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PRESENTSTATUSOF PLUTONIUMMETAL
PRODUCTIONAND PURIFICATIONAT LOS ALAMOS--1982

by

D. C. Christensenand L. J. Mullins

ABSTRACT

The productionof plutoniummetalby both fluorideand
oxidereductionis well establishedat Los Alamos. The sub-
sequentpurificationof thismetalby electrorefiningis now
beingperformedon a productionbasison a 6-kgbatchscale.
The objectiveis the productionof high-purityplutonium
metal.

Recentprocessdevelopmenteffortshavebeen devotedto
more expeditiousand lesscostlypyrochemicalreprocessingof
residuescreatedby the metalpreparationand purification
process. The objectivehere is to establishan internalre-
cyclethatyieldseitherreusableor discardableresidues
and recoversall plutoniumfor feedto the electrorefining
purificationsystem. This internalrecycleis to be per-
formedin a more timelyand less costlyoperationthan it
is in the presentreprocessmode.

I. INTRODUCTION

The pyrochemicalprocessingof plutoniumsalts,oxides,and metalsis well

establishedat Los Alamos. The Laboratoryhas had a very activeprogramfor the

productionof high-purityplutoniummetal for both Laboratoryand nationalneeds

for manyyears.

Plutoniumpyrochemistryat Los Alamosdatesback to 1956. Duringthe period

1956-1962,the PlutoniumChemistryand Metallurgygroupwas involvedin a program

on the pyrochemicalprocessingof PlutoniumFast BreederReactorFuels for the

Los AlamosMoltenPlutoniumReactorExperiment(LAMPRE). Processessuchas oxi-

dative slagging,halide slagging,pyroredox, liquation, and electrorefining

(ER)were spawnedin this period. These processeswere turnedtowardnational

defenseprogramsin 1964. In 1976,directoxide reduction(DOR)was developed

in supportof the Zsspu artificialheartprogram. In 1978 the DOR processwas
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adopted for use in 239Puprograms. This operationgave us two principalpro-

cessesformakingplutoniummetal:

1. the conventionalPuF4 reductionprocessand

2. directoxidereduction(DOR)process.

In addition,thereare two principalmetalpurificationprocesses:

1. electrorefining(ER)and

2. halideslaggingor moltensaltextraction(MSE).

Beginningin 1978,the abovefourprocesseswereput intoa productionmode

in the new TA-55buildingat Los Alamos. The sourceof plutoniumforLos Alamos

needswas plutoniumdioxidefrom aqueous-recoveryprocessesand metal fromfab-

ricationscrap. In 1980Los Alamosembarkedon a programto increasethe output

of pure metal.1 Pyrochemicalprocesseswere selectedas the candidateopera-

tions to achievethe increasedthroughputrapidlyand cost effectively.This

typeof processingoffersthepotentialof largecostreductionover traditional

aqueous-chemicalprocessesfor a numberof reasons.

● The processesconserveexpensivefloorspacebecauseof theirhighlycom-

pactprocesshardware. Both the plutoniumand the reagentsare processed

in theirhighestdensityform (liquid).

● Very few stepsare neededin order to achievehighlypurifiedproducts.

(SeeFig. 1).

● Primary-wastegenerationis smallbecauseof the high-densitynatureof

the fused-saltoperations.Nearlyall primary-wasteresiduesshowexcel-

lentpotentialfor reagentrecycle. (Atpresent,themainprocessingse-

quencefor plutoniumprocessingdoes not includesignificantreagentand

residuerecycle.)

● Secondary-wastevolumefromthe processingof wastematerialsis minimal.

● The turnaroundtime forplutoniumin residuesis very rapid.

