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A SOLVFNT ANODF FOR PLUTONIUM PURIFICATION *
by
David F. Bowersox, Keith W. Fife and Thana C. Christenser
To be presented at the International Conference on Separations Scilence
and Technology, April 1,=17, 1986, New York Citv, New York
Abstract

The purpose of this study is to Jevelop a techunlque to allow complete
oxidation of plutonium from the anode during plutonium electrorefining.
This wlill eliminate the generation of a "spent" anode heel which re-
quires further treatment for recovery. Our approach Is fo employ &
solvent metal In the anode to provide a liquid anade pool throughout
clectrorefining. We use molten salts and metalw In ceramlc crucibles at
700°C.  Our gonl 14 to produce plutonfum metal at 99,92 purity with
oxidatlon and transfer nf more than Y82 of the {mpure plutonium feed
metal from the anule into the salt and product phases. We have met
these criterin In experiments on the 100=-106GOY scale, We plan to reale
our operationn to 4 kg of teed pltutontum and to optimize the proceas
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I. Introduction

We define pyrochemical processes as nunaqueous rrocesses vhich are
conducted at elevated temperatures. 1In our alutonium reprocessring
operations, we oxidize scrap metal to oxide, reduce oxide to impure
metnl, remove cxcess americium, cast to shape, and electrorefine to a
pure product in a series of pyrochemical operations at temperatures
between 700° and 900°C. Our research ana development efforte are
concentrated on I(mproving the efficlencies of these processes, cutting
costs, reducing residues and decreasing exposure of personnel to ra-
diation., This paper will he restricted to a diacussion of electro-
refining and our efforts to develop a solvent anrode to asignificantly
Increase ovr ylelds and rednce the residue volumes for our process.

Since the mid-lorties, pyrochemical operatlons have reen employed
to reduce uranium and plaronium tetrat luorldes to metnl."2 Boker's
success with thede early r1edrctionn lew Lork Alamos to study related
pvrochemical process for recovering the acrinldes trom spent reactor
fueln. For metnl-based fast resctor svuatems, fuel could be reprocesded
without altering the metal state, Studlies ol electrorelfining were
intttated to savtsty purity requirements tor *he Lon Alamos Molten
Flutanium Reactor Feperiment ..‘ Thin work wis further expanded In the
culy pixtlen to ar electrvoret fnlng cneratfon {n vhich Impure plutonfum
wmetal was nelted noa ceramfe verael and electrolvtienl iy oxldlized into
amelten salt, transperted through the aalt ard redveed to high purtty
metal at oa u'ulluuh-" With additiona! revearch, wo developed an {nteprat-
ed method tor producing metal tiom sorap by o nerles of pvrochemical

operatican, ’



11. Plutonium Flectrorefining at Los Alamos

A schematic diagram of the Los Alamos Flectrorefining Call is shown
in Fig. 1. The cell is formed by two concentric magnesia crucibles
joined at the base. 1In typical operations, 4-6 kg of impure plutonium
metal is placed in the inner cruclble and an equimolar mixture of sodium
chloride-potassium chloride containing 5 w/o (veight per cent) magnesium
chloride is added as an oxidant (to produce Pu (T1T) in the electrolyte
prior ro passing a current througn the celi). The cell {s nssembled 1in
a stainless nteel furnace tube, evacuated and back-filled with argon.
The cruciblens are heated to 740°C and the stirrer, anode and cathode
lowered into the positions shown in the figure. Current (de) 1s passaad
through the cell, with stirring. until the plutonium 13 no longer the
primary 1ion being formed at the anode, Thia 18 indlcated by an Increase
in the satatlic cell potentinl, which 18 measured hv a back emf sampling
unfit. At a pre=-set potential, the current {r automatically terminated
and an operacory withdraws the hardware from the melt, The heat s
turncd off and the svatem cools o room temperature, The ceramic
cruclible 1s broken to recover the sals and metal product, The motal
product ring, shown in Fig 2, s mechanically separated frem the salt,
sampled for mmalysis and tranafecred tor casting and future use,

The purlty of typleal produet s greater than 49.97 plutonium,  The
olrments Tean active than platonfum remain {n the anode white thone more
react e concertrate in the salt. Tmpurltiean In the product ave usually
tungtten, which {u tntroduced trom tne cell hardware, mad ame-~'efum,
Other fmpurlt lea are prenent at concentiat lons of  tess than H00 pm

(pariu per m Hi{on),
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Two ylelds are important iu considering the effectiveness of this
process. The flrst, which we will call the oxidation yield, is defined
as the per cent of the Impure feed which is oxidized and transferred out
of the anode. 1In our present gallium-plutonlum system, this yield 1is
about 90Z: the remaining 107 of the plutonium forms a solid anode heel
containing mcst of the initial impuricles. The second yield, which we
designate as the reduction yield, Is the per cent of the plutonium in
the initial feed recuvered as procuct. In our present system, the
reduction yield is typically 70-757.

