-9388		Lebedev		fem

		Ce(Ga)		/						3.20		-11681		Lebedev		fem

		Ce(Ga)		550-600		/				4.46		-12754		AL-LB		fem alliage direct

		Pour Cd, Bi, Zn, Al on utilise les données de Lebedev.

		On indique notre valeur pour Bi. Pour Zn les valeurs sont trop incertaines. Ellessont extrapolées à saturation

		Pour Cd - valers mesurées par cv - il y a longtemps

		Pour Ga on utilise nos valeurs pour Pu et Ce (extrapoltion en T) - on note les points exp. À 600-700 et 800°C

		Pour la valeur de DL - à des concentrations différentes loin de la saturation -

		Par la suite, seront notés en rouge les points expérimentaux - à 3°C près on approxime à 550°C …. Pour faciliter l'écart par rapport à Ce

		2. Données de coefficient d'activité pour Pu (logg)																		extrapolé à saturation

		Température		Température		1000/T		Pu(Cd)		Pu(Bi)		Pu(Al)		Pu(Zn)		Pu(Ga)		Pu(Cd)		Pu(Bi)		Pu(Zn)		Pu(Ga)		Pu(Ga)		Pu(Ga)		Pu(Ga)		Pu(Ga)

		(°C)		(°K)				(Leb)		(Leb)		(Leb)		(Leb)		(Leb)		L8-JV-AL		L8-JV-AL		L8-JV-AL		L8-JV-AL		L8 - LB-AL		L8 - LB-AL		DL (2)		DL- sol rég.(3)

		450		723		1.383		-4.39		-10.12		-9.60		-8.09								(par cv)				-9.60		-9.60

		500		773		1.294		-3.86		-9.35		-8.67		-7.24				-3.70								-8.83		-8.83

		550		823		1.215		-3.40		-8.67		-7.86		-6.49				-3.40		-8.2		-7.16		-8.15		-8.15		-8.15

		560		833		1.200		-3.32		-8.55		-7.71		-6.35		pas de										-8.02		-8.02

		600		873		1.145		-2.99		-8.08		-7.14		-5.83		données de								-7.4		-7.55		-7.55

		650		923		1.083		-2.63		-7.54		-6.50		-5.24		Lebedev										-7.01		-7.01

		700		973		1.028		-2.31		-7.07		-5.93		-4.71												-6.53		-6.53

		750		1023		0.978		-2.01		-6.63		-5.41		-4.24												-6.09		-6.09

		800		1073		0.932		-1.74		-6.24		-4.94		-3.80												-5.70		-5.70		-7.2		-6.55

		850		1123		0.890		-1.50		-5.89		-4.51		-3.41												-5.34		-5.34		(NaCl-KCl)

		900		1173		0.853		-1.28		-5.56		-4.12		-3.05												-5.01		-5.01

		950		1223		0.818		-1.08		-5.26		-3.76		-2.72												-4.71		-4.71

		1000		1273		0.786		-0.89		-4.99		-3.42		-2.41												-4.43		-4.43

		3. Données de coefficient d'activité pour Ce (logg)

		Température		Température		1000/T		Ce(Cd)		Ce(Bi)		Ce(Al)		Ce(Zn)		Ce(Ga)		Ce(Cd)		Ce(Bi)		Ce(Zn)		Ce(Ga)		Ce(Ga)		Ce(Ga)		Ce(Ga)		Ce(Ga)

		(°C)		(°K)				(Leb)		(Leb)		(Leb)		(Leb)		(Leb)		(Leb)		L8-JV-AL		L8-JV-AL		L8-AL-LB		L8-AL-LB		(Leb)		DL		DL- sol rég.