The increasedthroughputresultedin a commensurateincreasein primary-

residuegeneration. The increasedproductionof plutoniummetal was achieved

very easilyin existingfloor spacebecauseof the compactnatureof equipment,

but the increasedneedsfor aqueousresiduehandlingcouldnot be met with exist-

ing floor space and processingcapacity. As a result,the residueswere stored

for futureprocessing. In order to supportthe processscale-up,R&D efforts

have been put into place with the goal of developingcost-effectiveand high-

throughputpyrochemicalprocessesfor handlingprocessmaterialsand residues.

,

2
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Fig. 1. Pyrochemicalvs aqueousflowsheetformetalpurification.

In addition,problemsin the areas of process

evaluated. R&D effortsare also being turned

Most recenteffortsare primarilyconcernedwith

in the residuesand the recycleof thesewaste

processsequence.

and equipmentdesignhave been

to tackle theseproblemareas.

the recoveryof plutoniumvalues

streamsback intothe main

This documentwill summarizeour presentmainproductionsequenceand dis-

cusshow it was arrivedat. It will thendiscussthe statusof our presentrecy-

cle of plutoniumvalues in residues. Third,it will discussour proposedrecy-

cle of all plutoniumin residues.

integratedprocesssequencewhere

throughthe productionsequence.

Finally,it will discussour goalof a fullY

our plutoniumand salt residuesare recycled
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II. MAIN PROCESS SEQUENCEFOR CONVERSIONOF PLUTONIATO HIGH-PURITYMETAL

A. ProcessSchematic

A schematicof the main process sequencefor the conversionof plutonia

scrapto high-puritymetalis shownin Fig. 2. Plutoniascrapis fed to both the

DOR processand the plutoniumtetrafluorideproduction/reductionprocess.

Puo~ * Amerlclum Ingot
Extroctlon Ca8tlnq

Product
Metal

Fig. 2. Main productionsequence.

B. DirectOxideReduction(DOR)

In DOR, plutoniais reactedwith calciummetalto formplutoniummetaland

calciumoxide. (A thoroughreviewof the DOR processis foundin Refs. 1 and 2.)

The reactiontakesplacein a CaC12solventthatdissolvesthe calciumoxideand

allowsthe plutoniummetalto coalescein the bottomof the crucible. The reac-

tion is as follows:

PU02(S)+ 2 CaO(s)+ 11 CaC12(Q)+ 2 CaOellCaC12(fl)+ Pu (2) . (1)

The DOR equipmentis shownin Fig. 3. The reductionis performedin a mag-

nesiacrucible. The reactantsare loadedintothe crucibleand heatedby a clam-

shell resistancefurnaceto 800”C. Once the CaC12 is molten,a Ta-10Wstirrer

and a Ta-Nithermocouplesheathare loweredintothemelt. Stirringis commenced.

The reactionis monitoredwith a thermocouple.Once the reactionis complete

4
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(approximately2 minutes),the stirrerand thermocouplewell are retractedand

the melt is allowedto cool. Fig. 4 shows a typicalDOR productand salt/

crucibleresidue. A typicalproductbuttonweighs600 g and the processyieldis

>99%. Essentiallyno purificationtakes place in the reductionstep,meaning

thatthe productbuttonis no purerthanthe feedoxide.

c. PlutoniumTetrafluorideProductionand Reduction

In PuF4 production/reduction,plutoniais fed firstto an HF reactionfur-

nacewherethe PU02 is convertedto PuF4. The PuF4 is reactedwith calciummetal

in the presenceof iodineto formplutoniummetal,CaF2,and Ca12. (A reviewof

the PuF4

process,

Pu.F4and

and PuF4

melt the

production/reductionprocessis foundinRefs. 1 and 3-5.) Duringthe

calciumand iodinereactfirstto initiatethe plutoniumreaction. The

calciumthen reactto form plutoniummetal and CaF2. Both the iodine

reactionswith calciumare very exothermicand provideenoughheat to

waste slag and allow the plutoniummetal

the crucible. The reactionsare as follows:

Ca +12 + Ca12 -AH = 128 kcal/mole

PuF4 + 2Ca + 2CaF2+ Pu -~ = 157kcal/mole

Figure5 showsa typicalPU.F4productbutton

crucibleresidue. A typicalproductbuttonweighs

is 96-98%. Essentiallyno purificationtakesplace

to coalescein thebottomof

.