The three major reuvidues are the solid ancde heel, the elec rolyte
salt, and the cruclble. The anode heel 15 treated by another pyro-
chemical process, pyroredox, to recover the remaining plutonium in a
form suitabhle for additional e]ecrrorefining.6 The salt is collected,
melted, and contacted with excess calcium to recover residue plufnnium.7
Crucible residues are leached 1in acid and the plutonlum recovered by
aqueous mothods.8 The overall recoverv of plutonium, consldering the
residue steps, 18 satisfactovily high,

Slince tae Inceptlion of the process in 1962, large quantities of
cxtremely pure plutonfum have heen produced by this process. However,
It has o history of somewhat tow ylelds, An described above, the solid
anede heei s a major restdue. We are now lnvestigating methods of
oxldizing ad tronsterring more of the plutoufun trom the anode compart-
ment te eliminate orocessing of the spent heel. We propode using a low
melting solvent metal In whiceh plutonfum Is signiticantlv noluble. This
report will describe our experiments employing cadmfum as the solvent
metal tn the anode pool along with a dlacusaion of our preliminary

reoalte,
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ITI. Approach to Solvent Anode Flectrorefining

The tehavior of impurities in the electroreiining can be predicted
from the free energies of formation of the chlorides. Some of these
energies, at IOOOOK, are listed in Table 1. For elemants with more than
one oxldation state, the -AF° for the most stable form of chloride *s
given. Because plutonium has 2 quite high value for the energy of
formation, mecst impurity elements remain in the anode pool while pluto-
nium is oxidized. For example, for iron the reactlion of interest is

3 Fe(0) (2) + 2 Pu(111) = 3 Fe(II) - 2 Pu(0) (1) n
The calculated free energy for this reaction i: 96 kecal/mol Pu at
lOOOOK, which is equivalent to an equilibrium constant of 10_21.9 The

ratio of Fe(ll) to Pu(lll) 1is very low because

rean)® = i07? (pun? (2)
(Fe(0))> (Pu(0)) "

Ascuming that the activity coefficients are within an order magnitude ot
being equal. and 1if the metal state of Pu(0) is taken as unity,
re(11))® = 107 (rui1n))? (3
(Fe(0))"
and the amount of ferrous lon in the electrolyte ts negligible compared
to Pu(TI1Y,  From similar calculat{ons, we predict that most Impurltics
will remain iv the anode. ‘ihese predictions have bheen verified by our
experimental datn, as shown iy the data [or the behavior of impurity
elements In electroref iz, (Table L1). The elementrs with higher lree
energy values, such as amevicium and cerfum, will be preferentially
oxidized and concentrate {n the snlt phase.
The major reaction at the anode, as long as Pu(0) reaches the metal

electrode, will he

Pu(0), (1) a4 e )

{mpure



TABLE I,

AF VALUES AT 1000°K FOR TMPURITY ELEMENTS IN ELECTROREFINING

Element -AFo.kcall .atom C1l
Ni 18
Cu 21
Ta 22
Fe 27
Cr 32
Ga 32
Mn 41
Al 46
U 54
Th 59
Pu 59
Ce 66
Am 67



TABLE II.

BEHAVIOR OF TMPURITY ELEMFNTS IN ELECTROREFINING

Concentration (ppm) Element
Element Feed Product Concentrated 1in

Ni 750 <19 Anode
Cu 100 2 Anode
Ta 5 000 80 Anode
Fe 25 000 20 Anode
Cr 280 <10 Anode
Ca 10 000 <25 Anode
Mn 70 < 2 Anode
Al 2 700 <5 Anode
U 275 <20 Anode
Th 160 <10 Anode
Pu —— —— —_—
Ce 527 <25 Salt

Am 850 82 Salt

9



The Pu(III) will be carried through the salt phasc to the cathode. The
major reaction there, under our operating conditions, will be

Pu(ITI) + 3e = Pu(0), () )
and the overall reaction is

PU(O).(IL)1mpure = PU(O),(R)pure

(6)
The plutonium collects on the cathode and then drips into the annulus
between the outer and inner walls to form the product ring.