		450		723		1.383		-8.84		-13.74		-11.34		-11.84		-12.96		-8.84						-13.18		-13.18		-12.96

		500		773		1.294		-8.00		-12.72		-10.33		-10.74		-11.91		-8.00						-12.04		-12.04		-11.91

		550		823		1.215		-7.27		-11.82		-9.45		-9.78		-10.99		-7.27		-11.6		-9.7		-11.04		-11.04		-10.99

		560		833		1.200		-7.13		-11.66		-9.29		-9.60		-10.82		-7.13						-10.85		-10.85		-10.82

		600		873		1.145		-6.61		-11.03		-8.67		-8.93		-10.18		-6.61						-10.15		-10.15		-10.18

		650		923		1.083		-6.03		-10.32		-7.97		-8.17		-9.46		-6.03						-9.36		-9.36		-9.46

		700		973		1.028		-5.51		-9.69		-7.35		-7.48		-8.81		-5.51						-8.65		-8.65		-8.81

		750		1023		0.978		-5.04		-9.11		-6.78		-6.87		-8.22		-5.04						-8.01		-8.01		-8.22

		800		1073		0.932		-4.61		-8.59		-6.27		-6.31		-7.69		-4.61						-7.43		-7.43		-7.69		-8.3		-7

		850		1123		0.890		-4.22		-8.12		-5.81		-5.80		-7.20		-4.22						-6.90		-6.90		-7.20

		900		1173		0.853		-3.86		-7.69		-5.38		-5.34		-6.76		-3.86						-6.41		-6.41		-6.76

		950		1223		0.818		-3.54		-7.29		-4.99		-4.91		-6.35		-3.54						-5.97		-5.97		-6.35

		1000		1273		0.786		-3.23		-6.93		-4.63		-4.52		-5.98		-3.23						-5.56		-5.56		-5.98

		(1) Lebedev, V.A., Selectivity of liquid Metal Electrodes in molten Halides, 1993, Chelyabinsk : Metallurgiya (en russe)

		(2) D. Lambertin, S. Ched'homme, Bourges G, Sanchez S., Picard G, J. Nucl. Mat, 341, 131 (2005)

		(3) Valeur déterminée en utilisant le modèle des solutions régulières (calcul à la saturation)

		4. Ecart des coefficients d'activité Ce-Pu

		On calcule l'écart : logg(Ce) - logg(Pu) en fonction de la température

		pour augmenter la sélectivité par rapport à une électrode solide, il faudrait que :

		logg(Ce) - logg(Pu) soit positif

		Un métal est d'autant plus favorable que l'écart logg(CeMe) - logg(PuMe) est le plus positif possible

		logg(Ce) - logg(Pu)

		Température		Température		1000/T		Ce-Pu (Cd)		Ce-Pu (Bi)		Ce-Pu (Al)		Ce-Pu (Zn)		Ce-Pu (Ga)		Ce-Pu (Cd)		Ce-Pu (Bi)		Ce-Pu (Zn)		Ce-Pu (Ga) - ce travail		Ce-Pu (Ga)		Ce-Pu(Ga)		Ce-Pu(Ga)		Ce(-PuGa)

		(°C)		(°K)				(Leb)		(Leb)		(Leb)		(Leb)		(Leb)		(Leb-L8)		(JV-AL)		(JV-AL)		JV-AL-LB		L8-AL-LB		(Leb-AL-LB)		(Lambertin)		DL- sol rég.

		450		723		1.383		-4.46		-3.62		-1.74		-3.75								par cv				-3.58		-3.36

		500		773		1.294		-4.14		-3.37		-1.66		-3.50		pas de		-4.30								-3.21		-3.09

		550		823		1.215		-3.87		-3.15		-1.59		-3.29		données		-3.87		-3.40		-2.54		-2.89		-2.89		-2.85

		560		833		1.200		-3.81		-3.11		-1.58		-3.25								estimation				-2.83		-2.80

		600		873		1.145		-3.62		-2.95		-1.53		-3.10		sur Pu						par cv - fort		-2.75		-2.60		-2.64

		650		923		1.083		-3.40		-2.78		-1.47		-2.93		pour Lebedev						écart				-2.35		-2.45

		700		973		1.028		-3.20		-2.62		-1.42		-2.77												-2.12		-2.28

		750		1023		0.978		-3.03		-2.48		-1.38		-2.63												-1.91		-2.12

		800		1073		0.932		-2.86		-2.35		-1.34		-2.51												-1.73		-1.99		-1.1		-0.45

		850		1123		0.890		-2.72		-2.23		-1.30		-2.40												-1.56		-1.86

		900		1173		0.853		-2.58		-2.13		-1.26		-2.29												-1.40		-1.74

		950		1223		0.818		-2.46		-2.03		-1.23		-2.20												-1.26		-1.64

		1000		1273		0.786		-2.35		-1.94		-1.20		-2.11												-1.12		-1.54
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graph comp séparation (NT) 

