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I. Introduction

Wt define pyrochemical processes ae nonaqueous Frocesses which

conducted at elevnted temperatures. In our :>1.utoniumreproces~fng

operations. wc oxidize scrnp metal to nxide, reduce mxide to impure

metnl. remove excess americium. cn~t to sl*apcB and clectrrlr~fine to

pure product in a spries of pvrorhemical opcrationn at temperatures

between 7(WG and 90[)°C. Our reso:lrchnncidevelopment effortp are

are

a

concentrated on [mpruving thr rfficlenrie~ of these prnceHses, cutting

diation. This pnper will ho rc~trlctetl tn n diacllsslon of electro-

lncreaHr our yields and retiwce tlw reHidur volumes for our prncesa.

IIlt’111. For mrtnl-lmwd Inhl rl~FrtOr S’:f.;lumlio fllL?! (’llllld IIP rPpTW1’L!t4HK~

‘:II I\’Iilxl[:’}1 Ill Ill’ I’1(’t.trl’l-l’l 111111~ 1,:~1’rnr 1(111 I H VII lrh Irnpurl’p1utnniurn
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Two yields are important i:I considering the effectiveness of this

process. The first, whfch we will call the oxidation yield, is defined

as the per cent of tileimpure feed which is oxidized and transferred out

of the anode. In our present gallium-plutonlum system, thi~ yield is

about 90%; the remaining 10% of the plutonium forms a solid anode heel

containing mcst of the initial impurfcies. The second yield, which we

d=jignate as the reduction yield, SR the per cent of the pl.u:onium in

the init~nl feed rermered as product. In our present system, the

reduction yield Is typically 70-757.

I’hethr~c major re~id!.lesare the solid anode heel, the elec’-rolyte

salt, and the crucible. The anode heel is treated by another pyro-

cllem[cnl.process, ]’yroredax, to recover the remaining plutonium in a

form suitnble for nclditional electrorefintng.
6

The salt js collected,

melted, nnd c~ntil(:~e(l with excess calclurn to recuver rf’rldue pl~ltonium.
7

(:ruclbl.ercqiducs ilr(!lEUCI)CCIin acid nnd tileplutnni~lm recov~red by

8
;lqll~’[illsmcthoci~ . ‘1’lle overall recrivcryof plutonium, considering the

rcsl[lilcsteps, IS Silt~HfilCtol”ll~ hl~h.

!;IIll”e tilt’ [nc:rpt[onof tllupr(~ce~s In 1[16?,lnr~[ qUillltit~eFl of

r,<trk~m(lly I)llru I)llltol}illm 11.~ve 1)(’iIII pr(IdIIcrIl I)v this pImf)COS9. Ilowever,

[ 1“ I){I:J il IIIsl-(}rv~11”s[}mtlwll{lt][)wVIL~](IH. A’: drscrll)ed nhovc, the HoIIA

;lli[~~l{’Ilclri l!; il Illil,]lllruu [(1{1(?. Wc nru now lllVC:;t l}:ilt’lllJZ mctllod:; ~)r

IJxIII1;,IIIM1111(Il.r:ln:~l(’rrlllp.mt~r{tor [Ilcplll(olllum I“rom t-lie :Inodo compnrt-

1!1(’1)1 10 (tl[ml:l;ll~, !)ro(-(,~~fl]f: (II ~i]c SpPIIt IICC1. WP prnpose USJTIR a low

m{’It [II}! :4[IIv(*111 miIIJIl III wII[(”II plllti)nlum l:: flip,ll ll”ll.{llltlv Holllblc. ‘I’ll [u

I.I*IM)I.I WI I I IIO::L. IoIIIV l)ur o;<p[’rfmcu t:; {mll)l [)v IIIK r:ldmlllrn ;IH tl)r ::(IIVPIIL

III(’I Ill 111 t Ilt’ :IIIII(Iv p(I(ll NI{lllMwith :1Al!4ruHHlt)llt~l{NII-prol Imlllorv

l“I’1 11111!’ t

()