If a solvent anode pool 1s employed, reaction (1) is altered to
become

Pu(O)impureCd(O),(l) = Pa(II7) + €Cd(0),(L) + 3 e . (7
Transport and the cathode reaction will remain unchanged.

The amcunt of plutonium in the metal product ring can be estimated

from the equilibrium constant for the reaction

Am(III) + Pu(0),(1) = Pu(1II) + Am(0), (L) (8)
and
{(Am(0)) = 1 (Pu(0)) (9

(Am(ITT)) K1 (Pu(111))

Under our operating conditions, about 07 (Ff the americium 18 trans-
ferred into the product. Since the (Pu(0)) Is approximately unity, we
should be able to decrease this ratio by increasing the Mu(TTI) concen-
tration In the electrolyte.

“he composition ot the salt phase should not change during electro-
refining 1f the cell potential remnins helow its decomposition poten-
tlal. In our regular process, we add MgCl, to the electrolyte to
oxidlze some of the feed plutonjum prior to electrorziining. 'This
introduces magnestium which can bhe vaporlzed out of the system or zoncen--

trated as an lmpurfty in the anode.  In ouvr dolvent anode exneriments,
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substitution of K3PuC16 has eliminated this contaminant. If we recycie
the electrolyte, we will already have sufficient Pu(III) in the salt
phase to start reducing and collecting plutonium. However, the more
active impurities, such as americium, will concentrate in the salt and
eventually contaminate the product.

We believe that cadmiuua transferred into the product by vapor-
ization and condensation in the experiments using NaCl.KCl at 750°C. We
found that as much as 157 of the cadmium moved into the proauct.
Lowering the operating temperature to 700°C and employing LiCl1.KCl as
the electrolyte eliminated most of this problem.

In most of our routine electrorefining, the plutonium has been
‘alloyed with gallium to reduce the density and insure a critically safe
operation, From the plutonium-gallium phase diagram, the alloy will be
liquid as the electrolysis begins. As it continues, the piutonium
concent>ation decreases, and the concentrations of gallium and the
impurities in the anode increase. Finally, the anode becomes pasty and
solid as the gallium concentration nppfopches 16.8 a/o(atomlc per cent).
Ar the plutonium concentration continues to decrease, the stirring
becomes less and less effective. At about 25 a/o gallium, the anode 18
completely solid. The principle desired reaction has become

Pu(0),(8) = Pu(III) + 3e 110)

and the potential for plutonium oxidation is

F = 0.0291 in (Pu(0), (8)) (11)

anode surface
The d1ffusion of plutonium through the solid anode material to the anode
surfuce hecomes much too slew to meet the conditions of high current

density that prevail at the anode, Thus, the Pu(0) concentration at the

anode approaches zero and competing reactions predominate. Impurity

11



elements will be oxidized, transported to the cathode, reduced and
contuminare the metal product. By monitoring the cell potential and
terminating the run at a static c.1ll pocrential of 0.35 to 0.4 v, we
maintain high purity product. However, almost 10% of the plutonium feed
remains in the solid anode heel.

By using a solvent anode pool, the anode matciial does not solidi-
fy, and plutonium should continue to be oxidized as long as it reaches
the anode surface. Our experiments, which show very high oxidatiomn
ylelds, demonstravre the effcctiveness ~f this approach. The high purity
of the product indicates that even at very low plutonium concentrations,
(less than 1% ol the initial feed value), Impurity elements are not
oxidized into the salt,

IV. The Solvent Anode Fixperlmental Results

Tn 0 solvent anode system, a metal with a relatively low melting
point and with no high melting compounds which form with plutonium is
used to form an anode pool. We evaluated a number of possibie candidate
metals and selected cadmium tor our initlal! experiments. Figure 3 shows
the plutonfum=cadmium phase dingrum.lo As can be geen by the solidus
lines, concertrations of cadmium greater chan 85 a/o(atom per cent) will
ensure aope Hquid throughout electrorefining at temperatures of 750°¢.
The cadmlum=plutonium syrtem scemn quite promiuving, even though the
vapor pressaure of cadmium 18 quite high at the normal operating temperan-
ture of our electrorefining volln.lh Inour infzial tests we modified a
smal l=mceale (D00g) cell and tested (t with bigi purlty plutoniam as the
fultial teed, The resulti{ng product {n compared {n volume with the
anode resvdue in Fipg, A, The ring wan 99,92 purce metal, and the
oxldation yleld wan 98,87, Thia shows that, with high purity metal In
the Infttal teod, oxtdat fon yv'elds can he very high.