.

with

1250

(2)

(3)

the slagby-productand

g and the processyield

in the reductionstep,which

meansthattheproductbuttonis no purerthan the feedfluoride.

D. Molten-SaltExtraction

The metal from DOR and PuF4 reductionis impureand proceedsto the next

Stepin theprocessSequence,americiumextraction(morecommonlyreferredto as

MSE). This processis specificallydesignedto reducethe americiumcontentof

the plutoniummetal. (Americium-241spontaneouslygrowsintoplutoniumas a re-

sultof plutonium-241decay.) When the impure metalcontainsmore than 1000ppm

of americium, it is run throughtheMSE process. Otherwise,it by-passesthe MSE

stepand proceedsdirectlyto ER.

The MSE processwas firstreportedin Ref. 6 as the halide-or chloride-

slaggingprocess. It was lateroptimizedand developedinto

processby workers at Rocky Flats Plant.7 In our process,

6
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placedin a magnesiacrucible. The extractionprocessis performedin the iden-

ticalequipmentshownin Fig. 3. The extractionprocedureis essentiallyidenti-

cal to the DOR procedureexceptthatthe stirringcyclelasts30 minutesinstead

of only a few ❑inutes. A low-meltingeuteticsalt,made Up of KC1 and NaCl,is

usedas a bulkmatrixfor the americiumreaction. The oxidizingagenttypically

used is MgC12 althoughPuF4 has been extensivelyusedat Los Alamos. The reac-

tionsare as follows:

pu” + Am” + 3MgC12 + puC13+AMC13 + MgO . (4)

or

PUO+3PUF4+4PU
+3

+12F- . (5)

+3
Pu +AllP +Am

+3
+pll” . (6)

The extentof the firstreactionis about67%,whichmeansthat someof the

MgC12remainsin the bulk salt. In a typical4.5-kgrun containing3000ppm am-

ericium,90% of the americiumis oxidizedat the expenseof approximately200 g

plutonium. Therefore,a typicalproductweighs4400 g and contains 98% of the

feedplutonium. The processis very effectivefor reducingthe americiumcontent

withoutsacrificinglargeamountsof plutoniumto saltresidues.

E. IngotCasting

Afterthe reductionof the americiumcontentin the impuremetal,the metal

mustbe put intoa shapethat is compatiblewith the ER cell. This requiresal-

loyingand castingthemetal intoa cylindricalingotshape. Casting therefore,

is the next step in the ❑ain processsequence.

The shape of the ingot is a 7.3-cm-diam cylinder,which is Up to 10 cm

long. The quantityof metalneededforER is 6 kg. Because of nuclearcrit~cal-

ity concerns,6 kg of a-phase(ornear fulldensity)metalcouldnot be allowed

in the cylindricalconfiguration.(For an explantionof criticalityconcerns

with respectto the 6-kg ER process,see Ref. 1). As a resultof the critical-

ity constraints,the metal is alloyedwith galliumduringthe castingphase in

orderto changethe bulk densityfrom>19 g/cm3 down to <16.5g/cm3. The ingot-

castingstepinvolvesheatingthe metalbuttonsundera vacuumto abovethe metal

meltingpoint.The metal is mixed with the galliumand thenbottom-pouredfrom

the furnacetube into the mold. A castingresidue,or skull,alwaysoccurs.

This skull containsany light-elementimpurities,oxide films,or high-melting

contaminantsthatexistin the impure-metalbuttons. The castingyieldis typi-

cally95%. A typicalingotcan be seenin Fig. 6.
9



IN.
2 3

.

4’
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F. PlutoniumER

PlutoniumER principlesare summarizedin Refs. 2 and 8-9. Briefly,the

processconsistsof oxidizingplutoniumfrom an impure-metalfeed at the anode

and reducingit to pure metalat the cathode.