111. Approach to Solvent Anode Flectrorefining

The l-ehavior of impurities in the electroretining can be predicted

from the free energies of formation of the chlorides. Some of these

energies, at 1000LIK,are listed in Table 1. For elemsnts with more than

one oxidation state, the -AFO for the most stable form of chlorid~ ‘d

given. Because plutonium haa ~ quite high value for the energy of

formation, mcst impurity elements remain in the anode pool while pluto-

nium is oxidized. For example, for ~ron the reaction of interest is

3 Fe(P) (!) + 2 Pu(lI1) = 3 Fe(II) : ? Pu(0) (t) (1)

The calctlli)tedfree energy for this reaction i: 96 kcal/mol Pu at

-21 q
1000°K, which is equivalent to an equilibrium constant of 10 . ‘1’he

rntio of Fe(n) to Pu(lll) is very low hecausc

Fe(11))3 = ;0-21 (Pu(T.11)2 (2).—

(Fe(0))3 (PU(0))2

AccuvIiI~,g fllatthe nrtj.vity coefficients arc within an ordpr magnitt,de of

be?ng equal. Rnclif t;lemet~l s[,lteof Put(J)itstaken os unity,

F~(lI))3 = lo-2’(rtl(ll]))2 (3).—

(Fc(0))l

:IIILI the nmoul~t~>1 ferr~tls Jon in t!leelectrolyte is negligible compnred

1[)PIl(TTl). Ft(]tnsimjlilr c;llculnt[ons, we pre~lfct that mo!;t lmpurJtJ,(*s

(~xp(!I. [melltnl[iilt”{t, /1s~howl:i,,?the dftt~ I-t)rthr I>ehitvlt)t’of impurity

elemcnt~ 111elt~rtrorefl:i;ll,,(Tnble [I). ‘1’lleele.mcntf; with higher I_l”ce

rn(~r~y V{lIU(’H,:iIIch nH omf!rlclurn ;Ind crrlurn, wI1l 1)(1 preferentf:lllv

l’(l( 111) + ‘)0 .PII(()) , (f) ,,”,,,,,.,, “
(/,)



TABLE 1.

AF VALUES AT 1000°K FOR IMPURITY ELEMENTS IN ELECTROREFINING

Element
Ni
Cu
Ta
Fe
Cr
Ga
Mn
Al
u
Th
Pu
Ce
Am

-AFO,kcal/g.atm Cl.
18
21
22
27
32
32
41
46
54
59
59
66
(37



TABLE 11.

Element
NI
Cu
Ta
Fe
Cr
Ca
Mn
Al
u
Th
Pu
Ce
Am

BEHAVIOR OF IMPURITY ELEMENTS IN ELECTRORFFINING

Concentration (ppm) Element
Feed Product Concentrated in

750 <10 Anode
100

5 000
25 000

280
10 000

70
2 700

275
160
---

527
850

2
80
20

<10
<25
<2

<5
<20
<10
---

<25
132

Anadc
Anode
Anode
Anode
Anode
Anode
Anode
Anode
Anode
---

Salt
Salt



The Pu(III) will be carried through the salt phase to the cathode. The

major reaction there, under our operating conditions, will be

Pu(III) + 3e- = Pu(0), (L)
pure (5)

and the overall reaction is

Pu(o),(L)impure = Pu(o),(l)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 is employed, reaction (1) is altered to

become

Pu(o) Cd(O),(L) = Pd(IIT) + Cd(O), (f.)+ 3 e-. (7)
impure

Tranqport 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) = I’u(III) + Am(0),(k) (8)

and

(Am(0)) = ~ (Pu(0)) (9)

(Am(III)) K1 (pu(]]].))

Under our operfit~llg condltlrin!?,about 102 ~~ the americium is trans-

ferred into the product. Sinl.e the (Pu(0)) is approximately unity, we

sliould!)eable to decrease this ~ilt~~ by increasing tile P~I(TTI) c.oncen-

Lr:ltion 111 the electrolyte,

‘The c.ompositlm of tile sillt plInFIe sh(luld not change during electro-

reflntn[; if the c:(II1 potentiul rem,n[nshclow its decomposition poten-

tlnl . I.11 (Iur rc~ul:lr process, wc ad(l MgC17 to file el.ectrnlyte to

0xldizL2 some 01” tlIe feed pllltolll,urn prior to electrnrc((nlnR. ‘1’11t R

trill (’d illi /111 [mp~lrl t~ 111 tllo ;1110111!. 111 (J[~l” Holv?nt aIII)(lIl experlment~,

I()
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substitution of K PuCI has eliminated this contaminant.
36

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 cadmiw~ transferred into the product by vapor-

ization and condensation in the experiments using NaC1.KCl at 750°C. We

found that aa much as 15% of the cadmium moved into the product.

Lowering the operating temperature to 700°C and employing LiC1.KCl as

the electrolyte eliminated moat of this problem.

In most of our routine electrorefining, the plutonium has been

alloyed with gallium to reduce the density and insure a critically Gafe

operation. From the plutonium-galljum phase diagram, the alloy will be

liquid a~ tbs electrolyaia begins. As it continues, the plutonium

concent?:ation decreasea, and the concentrations of fiullium and the

Impurities in the anode increase. Finally, the anode becomes

solid as the gallium conccntratinn nppro~ches 16.R a/o(atomic

p,mt.yand

per cent).

