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A SOLVFENT ANODF FOR PLUTONIUM PHRIFICATION *
by
David ¥, Bowersox, Keith W. Fife and Dana ¢. Christensenr
To be presented at the International Conference on Separations Science
and Technology, April 117, 1986, New York Citv, New York
Abstract

The purpose of this study 1s to Jevelop a technique to allow complete
oxldation of plutonium from the anode during plutonium electrorefining.
Tirls will eliminate the generation of a “apent" anode heel which re-
qulres further treatment for recovery. Our approach s ro employ i
solvent metal In the ancde to previde a lHquld anode pool thronghout
clectrorefining., We nse molten anlts and metala In ceramle crucihles at
700°¢.  Our gonl 1n to produce plutontum metal at 99,97 purity with
oxidation and tranafer nf morve than YHZ of the Impure plutonfum feed
metal from the anale futo the salt aud product pbases, We have met
these cilteria In experimentie on the 100=10GOK scale, We plan to reale
our aperationn to A kg of [ewd plntonlum and ta opt haize the precenn

parameters,

Work done at the Materialsy Sclonce and Tochmolopy Divielon «f the Lo
Altamor Natvrmal Laleratory mmder the anaplees ol the Mhilted Staten

Departmear ol Energy,



I, Introduction

We define pyrochemical processes as nonaqueoue rrocessea which are
conducted at elevated temperatures. 1In our alutonium reprocesring
operations, we oxidize scrap metal to oxide, reduce oxide to impure
metal, remove excess americium, cast to slape, and electrarefine 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 improving the efficlencies of these processes, cutting
costs, reducing residues and decreasing exposure of personnel to ra-
diation. This paper will bhe restricted to a diacnssion of electro-
refining and our efforts to develop a solvent arode to significantly
increase ovr ylelds :md reduce the residue velumes for our proceass.

Since the mid-forties, pyrochemical operations have seen employed
to reduce nranjum and plavonfam tetral Inorldes tw |ﬂetnl.|"’l Baker's
suceess with these early redectionn lee Log Alamon to study related
pvrochemical process for recavering the actinides l'rom spent reactor
tneln, For metal=based last reactor svstemn, fuel conld be reprocessed
withont altering the metal state,  Studles ol electrorelinling were
funlitared 1o savtsly porlty requdrements tor Che Lon Alamos Holten
Plntonhinn Reactor Frperlimeot ..‘ Thin work wiet 'nrther expanded In the
e ly wlxtlon to o eolertvere! Inlng voerat fon (o which Impure plutonium
wetal wae welted Ina ceramle venael il electiolvtienlly oxldlzed (nto
amolten walt, transperted throngh the aalt ad vedoced to high parlty
metnl at o n t'ntnml(-,‘ Witle addit Ional rerearch, we developed an Intepgrar-
od methol tor productuy, metal [rom sorap by o vervles ol pyrochenlenl

operat Loan,



11, Plutonium Flectrorefining at Los Alamos

A schematic diagram of the Los Alamor 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 1s added as an oxidant (to produce Pn (J17) in the electrolyte
prior to passing a current througn the celi). The cell 1s nnsembled 1n
a stainless steel furnace tube, evacuated and back-filled with argon,
The cruciblens are heated to 740°C and the stirrer, anode and cathode
lowered into the position: shown In the flpure. Current (de) ia passad
through the cell, with stirring., unti{l the (Intonium 13 no longer the
primary ion being formed at the nnode. Thin 18 indlcated by an Increase
in the atatlc cell potentianl, whilch 1s measurced by a back emf nampling
unfit, At n pre-set potential, the current Ir :mtomatically terminated
mul an operasor withdraws tbhe hardware lI'rom the melt, Tue heat Is
turncd ol and the svatem cooln to ruom temperatunre,  The ceramic
crucible {s broken to recover the nalt and metal praduct, ‘the motnl!
product ring, shown {n Fig D, {8 mechanlenlly separated [rem the qalt,
sampled lor mnlysis and transfecred tor cant lung ond fMatue ude.

The purlty ol typleal produner ba greater than 99,97 pintonfum, The
elementi lean actlve than platoninm remaln In the amolde white thone more
react e concertrate In the calrye Tmpuritlea In the produnct aee nsually
tunguten, which In {ntrodueed [rom tne cell hardware, mul ame -4 lun,
ther fmpurh lex are prenent at concentiat lonee ol Tenn than Hoo pm

(pariu por m'1llom),
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Two ylelds are important 1. 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, In our present gallium-plutonlum system, this yleld is
about 907: the remaining 10Z of the plutonium forms a solid anode heel
containing mcst of the initial impuricles. The second yield, which we
designate as the reduction yield, s the per cent of the plutonium in
the initial feed recuvered as procduct. 1In our present system, the
reduction yleld is typically 70-757.