		650		450		450		450		450		550		550		500		550

		700		500		500		500		500		600				550

		750		550		550		550		550		650

		800		560		560		560		560		700

		850		600		600		600		600		800

		900		650		650		650		650

		950		700		700		700		700

		1000		750		750		750		750

		900		800		800		800		800

		950		850		850		850		850

		1000		900		900		900		900

				950		950		950		950

				1000		1000		1000		1000
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Al

Bi

Zn

Ga

Cd

trop faible solubilité

Al (Lebedev)

Bi (Lebedev)

Zn (Lebedev)

Cd (Lebedev)

Ga (Pu : L8)

Ga - par potentiométrie

Bi - par potentiométrie

Cd - par voltamétrie cyclique

Zn- par voltamétrie cyclique

Temperature (°C)

loggCe(Me) - loggPu(Me)

-1.4718309859

-3.6207330567

-3.7480636238

-4.4593499308

-3.3573195021

-2.8465880923

-3.4

-4.3048900388

-2.54

-1.4218910586

-3.369068564

-3.502393273

-4.1430918499

-3.0854359638

-2.6350996564

-3.8670473876

-1.3768328446

-3.1479829891

-3.2865735115

-3.8652612394

-2.8465880923

-2.446524377

-1.3359739049

-3.1069507803

-3.2465186074

-3.813697479

-2.8022593037

-2.2773299075

-1.2987533393

-2.9522222222

-3.0954753723

-3.619255441

-2.6350996564

-1.9862460391

-1.2647058824

-2.7776706392

-2.9250812568

-3.3999024919

-2.446524377

-1.2334423549

-2.6210585817

-2.7721993834

-3.2030935252

-2.2773299075

-1.2046347211

-2.4797556207

-2.6342619746

-3.0255229717

-2.1246744868

-2.3516216216

-2.5091798695

-2.8645013979

-1.9862460391

-2.2348975957

-2.3952359751

-2.7178183437

-1.8601442565

-2.1281244672

-2.2910059676

-2.5836402387

-1.7447928389

-2.0300817661

-2.1952984464

-2.4604333606

-1.6388732625

-1.9397407698

-2.1071091909

-2.3469049489

-1.5412741555



data-litt (2)

		Comparaison des données de coefficient d'activité

		1. Formule sur une gamme de température ou data à T

		formule pour chaque métaux						Etat de référence : métal pur solide (soit dans son état à la température de travail)

								(en effet si liquide alors DGfusion=0)

		Formule		logg=a+b/T		(T en K)		essentiellement données de Lebedev (1)						sauf dans Ga où on a la variation de T

		Couple		gamme T		logg		logg		a		b		Auteur		Méthode

				(K)				à saturation

		Pu(Bi)		/		/				1.76		-8587		Lebedev		fem

		Pu(Bi)		549		-8.5		-8.2		/		/		JV-AL		fem - dépôt coulo

		Pu(Al)		/		/				4.69		-10330		Lebedev		fem

		Pu(Zn)		/		/				5.05		-9499		Lebedev		fem

		Pu(Zn)		551		-7.16		-7.2		/		/		JV-AL		par cv - variation vitesses

		Pu(Cd)		/		/				3.71		-5853		Lebedev		fem

		Pu(Cd)		500		-3.7				/		/		JV-AL		cv

		Pu(Cd)		551		-3.4				/		/		JV-AL		cv

		Pu(Ga)		560-650		/				2.15		-8454		Jorgen		fem alliage direct à saturation

		Pu(Ga)		611-796		/				2.354		-8642		AL-LB		fem alliage direct à saturation

		Pu-Ga		550		-8.14								JV-AL		fem - dépôt coulo

				603		-7.35								JV-AL		fem - dépôt coulo

		Pu-In								4.53		-7720

		Ce(Bi)		/		/				2.03		-11400		Lebedev		fem

		Ce(Bi)		551		-11.8		-11.6		/		/		JV-AL		fem - dépôt coulo

		Ce(Al)		/						4.19		-11227		Lebedev		fem

		Ce(Zn)		/						5.10		-12245		Lebedev		fem

		Ce(Zn)		453		-12		/		/		/		JV-AL		par cv - estimation - solub trop faible pour obtenir par fem et dépôt coulo

		Ce(Zn)		551		-9.7		-9.7						JV-AL		par cv - estimation - solub trop faible pour obtenir par fem et dépôt coulo

		Ce(Cd)		/						4.14		-9388		Lebedev		fem

		Ce(Ga)		/						3.20		-11681		Lebedev		fem

		Ce(Ga)		550-600		/				4.46		-12754		AL-LB		fem alliage direct

		Ce-In								2.41		-8650		lebedev

		Pour Cd, Bi, Zn, Al on utilise les données de Lebedev.