An the plutonj.um concentration continues to decreaee, the stirring

becomes leaa and less effective. At about 25 nfo gallium, the anode

completely solid. The principle desired reaction has become

PU(0) )(S) = Pu(III) + 3e- /1

and the potential. for plutunium oxidation i~

1?- 0.0291 in (Pu(0), (S))anode ~urf~ce

JR

i,())

(11)

The diffusion of plutonium through the ~olid anode mater.lal to the anode

aurfuce heconleHmuch too SIGW to mnet the conditions of high current

denuitv that prevail at the nnode, Thus, the 1%(O) concentration at the

anode approached zaro and competing reactions predorninnte. Trnpurity

11



elements will be oxidized, transported to Lhe cathode, reduced and

cont~~minare the metal product. By monitoring the cell potential and

terminating the run at a szatjc c.11 potential of 0.35 to 0.4 v, we

maintain high purity product. However, almost 10% of the plutonilml feed

remains in the solid anode heel.

By using n solvent nnode pooi, the anode matel.ial does not Rolidi-

fy, and plutonium should continue to be oxidized as long as it reaches

the anode surface. Our experiments, wh!ch show very high oxidatjon

yields, demonstt-ir~ethe effectiveness ‘Jfthis a~proach. The high purity

of the product indicates thut even at very l.rIwplutonium concentrntjma,

(less than 1% of the ~n~.tiill feed value), Impurity elements are not

oxidized into the suit.

Iv. The Solvent Anode Fxperlmental Results

Tn n solvent nnotiesystem, frmetal with n relatively low mel.tlug

prrintand with III)high melttn~ cornpnllndswhich form with plutonium iR

u~;ed to il~rman nnodc poo]. We evnlua!ect n number of po~all)]c cnndidatn

metill~ nl~(i tivl.c’(.tedcadmlllm l“~~rour jllltlille)rperlrnent~. Figure 3 show~

10
t-hu pl(ltntll~lln-ctl(lllll(lm phosc rlln~rnm, AH L“UIIhr Heen hv the H(J1.[dll!i

Ilnctj, ct$ll(’1’l’tr~ltlt]n~01 cndmlum grorrter chnn H? n/o(ntom ];rrcent) will

(!n,surv;i(wlcl{quld throughout I’1t’1’tr[)rcftlllllg(Ittemprrntulcs of’750”C,

‘1’II(? (./l(Swlllm-lIl\lL(}llItlln ~yt”r(!m H(~vmH qIIllLI pr(]mlf;lllfi, even tlloll~lltile

vupllr 1)1.f’sHllrv III” (’iidmlum Iti qulfc hl~lI{Itthu t~[)rm{lloprr:lrin~ t(!mliPrn-

1(1
tur(’ 1)1 our cli”(’~r(lrcflnlllHccllH, !H INIr inl:lnl ~vfrtHwe mod[fjed n

tlxl(l~lr

1’11(’ III
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We then conducted experiments usjng cadmium metal and nctual anode

rc~iduem from the conventional electrorefininu procenm. The product of

an experiment la shown in Fig. 5. In the figure, the product metal, (on

the bottom as u shiney ring), is 99.9% plutonlum of 19.4 g/cc dentlity.

The salt, containing hluu I’uL13B lie~ on top of the product ring, Some

salt hns been brok?n awny to show that tlw nnmle cup w~lllhas not lwcn

wetted by the rell rengentn or product~. Over 9RZ oi the plutonium WRR

oxidized and tranaportcd from the nnm.lecup. The high oxtdntion ylQldR

and high purity product encouraged UH tcirnntlnue with lur~er ncnlc

opernt.iont3.

Tn G kg-Hcalc cl~rtrnrer~njng cellH, wr are limlt~d to approsl.mnte-

1~ 1 k~ of plutonium an feed hecauae 01”tlicvolume of rndmium requlrml

fdr n solvent pool tlmt ccilltnfnllno !ll~ll meltlii~ rompollclltH, Spent

anodeh frma out rlcrlroreflllln~ proccw wrrf~ I“lrbt cnnt.ncted wltll

Cnlc[.u:n rit H5(I”Cto rtimov~- ilny Hur[nco oxldvH ulld then nddcd to cllftmfun,

tII tlie :inode comp:lrtmeiit. TIIC CA: PII r.vt 10 W41H vilrl Id from I ,4: I ttl

‘).0:1, Oxidntlm ylcldH lnrreolHr(I W[tll !ll~r(~il~lll~rnt~m. [)XlduLI~)11

vIoI(lF;nt’7400(:vnrlcd Ir[mlHfit[}90?.N!N1r~ldurt,lol~vlvld~ ;lvcr:i~odH[)Z.

ttCHUltH 01” {1 fVllilYl! r!ln IIIWS ElVeII III TIIIIIP 111. AN HIM}WIIP lb W!}itu

I‘)





TABLI? TI1.