The thrce major reuvidues are the solid ancde heel, the elec-rolyte
salt, and the cruclble. ‘The anode heel 15 treated by another pyro-
chemlcal process, pyroredox, to recover the remaining plutonium in a
form suitnble for additional e]ecrrorefining.6 The salt is collected,
melted, and contacted with excess calcium to recover residue plnlnnium.7
Cruclble residues are leached 1in acid and the plutonium recovered by
queons mothode:.8 The overall recovery of plutonium, considering the
residue steps, 18 satisfactovily high,

Sluce tae foceptlon of the proces: In 1962, Targe quimtities of
extremely pnre plutonium have been produced by this process.  llowever,
tr has a hilgtory ol somewhat low ylelids,  Av deseribed above, the solld
mnode heed Ian o majoo realdue,  We are now lavestipating method:s of
ox hivz o mul tromsterving move of the plnconfum from the anode compart-
meat te ellmliaate vrocessing of the speat heel.  We propose using a low
melt Iy solvent metal n whieh piatontum s wipnlllcantlv nolicble,.  This
report will desertbe our experiments employlag cadmlum as the solvent
metal I the anode pool along with a dlidensslon ol yr prellminary

[}]



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
energles, at lOOOOK, are listed in Table 1. For elemants with more than
one oxidation state, the -AF° for the most stable form of chloride ‘s
given. Because plutonium has 2 quite high value for the energy of
formation, mcst impurity elements remain in the anode pool while pluto-
nium is oxidized. For example, for iron the reactlon of interest is

3 Fe(0) (#) + 2 Pu(111) = 3 Fe(II) - 2 Pu(0) (R) n
The calculated free energy for this reaction i: 96 kcal/mol Pu at
lOOOOK. which 1s equivalent to an equilibrlum constant of 10—21.9 The

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

rean)? = 07?1 (run? (2)
(Fe(0))? (Pu(0))”

Ancunming riat the activity coefficients are within an order magnitude ot
being equal. and if tne metal sn(.ate of Pu(0) 15 taken as unity,

re1n)® = 107 rui1? (3

(Fe ()"
and the amount ¢f ferrous fon in the electrolyte ts negligible compared
to Ma(TI1Y. From similar caleulatlons, we predlict that most Impurltics
will remain tv the anode. ‘ihese predictlons have been verified by oar
experimental data, as showe . the data for the behavior of {impurity
elements In electroref iz, (Table (1), "The elements with higher free
encergy values, sneb as amevicelum and cerinm, will be preferentinlly
oxidlzed and concentrate (n the anlt phase.

The maJor react Lan at the anode, as long as fa(0) reaches the metal

electrode, will be

, faCtily + Je . ")
hnonee

M(0), (%)



TABLE I,

AF VALUES AT 1000°K FOR TMPURITY ELEMENTS IN ELECTROREFINING

Element -AFo.kcall ,atom C1
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 TI.

BEHAVIOR OF TMPURITY ELEMFNTS IN FLECTROREFINING

Concentration (ppm) Element
Element Feed Product Concentrated in

Ni 750 <10 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



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) + Je = Pu0), (D) )
and the overall reaction is

PU(O).(£)impure = PU(O).(R-)pure (6)
The plutonium collects on tne cathode and then drips into the annulus
between the outer and inner walls to form the product ring.

If a solvent anode pool i1s employed, reaction (1) is altered to

become

reCd(O),(l) = Pa(II7) + Cd(0),(f) + 3 e . (N

Pu(O)impu

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),(l) = Pu(1II) + Am(0),(R) (8)
and

(Am(0)) = 1 (Pu(0)) (9)

(Am(ITT)) Kl (Pu(111))

Under our operating conditlons, about 107 (¥ the americium 1is trans-
ferred into the product. Since the (Pu(Q)) Is approximately unity, we
should he able to decreace this ratio by increasing the I'i(TTI) concen-
tration In the electrolyte,

"'he composition ot the salt phase should not chaunge during electro-
refining 1if tbhe cell potentinl remnins helow its decomposition poten-
tial. In vur regular process, we add MgCl, to the electrolyte to
oxi1dize some of the feed plutunium prior to electrovefiining. Thia
fntroduces magnesium which cim be vaporlzed out of the system or zoncen--

trated as an tmpurlty in the anode.  In ovr dolvent anode exnerliments,

]



substitution of K3PuC16 has eliminated this contaminant. If we recyclie
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 cadmiua 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 LiCl.KC1l 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 plutonium
concentvatior cdecreases, and the concentrations of gallium and the
impurities in the anode increase. Finally, the anode beccmes p2aty 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 is
completely solid. The principle desired reaction has become

Pu(0),(s) = Pu(III) + 3e £10)

and the potential for plutonium oxidation is

F = 0.0291{ in (Pu(0), (8)) (1

anode surface
The di1ffusion of plutonium through the solid anode materlal to the anode
surfuce becomes much too slecw to meet the conditions of high current

deusity that prevail at the anode. Thus, the IMu(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.1l pocrential of 0.35 to 0.4 v, we
maintain high purity product. However, almost 10X of the plutoniuvi feed
remains in the solid arode heel.