		On indique notre valeur pour Bi. Pour Zn les valeurs sont trop incertaines. Ellessont extrapolées à saturation

		Pour Cd - valers mesurées par cv - il y a longtemps

		Pour Ga on utilise nos valeurs pour Pu et Ce (extrapoltion en T) - on note les points exp. À 600-700 et 800°C

		Pour la valeur de DL - à des concentrations différentes loin de la saturation -

		Par la suite, seront notés en rouge les points expérimentaux - à 3°C près on approxime à 550°C …. Pour faciliter l'écart par rapport à Ce

		2. Données de coefficient d'activité pour Pu (logg)

		Température		Température		1000/T		Pu(Cd)		Pu(Bi)		Pu(Al)		Pu(Zn)		Pu(In)

		(°C)		(°K)				(Leb)		(Leb)		(Leb)		(Leb)		(Leb)

		450		723		1.383		-4.39		-10.12		-9.60		-8.09		-6.15

		500		773		1.294		-3.86		-9.35		-8.67		-7.24		-5.46

		550		823		1.215		-3.40		-8.67		-7.86		-6.49		-4.85

		560		833		1.200		-3.32		-8.55		-7.71		-6.35		-4.74

		600		873		1.145		-2.99		-8.08		-7.14		-5.83		-4.31

		650		923		1.083		-2.63		-7.54		-6.50		-5.24		-3.83

		700		973		1.028		-2.31		-7.07		-5.93		-4.71		-3.40

		750		1023		0.978		-2.01		-6.63		-5.41		-4.24		-3.02

		800		1073		0.932		-1.74		-6.24		-4.94		-3.80		-2.66

		850		1123		0.890		-1.50		-5.89		-4.51		-3.41		-2.34

		900		1173		0.853		-1.28		-5.56		-4.12		-3.05		-2.05

		950		1223		0.818		-1.08		-5.26		-3.76		-2.72		-1.78

		1000		1273		0.786		-0.89		-4.99		-3.42		-2.41		-1.53

		3. Données de coefficient d'activité pour Ce (logg)

		Température		Température		1000/T		Ce(Cd)		Ce(Bi)		Ce(Al)		Ce(Zn)		Ce(In)

		(°C)		(°K)				(Leb)		(Leb)		(Leb)		(Leb)		(Leb)

		450		723		1.383		-8.84		-13.74		-11.34		-11.84		-9.55

		500		773		1.294		-8.00		-12.72		-10.33		-10.74		-8.78

		550		823		1.215		-7.27		-11.82		-9.45		-9.78		-8.10

		560		833		1.200		-7.13		-11.66		-9.29		-9.60		-7.97

		600		873		1.145		-6.61		-11.03		-8.67		-8.93		-7.50

		650		923		1.083		-6.03		-10.32		-7.97		-8.17		-6.96

		700		973		1.028		-5.51		-9.69		-7.35		-7.48		-6.48

		750		1023		0.978		-5.04		-9.11		-6.78		-6.87		-6.05

		800		1073		0.932		-4.61		-8.59		-6.27		-6.31		-5.65

		850		1123		0.890		-4.22		-8.12		-5.81		-5.80		-5.29

		900		1173		0.853		-3.86		-7.69		-5.38		-5.34		-4.96

		950		1223		0.818		-3.54		-7.29		-4.99		-4.91		-4.66

		1000		1273		0.786		-3.23		-6.93		-4.63		-4.52		-4.38

		(1) Lebedev, V.A., Selectivity of liquid Metal Electrodes in molten Halides, 1993, Chelyabinsk : Metallurgiya (en russe)

		(2) D. Lambertin, S. Ched'homme, Bourges G, Sanchez S., Picard G, J. Nucl. Mat, 341, 131 (2005)