SUMMARY OF EARI,Y E1.ECTROREFINT.NCEXPERIMENT
(FR 27R) A? 750°C

operncic~ Condition
725-750 C faz 24h with atlrri.lu
6 amps, !:2v
%d point pti~entinl: 0.4v

Initial Compositl~.~
Pu 5A4fl
NaC1.KCl 235!)g
Cd 15CJOK
14gc12

Reaiduen
Cat~

7Su

ln~ l%

Black s{]l.t 73R l%
UhitP Pnlt log l%
CruciblP }llmrdH 2R Pll
Anode :ml. hg 1’11

Product
(his~i ng) !5g cd, 55 g I’ll

l’roductrtng 43(3H Pu, density 19.5g/cnl‘J

oxid:ltlon Ylrld ()[lmyz

Reductloll “1.P1(I 7’]*OZ

II



A spent cadmium anode and a product ring from a similar run are

show~ ill Fir. 6. The lower metallic ring, which was 99.9% plutonium,

contained 100 ppm cadmium. The upper ring wa~ removed and recycled in a

subsequent experiment. ‘l’heelectrolyte formed two phases; a lower blfick

snlt which contained almost all the plutonium in the salt, and a light-

colored upper layer. The lighter ~nlt and crucible could be di~carded;

the plutoriurn in the bkck phase was recovered pyrocheml.tally.

Sev~ral steps were tnken to improve our procedures and to further

define the experimental parameters. We replaced the ceramic stirrer

usp.don conventional electrrirefining with an electrically-isolatecl

tantu!urnstirrer des~gned for efficlvnt mjxing. We ~ubstituted H

1.iCl.KCl eutectic wltll il lower mrStlnR pol.rltfor the NaC1.KCl and

lowered our operating temperntura to 10q°C. At this temperature, the

Cudmlllm vapor prns~ure i~ sly.nl;l.cnrltlylower, nnd tilesecond layer of

prodlll.t(lid1]’)tform. Pli}illly, we replnccd hIqC12, WIIICII Iiad been ndiled

~H iltl ~xf(l{l!lt . With K71’u(:l
()

to provldc [Illtlill I’u{ltl) In the clec-

Lrulytl’. ‘1’IIIH :~llbstlttltioll rc(l~lrv~ the MR pr(mscnt in tilt! III1O(IP compnrt-

In(’llt” :111(I till’ illloll(~II(!Q1●

‘1’III!r~-sill [ H (>f rllrolj (Sxpvrlmcilll+ Wlt!l tllI?HO m(jdIilcutli)llHnrc

}Iilmnuir I 7,L!(I ( 11 ‘1’illl I {* I V . III v,Irll run, 400~ of K.,1’u(:I
f)

WilH .tdded to tll(?

I*llt[!(”lI(”fin]t, ‘1’111*Iiyilt(im wnH mil [IItn lIIcd U( /()[) [’[: iInd tllr ~ltlrr~llg rntr

lltl,~ll}i~’1’11 1’() :)()() ,“10 rlnn. ‘1’1”1~1(Llirrfjlil Wll}l !l!~l ill H- 1[){Impil, ;ill[ltllC

VIII IIIV.(’ WJIH I .?VO ‘1’IIu I-UIIII t[*rrllnnfr[l wIIt*Il IIILI lInl*k [~mf r-ncllPd

1), ’I’)-().4V. A 11)’io~ ~IHIII cyl lII~lI~r [~1 t’IIflml{IIII WNH {I[)ml}l 110{1 WI tll t’llo

1}1111ttlIIIIm 111111p I lll’1111 ! II tli{’ nll(~(lk’ (’(~mpnrl 111{1111. ‘)’llt~ :J(NN)~ [)1 (~111’rt’I I (’

II(I I I wii II II[l(lt*~l It) I liIS [Srlll’ III I IS. Ill II I I t II I”PI1 (’/1! 1!’11 , [II(* OXI(IIII 11111 \leI(l

WHFI p.rv;ltor 1111111~1’~? ntt~l IIIP mrffll lIr(\(!IIt’t WJIII ~11 11111!Nfn(sl~}I’y l}IIrltv

I}{





TABLE T.V.