12
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We then conducted experiments using cadmium metal and actual anode
reaidues from the conventional electrorefining procesa, The product of
an experiment is shown in Fig. 5. Tn the figure, the product metal, (on
the bottom as a shiney ring), i1s 99.9Z plutonium of 19.4 g/cc dennity,
The salt, containing blue PuClB. liem on top of the product ring. Some
salt has been brokan away to show that thic anode cup wiall has not heen
wetted by the cell reagents or products. Over 987 ol the plutonium was
oxidized and transported from the anode cup. The high oxidation ylelds
and high purity product encouraged us to contlnue with larger scale
operations.

Tn 6 kg-scale clectrorefining celln, we are l1imited to approximnte-
1v 1 kg of plutonlum as feed hecause ol ths volume of cadmium requlred
for a solvent pool that containa no iigh melting components. Spent
anodes from omr electrorefining procesn were flrut contacted with
calelun at #50°C to remove any surflace ox{des and then added to cadmiun
in the anode compartment. The Cd:Pu ratlo was varied from 1.4:1 to
3.0:1, Oxidation ylelds Increarcd with {ncreasing ratfon, Oxtdatim
vields at 740°C varled from B6 to 907 and reduction vieldn averaged ROZ.
Renults of a tyvplea! run are given In Tabhle 111, An shown, the white
nalt was very low in plutonium and, an o resnlt, could he diacarded,

The other resaldues could he treated to recover the remaining platonlum.
The product ring contafncd two phanen,  The upper, lighter phase con-
tained Ihg of cadmium and g u; platonfum. This wan eanily separated
from the high dennttv, pure plutenfws In the lTower phane.  We oxldizad
Y4.97 of the fecd onlutonlum and collected 9L an high purity product,

An alditlonal 18 remalned on the eathode nurface,






TABLE TT1.

SUMMARY OF FARLY ELECTROREFIEING FXPERIMENT
(FR 27R) AT 750°C

Operatiecg Conditions
e —————
725-750"C for 24h with stirriag

6 amps, l:2v
find point putential: 0.4v

Inicial Compositi ;a

Pu S5hag
NaCl.KCl 2350¢
Cd 1500g
HgClz 75g
Residues

cathode 18p Pu
Black salt ?23g Pu
White malt 10g Pu
Crucible shardas 2g Pu
Anode ' ael 6 Pu

Product
¢d (top ring) '5g Cd, 955 g Pu y
Product ring 430g Pu, density 19.5g/cm
Oxidatlon Yield 98.9%

Reduction Vield 79.0Z
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A spent cadmium anode and a product ring from a similar run are
shown in Fip. 6. The lower metallic ring, which was 99.9%Z plutonium,
contained 100 ppm cadmium. The upper ring was removed and recycled in a
subsequent experiment, The electrolyce formed two phases; a lower black
salt which containad almost all the plutonium in the salt, and a light-
colored upper layer. The lighter salt and crucible could be discarded;
the plutorium in the black phase was recovered pyrochemically.

Several steps were taken to improve our procedures and to further
define the experimental parameters, We replaced the reramic stirrer
used on conventional electrorefining with an electricully-isolated
tanta!um stirrer designed for efficlent mixing. We substituted a
L1C1.KC] eutectic with a lower melting point for the NaCl.KCl and
lowered our operating temperature to 700°C, At this temperature, the
cadminm vapor pressure 14 slpnivicantly lower, and the second layer of
product did not form. Finally, we replaced Mquz. which had been adided

as an oxidant, with K PuC]G to provide (nitial Pu{1I1) in the clec-

3
trolyte, This substitution reduces the Mg predent {n the ancde compar:-
ment and the anode heel,