		(3) Valeur déterminée en utilisant le modèle des solutions régulières (calcul à la saturation)

		4. Ecart des coefficients d'activité Ce-Pu

		On calcule l'écart : logg(Ce) - logg(Pu) en fonction de la température

		pour augmenter la sélectivité par rapport à une électrode solide, il faudrait que :

		logg(Ce) - logg(Pu) soit positif

		Un métal est d'autant plus favorable que l'écart logg(CeMe) - logg(PuMe) est le plus positif possible

		logg(Ce) - logg(Pu)

		Température		Température		1000/T		Ce-Pu (Cd)		Ce-Pu (Bi)		Ce-Pu (Al)		Ce-Pu (Zn)		Ce-Pu (Ina)

		(°C)		(°K)				(Leb)		(Leb)		(Leb)		(Leb)		(Leb)

		450		723		1.383		-4.46		-3.62		-1.74		-3.75		-3.41

		500		773		1.294		-4.14		-3.37		-1.66		-3.50		-3.32

		550		823		1.215		-3.87		-3.15		-1.59		-3.29		-3.25

		560		833		1.200		-3.81		-3.11		-1.58		-3.25		-3.24

		600		873		1.145		-3.62		-2.95		-1.53		-3.10		-3.19

		650		923		1.083		-3.40		-2.78		-1.47		-2.93		-3.13

		700		973		1.028		-3.20		-2.62		-1.42		-2.77		-3.08

		750		1023		0.978		-3.03		-2.48		-1.38		-2.63		-3.03

		800		1073		0.932		-2.86		-2.35		-1.34		-2.51		-2.99

		850		1123		0.890		-2.72		-2.23		-1.30		-2.40		-2.95

		900		1173		0.853		-2.58		-2.13		-1.26		-2.29		-2.91

		950		1223		0.818		-2.46		-2.03		-1.23		-2.20		-2.88

		1000		1273		0.786		-2.35		-1.94		-1.20		-2.11		-2.85
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graph comp séparation (litt)

		650		450		450		450		450

		700		500		500		500		500

		750		550		550		550		550

		800		560		560		560		560

		850		600		600		600		600

		900		650		650		650		650

		950		700		700		700		700

		1000		750		750		750		750

		900		800		800		800		800

		950		850		850		850		850

		1000		900		900		900		900

				950		950		950		950

				1000		1000		1000		1000
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Al

Bi

Zn

Cd

Al (Lebedev)

Bi (Lebedev)

Zn (Lebedev)

Cd (Lebedev)

In (Lebedev)

Temperature (°C)

loggCe(Me) - loggPu(Me)

-1.4718309859

-3.6207330567

-3.7480636238

-4.4593499308

-3.4063070539

-1.4218910586

-3.369068564

-3.502393273

-4.1430918499

-3.3231047865

-1.3768328446

-3.1479829891

-3.2865735115

-3.8652612394

-3.2500121507

-1.3359739049

-3.1069507803

-3.2465186074

-3.813697479

-3.2364465786

-1.2987533393

-2.9522222222

-3.0954753723

-3.619255441

-3.1852920962

-1.2647058824

-2.7776706392

-2.9250812568

-3.3999024919

-3.1275839653

-1.2334423549

-2.6210585817

-2.7721993834

-3.2030935252

-3.0758067831

-1.2046347211

-2.4797556207

-2.6342619746

-3.0255229717

-3.0290909091

-2.3516216216

-2.5091798695

-2.8645013979

-2.9867287978

-2.2348975957

-2.3952359751

-2.7178183437

-2.9481389136

-2.1281244672

-2.2910059676

-2.5836402387

-2.9128388747

-2.0300817661

-2.1952984464

-2.4604333606

-2.880425184

-1.9397407698

-2.1071091909

-2.3469049489

-2.8505577376




CZaden Influence of thermodynamic on L/L extraction

Importance of activity coefficients!
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c2den Liquid/liguid extraction process developped at the

CEA
Reductive Extraction Oxidative Back-extraction
AN+ M (e SAN oy + M3 AN (o + MY SAN o+ M e
3 E°
‘ Fluoride Salt Chloride Salt 1

An3* L An| AnF;

IVI3+Z_§IVI An
AR*/AI

In fluorides : : : : :