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

IV. The Solvent Anonde Fxperlmental Results

In 1 solvent anoce system, a metal with a relatively low meltiug
point and with ne high melting componnds which form with plutonium is
uted to torm an anode pool., We evaluated a number of possibie candidata
metals and #nlected cadminm for onr inltlal experiments. Figure 3 shows
the plantoninm-cadmium phage dingrnm.lo As can be geen by the solidusi
Lines, concertrations ol cadmium greater chan 85 a/o(atom per cent) will
ensure aore Hguid throughout electrorefining at temperatures of 750°%,
The cadmlum=plntonlum syrtem scems quite promlulng, even thongh the
vapor presuapre ol cadmium 18 quite high at the normal operating tempern-—
ture ol onr electrarefinling volln.lh Imonr indzinl teats we modified n
emal l-acale (500g) cell and tested 1t with Flga puritv plntontam ad the
nltlal Veed, The resulting product o compared In valume with the
mode rogdue In Fig, 4, The ving wan 99,92 pure melal, nand the
sxldatfon yleld wanw 98,87, Thin nhows that, with high purlry metal In
the Inlvial teod, oxtdatton y'elida can bhe very hilph.
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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. In the figure, the product metal, (on
the bottom as a shiney ring), is 99.9%Z plutonium of 19.4 g/cc dennity.
The salt, containing blue Pu613, liem on top of the product ring. Some
salr has been broken away to show that the anode cup wiall has not heen
wetted by the cell reagenta or products, Over 987 of the plutonium was
oxidized and transported from the anode cup. The high oxidation yicelds
and high purity product encournged us to continue with larger acale
operations.

Tn 6 kg-scale clectrorefining celln, we are limited to approximnte-
1v | kg of plutonlum as feed hecause of tha volume of cndmium requlred
for n srolvent poo! that containn no high melting componentd. Spent
anodes from om electroreflnlng procesn were lrut contacted with
calelun at 850°C to remove ay surfnce oxides ad then added to cadmiun
In the anode compartment., The Cd:ln ratlo wan varfed 'rom [.4:1 to
J.0:1. Oxidatlon ylelds {ncreaned with Increasing ration, Oxldatlm
vieldr at 740°¢ varted trom B6 to 907 and reduction vieldsn averaged HOZ,
Renults ol a typlea! rimm are glven n Table 111, Ax shown, the white
audt wan very low In pluntanlam and, an a rvesnlt, conld he dlacarvded,

The otner renldued conlit be treated to recover the remainling platonlum,
The produet ving contalucd two phanen.  The upper, ltighter phase con-
talned I ol cadmlium and 'ty oé plutoninm, Thls wan eanlly neparated
from the high demeliv, pure plutenlua fa the lower phawe,  We oxldized
YH.9Z of the Fewd pintonlom and collected 792 me high purlty produet.,

An a bl fomal 18 remalned on the eathode anrlace,






TABLE TT1,

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

Operaticg Conditions
e ———
725=750"C for 24h with stirriag

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

Initial Compositi sa

Pu S5h4g
NaCl,KCl 2350¢g
cd 1500g
HgClz 75g
Residues

Cathode 18p Tu
Black salt ?23g Pu
White malt 10g Pu
Crucible nlinrds 2g Pu
Anode ' el 6 I'n

Product
¢d (top ring) '5¢ Cd, 55 g PMu 4
I'roduct ring 430g Pu, density 19.5g/cm
Uxidatlon Yield u8.92

Reduction Yleld 79.0Z

1]



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 z2lectrolyce formed two phases; a lower black
snlt which containad almost all the plutonium in the salt, and a light-
colored uprper layer. The lighter salt and crucible could be discarded;
the plutorium in the black phase was recovered pyrochemically.