SUMMARY 01 MODTFIF,D ELECTRL)REFININC EXPERIMENTS, 700°C

OpernEion Conditions
Temperature 700WC
Stiirinflrate 200 - 250 rpm
Current 8 - 10 tllnpal,1.2V
End point poLentia~ ().4v

Tnit2al Compae~tjon.—
I%, feed (s)
Ccl (g)
Eutectic (g)

Result~.—
Oxldarion Yield
Reduction Yield
Fvoduct definlty, gfcc

4oog K3RIC16 in eutectjc salt

65(! 665 61i~
1950 1950 1950h
21O(-P 21 olt Yf’)oo

9s 99 99
72 72 66

19.2 19.3 19.7

aLl(:l.KCl

‘NnC1.KCl

‘!()



(99.9%). The reduction yield, however, wt.monly about 70%. Figure i

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 Ices than

1.3% (8E) of the initial plutonium. The product Im high purity plutoni-

um with an unusually high cadmium concentration (3000 ppm).

v. l)iscuaaion and (hmclusion~

The reduction yields of 70-80% are lower tllfrn we would ljke for

this process. We.believe that the reduction yield can be increased by

Increasing the initial Pu(III) concentr~tion in the electrolyte. We

alao plm to vary some of the operotlng parameters. The cndmium-

containing anode could he reused until the impurity buildup becomes high

enou@l to contaminate the product or decr[’ase the yjelds. At that

point, most of the cndmium could be recove”rnd hy distillnticrn, recnRt

Rnd recycled. The r~~ldue remuiniug after dlstillfitfon woul,d elchcr be

d~ficilldd or, jl the plutonium content were nbove the cllficarcllevel ,

trentetihy ultcrnutc mennm.

WC du not recycle the electrolyte nt tlltfltime: however, there ;lrF

IKImffjorol)~tacl.epto lllHtltutjn~ H:Ichn ntcp fn the procf’lln. Reuse

would he Ilmlted by I)ulldllp of nmerfrlurn nnd {tH trnn~fer intO the

pfxdu(:t. When noceti~nryp LIIHplutonium illld itmcrlctum {n tllr Hnlt’ ~!nll bc

Ficpilrnt(’fl ilnd recovcrcd hy pyrochcmlcnl. reduction. ‘1’hcsnlt could tllell

tlic r~’.~~~edor dlw:lrded.

We ilr~! fmcce19Rfully IIRIIIR cndmfurn nfI our nolvt!rtt clcfwnt, ewn

tl)ou~l; It uxhlhlt~ H lIIRh vnpor pruHfiure nt lhv trmpnrntur~~ti or Intcr-

Ctlt . otllur mu[ill~ with rf’lnllvely low mcltln~ pnlIILH mily pruv~’ moro

i?rrfWtlV(~, prOVldlsd thll~ pllllllll[llm IH /11 ll’il Nt Momrwliul. Hol Uhl L” /111[1 Lllnt

INI Illgh-meltlllR /11 l(lyH or r{mpuud:i uru I“l)rmcd III tllc compt~qlll{)ll rnn~c

;! I
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of interest. The volume of cadmium required is too large for effective

use of our present electrorefining cell with larger quantities of

plutonium. We plan to rede8ign rhe cell. We may attempt to operate at

lower temperatures and collect the plutonium product on a metal cath-

ode 11, 12
● In such a system, the solid product could he wi;hdrawn and

separated. Additional electrodes and j.mpure feed could be added to the

cell.for continuous processing, When impurity b[lj.ld-upoccurred, the

reagents could be withdrawn and recycled or discarde.3.

These experiments utiljqing a cadmium solvf!ntpool for the anode in

zlectrorefining pltltoniurnhave been very Rucc?5sful. High oxidatf.ort

yields, nveraging 99%, demonstrate that the pluto,:ium is indeed being

oxidized to depletion in tileanode under the operating conditions. The

l~rocluctnet.11 is of quality nt least equal to thut ol,tained in our

be f’onk:fl)l,s. Reduction yields fire lower than dc~irahlc, but.we plan to

cllnnge ~.ondi.t[ons to improve them.

potcntl{ll for current (ermlnutl[)no We lICplJ to devt]op refrrence clPc-.

(soll(!(!t(!ll(1s II sol [d (Ill ttlr (!nthod [?, rcmov~?(i, IIn(l t ri?(ltcd til!l~ilrnte 1’$.



We are continuing this research program. The study is challenging,

and the potent~al rewards are large. We plan to TJreSent more data as

our study progresses.
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