The resultr of ¢hree oxpediments with these modli lecat lons are
summarized tn Tahle 1V, Iv cach run, 400g of KWPuCIh vas added to the
cutect e snlt, The system was malntained at 100"C and the ntirring rate
adjunted to 20000 rpm. The current was uet at B=10 ampa, and the
voltape wan 1.2v. The runs terninated when the back emfl r-ached
0,3-004ve A 1950 cant evlinder of cadmbium wan combined witlh the
plutonfum and placed o the anode compartment.  The 20008 ol ecutectic

nnlt wan added to the eruetble, 1o all three canen, the oxfdation yleld

winr proater than 992 and the metal product wan of natisfactory purity

14






TABLE 1V,
SUMMARY OF MODIFIFD ELECTROREFINING FXPERIMENTS, 700%C

Operation Conditions

Temperature 700°C

Stirring rate 200 - 250 rpm 400g K
Current 8 - 10 ampa, 1.2v

End Poinr Potential O0.4v

3PuCl6 in eutectic salt

En 33 34 35
Initial Cowposition - — —
Pu, feed (g) 6sC 665 642
Cd () 1950 1950 1950b
Eutectic (g) 21002 2100? 2000
Results
T Ozidation Yield 95 99 99
Reductlon Yield 2 72 66
Product dernsity, g/cec 19.2 19.3 19.7
fLic1.xa1

hNnﬂ].KCl

)



(99.92). The reduction yield, however, wus only about 70Z. ¥igure 7
shows the product metal and the spent anode from ER 35. Figure 8 is the
product ring from a different angle. The spent anode contains lcsa than
1.32 (8g) of the initial plutonium. The product is high purity plutoni-
um with an unusually high cadmium concentration (3000 ppm).

V. Diascussion and Coneclusicens

The reduction ylelds of 70-80Z are lower than we would like for
this process. We believe that the reduction yield can be increased by
increasing the initial Pu(I1I) concentration in the clectrolyte. We
also plan to vary some of the operating parameters. The cadmium-
containing anode could be reused until rhe impurlty buildup becomes high
encugh to contaminate the product or decrease the yields. At that
point, most of the cndmium could be recovered by distillation, recast
and recycled. The residue remaining after distillat{on would either be
discarded or, 11 the plutonium content were ahove the dlscard level,
treated by alternate means.

We do not recycle the electrolyte at this time; however, there are
no major obstacler to inatituting such a atep In the procrnn., Reunre
would be limited by bhulldup of nmerfcium and its tranafer into the
product, When necedsary, the plutonfum and americium in the salt ~an be
separated and recovered by pyrochemical reduction. The salt could then
the revsed or discarded,

We are nuccesrfully using cadmium as our solvent element, even
though 1t exhibits a high vapor pressure at the temperatures of Inter-
ent. Other metales with relatively low melting points may prove more
of fective, provided that plutonfum {8 at leant somewhat soluble and that

no high-melzing alloys or compounds are formed in the compositfon range

21
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of interest. The volume of cadmiuvm required is too large four effective
use of our present electrorefining cell with larger quauntities of
plutonium. We plan to redesign the cell. We may attempt to operate at
lower temperatures and collect the plutonium product on a metal cath-

ode.ll’ 12

In such a system, the solid product could be wi:hdrawnr and
separated. Additional electrodes and impure feed could be added to the
cell for cortinuous processing. When impurity bujild-up occurred, the
reagents could be withdrawn and recycled or discarded.

These experiments utili-ing a ~cadmium solvent pool for the anode in
2lectrorefining plutonium have been very succzesful, High oxidation
yilelds, averaging 99Z, demonstrate that the plutocium is indeed being
oxidized to depletion in the anode under the operating conditions. The
p;nduct netal 18 of quality at least equal to that obtained in our
regular process. The spent anode no longer needs to be processed to
recover 0% of the initial feed, and recycle of the reagents apresrs to
be feasthla., Reduction yields ave lower than desirable, but we plan to
change ronditlions to Iimprove them.

More experiments are needed to defipe optimum stlrring rates,
ranges of effective inltlal Pu(ITT) concentrations and an optimum cell
potentlal for current termlnatlon. We hepe to develop reference elec-
trodes sultable for examining electrode reactlons and {dentifylng cell
potentianla. Recycle of the electrolyte and the apent anode should he
demonatriated. We plan to conslder several cell deslgne nnd to test a
semi~cont!nuous cell. Other solvent motals nnd electrolvtes nay be
tented., At lower temperatures, for example, plutonfum could be
collected as a solld on the cathode, removed, and treated separately.
i mercury were the nolvent, celectrorefining could be carrled out In

Pyrex equipment at w00,
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We are continuing this reseerch program. The study is challenging,
and the potential rewards are large. We plan to present more data as
our study progresses.
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