Severn]l steps were taken to improve our procedures and to further
define the experimental pnrameters, We replaced the reramic stirrer
used on conventional electrorefining with an electricully-isolated
tantalum stirrer designed for efficlent mixing. We substituted a
L1C1.KC] eutectic with 1 lower melting point for the NaCl.KC1l and
lowered our operating temperature to 100°C, At this temperature, the
cadmiaum vapor pressure 14 slpnidicantly lower, and the second layer of
product «Hd unt form. Flunlly, we replaced Mquz. which had been added

ay m oxfdant, with K Pnclﬁ to provide Inltial Pu{1T11) in the eclec-

3
trolyte., This snbstlitution reduces the Mg predent In the anecde comparz-
went and the anmde heel,

The reunltr of rhree experlmenti wlith these noedii Lleat lons are
summarlzed In Table 1V, v cach run, 400g ol KWP"CIh wvnr added to the
vatect e ealt,  The syntem wns malntalned at 100" mud the ntirring rate
adjnated to 20079 rpgn. The enrrent was net at B=10 ampa, and the
voltape was [.2v, The rmnn ternlbated when the back emf r-ached
0. =-00hve A 1950 ennl evitader ol endmlum was eomblned wit! the
plhatonihm and placed In the amode compnrtment,  The 2000 al entecrle

unlt wan adidedd to the ermedbioe,  In all threee cnren, the oxldatlon yleld

wir greater than 997 and the metal product wae ol uat{ulnctorvy parley

18






TABLF. IV,
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 Point Potential O0.4v

3PuCl6 in eutectic salt

E" 3 34 35
Initial Composition
Pu, feed (g) 650 665 642
cd (g) 1950 1950 1950b
Eutectic (g) 21002 2100% 2000
Reaults
T Oxidation Yield 9% 99 99
Reduction Yield 2 72 66
Product dernsity, g/cc 19,2 19.3 19.7
fLic1.xa

anﬂ].KCl

"0



(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 less than
1.32 (8g) of the initial plutonium, The product is high purity plutoni-
um with an unusually high cadmium concentration (3000 ppm).

V. Discussion and Coneclusicns

The reduction yields of 70-807 are lower than we would like for
this process, We believe that the reduction yleld can be increased by
increasing the initial Pu(JII) concentration in the clectrolyte. We
also plan to vary some of the operating parameters, The cadmium-
containing anode could he reused until the impurity buildup becomes high
enough to contaminate the product or decrease the yields., At that
point, most of the cadmium could be recoveved by distillation, recast
and recycled, The reaidue remnining after distillation would either be
discarded or, 11 the plutonium content were ahove the discard level,
treated by alternnte means,

We do not recycle the electrolyte at thin time; however, there are
no manjor ohstacles to {inatituting such a atep in the procrnn. Reuse
would be !imited by bulldup of americium and its transfer into the
product. When necedsnry, the plutontim and americlum in the walt ~an bhe
separated and recovered by pyrochemlcal reduction. The salt could then
the revsed or dimcarded.

We are mcceasfully uslug cadmium ar our swolvent element, even
though [t exhihits n high vapor pressure at the temperatures ol inter-
ent., Other metales with relatlvely tow melvlng poluts mny prove more
ef fect lve, provided that platonfum 18 at least somewhnt soluble mud that

no high-melzing alloys or compounda are formed In the compositlion range

21
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of interest. The volume of cadmium required is too large for effective
use of our present electrorefining cell with larger quautities of
plutonium, We plan to redesign the cell, We mar attempt to operate st
lower temperatures and collect the plutonium product on a metal cath-

ode.ll' 12

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

These experiments utili-ing a 2admium solvent pool for the anode in
2lectrorefining plutonium have been very succz2gsful. High oxidation
ylelds, averaging 99%, demenstrate that the plutosium 18 indeed being
oxidized to depletion in the anode under the operating conditions. The
p;ndnct netal 1s of quality at least equal to that olbtained in our
regular process. 'The spant anode no longer needs to be processed to
recover 10% of the initinl feed, and recycle nf the reagents appresrn to
be feaelbla. Reduction ylelds are lower than desirable, but we plan to
change ~onditions to Improve them,

More experiments are needed to define optimum stirring rates,
ranges of effective inltial Pu(ITI) concentrations and an optimum cell
potentinl fur current terminatlon. We hepe to develop refrrence elerc:-
trodes snftable for exnmaining electrode renctlons and {dentifylug cell
potentlnla.  Reeyele of the electrolyte and the spent anode should he
demonstrated, We plan to conglder several cell deslgne and to testr =«
seml=contimms cell,  Other solvent matals nul electvolvtes nay be
tented, At lower temperatures, for cxample, plutoniam could be
collected ng n solfd on the cathode, remaved, mnd treoated separately,
i merenry were the aolvent, electrovel Ining could be cavvied ont [n

Pyrex equlpment at 100",

24



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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