Amy Puay NPy Uy

In chlorides | | | H

ARH/AI

Séminaire scientifique DRCP « TerraPower Reactor, Molten Salt and Forensic » | 03 Juin 2016 | PAGE 24
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Ceaden Experiemental approach of the reductive

E1 (85-15% mol. LiF-AIF,), C (75-25) and E2 (65-35)

I

%h

) ;
[} AlF; + Lig
IAﬁ 3

— extraction
1000 Experimental procedure - P
.\ 900 | o ;
» 1OOL.iF-A|F3 TA-CU at 8 \\ 348;'5”2 melt ;ACIdIC me}
o 104 TP : !
g Salt composition: :
: g0 \&.% Lo @
-

LiF
1, Mixture An (U, Pu, Nd (simulantEfgLn) + ;'
Fluorides: MF, S —Am Liq ,’
W, , Reaction: - Nd 710° 709°
' - | | | | 700  (145%) (35.5%)
10 2 25 30 40
ARF oty + Alimen 3 Alen + AlFaany o ¢ e

LiF-AlF; system, J.L Holm and B.J Holm, Thermochim. Acta, 6 [4] 375 (1973)

I Distribution coefficient: D=x,, /xAnF
(Al 3(sel)

B D variation as function of salt composition
1

DAn — K 7/AnF3

Yanay Qa3

I Excellents separation factors An/Ln >100

Core of process validation

ez
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Cceaden Application of pyrochemical processes:

MSBR salt treatment process
Theoretical studies — online L/L extraction to reprocess part of the fuel

Metal transfer process:

Salt ; UF, ; Processed salt A rflre earth extraction
purification reduction by \ . .
x 7 _ Th-Li-Bi More complicated process:
o
lur, H, 5| 1| (2.85m¥h) .
| g1 needs first steps to remove An
al o

: | . o h ; from salt + counter current L/L
Y/ N Salt contelning rare eaths 02 m) | R . extraction to remove FP
i Li-Bi Tl '
: g : Avoiding presence of Bi in the
! gl reactor
HRE d
"1 | ] | Pa+TRU+zZr i || : ,
| | 8| extraction He! te- Li-Bi i Reprocessing of 4m3/day

il I z (7.5 m3/h) : :

Reactor I =

' S
. ' A § !
| i 2 :
: u '
| - D:I OLiB
i ->| Hydrofluor |—>| FIuorlnatlon £ ecay ;*E :Bivalent ;

t , F , rareearths | MSFR: fast reactor LiF-ThF,
' 2 y = - ' =
F2 i HF F, —*| Fluorination g| e UB : fuel
E '
=
sat  eeee- R:gc:‘i;g":t saltto - - Reprocessing of 40L/day
_____________ Metal ) : waste "~ + Trivalents
(TRU+Zr)  UF, rare earths
Fuel: LiIF-BeF,-ThF,-UF, (72-16-12-0.4) ‘-
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Cceaden Application of pyrochemical processes:

Other option: TMSR salt treatment process
Chinese project: combination Pyro/Hydro processing

— ,?/? ‘ NSE ISR S S

Flow sheet of TMSR Fuel Processing

] 1 Electrochemical - i |
' . separation ! .- ......... I
|;| """ ti o | | Electrochemical - |
Sl 0¥ Fworination | . | _separation ||
L orage |J !

! Th,Pa,FPs *—’{ 3P -2 Pyrohydrolysis |
I LiF, BeF, ! ) |

h 4 -

' e | - - [
[ UF Distillation ! Fluorides Oxides 1
i ! !
| —  Hydrofluoric I
I LiF LFeeR | acid dissolution ;
Ber -I I
[ I .
] I I
I \ 4 \ 4 " A 4 T
] ———4___U, Th Modified :
I Fuel reconstitution < Thores -
LiF-BeF,-UF,-ThF, i I

On-line reprocessing and

] i i Source: Q. Li & al,
recycling Off-line reprocessing Source: O
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den Conclusion

Pyrometallurgic processes are complementary with hydrométallurgic
processes regarding several aspects — Treatment of particular fuels combustibles (metallic,
MSR)

— Possible developments of hybrids hydro/pyro processes (ex : Russia)

At the CEA Marcoule: Two processes studied

Liquid/liquid reductive extraction process:
B Development of the core of process

B System studies

B Applications to treatment of inert matrices being investigated
Electrochemical separation process:

B Studies focussed on key steps of the electrorefining process

B Applications on recovery of strategic metals
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Electrochemical window : Hydro vs. Pyro

EO (V vs CL/CI) at 450°C

Li pu3+ U3+ U4+ C|2
c. | | |
362 |-276 |-2,43 21,00 0
3+
i Py° o U CI-
< >
LiCI-KCI electrochemical window
H,O electrochemical window
N < >
uo,*
H* . 0
Pus3* U3+ U4+ UO,? Pqu2+2
c . | | | . los58
203 |-18 0,63 0 0,32 1.04] 1,23
PyO o Us+ U4+ Pu4+
EO (V vs ENH) at 25°C, Ph =0 H, e O*
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CZaden Thermodynamic properties of pure compounds

* Gibbs free Energy of formation of pure compounds
« Separation

400 ‘ T°C ‘ ‘ 800 . TCc
300 400 500 600 700 400 500 600 700 800 900 1000
AG=-nFAE NpFs_HSC
UF,_(f-MPD + HSC)
UCl,_HSC NpF;_f-MPD
-450 UCI;_?—MPD -850
PuF, HSC
/ NpCl,_f-MPD AmF,_f-MPD
NpCl,_HSC PUF,_f-MPD
/ - CmF,_estimated
500 - ~ -900 -
O L
2 - KMk sximate 3
(=) @]
£ TbCI3 HSC £
= - GdCl;_HSC S
X PyuC flngCD ,:;::i" ThCl_-MPD X g LnF3 (-MPD + HSC)
o = P GdCl,_f-MPD e .
0 0
<1-550 - <1 _950 -
-600 4 / -1000 -+
An and Ln chlorides An and Ln fluorides
-"HSC chemistry for windows" (data mainly coming from Barin and Knacke tables) III
-f-MPD: Windows online database: f-elements.net
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Caden Evolution of concentration in salt

» Evolution of M"/M equilibrium potential (on solid inert electrode)

-2.5
UCIy/U —~ Ul

2.6 - Ein=-2.51V ~ Pu(lll)/Pu
— — Nd(I11)/Nd
Q 2.7+ — Am(I1)/Am
@)
9 og- PuCl;/Pu
?/ Eini:-2.86V
IS
2 -29
g
(@]
o AmCI,/Am
=~ 307 2™
h Ein=-3.05V Ejmite fOr An/LN

NdCls/Nd / separation
-3.1 - E,=-3.14V
dClg/Gd. . ey F S S
En=3.15V Eini=-3.18V T
'3.2 I I I
0 0.01 0.02 0.03 0.04
Concentration (molar fraction)
LiCI-KCI — 527°C (4]
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Ccaden Activity coefficients in salt

LiCI-KCI, 773K
MX, Logy | source
LaCly | -2,27 | Somomey
CeCly | -2,30 | Cvnoae
PrCl, | -2,26 | Somomey
GdCl, | -2,34 | Saeact
2007)
UCl 2 34 Caravaca C.
3 -£, (PYROREP)
De Cordoba
NpC|3 ‘2,30 (Note CEA)
PUCly | -2,39 | eiorocnom.
Soc. 1996)
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*Activity coefficients of An and Ln chlorides are negative : High
complexation with solvent

X(K™,CI") + CeCl; <> (xK™,CeCl3%, ) 46*=23RTLogy
! ! .
"Chloral basis" || "Chloral acid" "Ce(lll) in
] Cl- acceptor solution "
CI- Donor

*Logyycix depend on :

*Oxidation state of M (IV<lIli<li<I)

elonic

radius of M** (+small — +acid)

An3* and Ln3*: r3* very close (~100pm) so y values are
also very close

Their interaction with salt can’t contribute to An/Ln
separation
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Influence of the salt: notion of solvent-acidity

1 -
Solvant
0 ]
LiCl 3LiCl- 2KCI NacCl NaCI KCI KCI CsCl
11 5 uclI3
B ThCl4
>
D 5
S 101 102
31 Soe,. 120
575
0
o
/7/0/29
4 O}z/s, 138
Yy
o)
= 167
T=1100K Sources : E* (Smirnov MV), E° (Barin)
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