Anode: Pu (impure,2) + Pu
+3

+ 3e-
. (7)

Cathode: Pu
+3

+ 3e- + Pu (pure,2) . (8)

Net Reaction: Pu (impure,Q) + Pu (pure,1) . (9)

The processis done at 740”Cin a moltensaltconsistingof NaC1-KCl-MgC12,

under near-equilibriumconditions.Virtuallyall of the impuritiesconcentrate

in the anode. Of the impuritiesusuallypresentin plutonium,only americium

concentratesin the salt.

The ER equipmentis shownin Fig. 7. The processis performedin a double-

cupped-vitrifiedpmagnesiacrucible. The inner cup containsthe impuremetal

feed ingot. The crucibleis placedinsidea tantalumsafetycan and placedin-

side the furnacetube. The assemblyis heated by a resistancefurnace. The

schematicin Fig. 8 shows the cell in operation. Both the impuremetaland the

molten-saltelectrolyteare stirredby a vitrifiedmagnesiastirrer. A tungsten

rod is suspendedin the impure-metalpool to serveas the anoderod. The anode

rod is electricallyinsulatedfromthe saltby a magnesiasleeve. A cylindrical-

shapedsheet of tungstenis suspendedin the annularspacebetweenthe two cups

and servesas the cathode. It is thisannularspacethat is the productcollec-

tionzone in the crucible.

The molten salt referredto in Fig. 8 is equalmolarNaCl*KC1. A small

amountof MgC12 is added to this saltas an oxidizingagent. The MgC12 reacts

with the impuremetal both to chargethe saltwith PU+3 and to removesomead-

ditionalamericiumfrom the metal. (SeeEquations4-6.) The actualER process

is accomplishedby stirringat 800 rpm and passinga dc currentbetweenanode

and cathode. Plutoniumoxidizesat the anodeand reducesback to metalat the

cathode. The metal drips off the cathodeand intothe amular space. Fig. 9

shows a typicalproductringafterbreakout. The productyieldfroma Pu-1wt%

Ga alloy is 83%. Approximately10% of the residualplutoniumremainsin the

anode as a very impureheel. The remainingplutonium(%7%)endsup in the slag

as eitheruncoalescedmetalshotor as Pu+3 chloridesalt.

11
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III.PRESENT,PLUTONIUMRESIDUERECYCLE

A. ProcessSchematic

A schematicshowingour main productionsequenceand our presentplutonium

residuerecyclestreamsis seen in Fig. 10. There are four principalrecycle

streamsin activeuse:

1. castingskullrecycle(burnedskull),

2. slag recovery,

3. molten-saltextraction--saltstripping,

4. elec$rorefiningsaltstripping.

Each of thesefour streamswill be discussedin more depth.

6Salt
Strlpplng GSalt

Stripping

Product
Metal

Fig. 10. Main productionsequencepluspresentplutoniumresiduerecycle.

B. CastingSkullRecycle(BurnedSkull)

In the ingot-castingstep, a castingresidueoccurs,which is calledthe

skull. The castingyield is typically295%meaningthatup to 5% of the pluto-

nium remainsin the skull.

Usuallythe metal buttonsfed to the castingoperationsretainsomeof the

calciumused in the reductionoperation. This calciumexistseitheras a film



on the buttonor as a numberof smallinclusionsinsidethebutton. Duringthe

castingstep, this materialvaporizesoff and is trappedin a coldzoneof the

furnace. This residueusuallycontainsno plutoniumand canbe discarded.

In additionto the calciumfilm,thebuttonsusuallyhavea filmof PU02 as

a resultof exposureto glovebox air. Upon casting,thisPU02 floatsand re-

mains in the skullalongwith trappedplutoniummetal. It is this portionof

the skullthat is recycledback intothe productionsequence.

The skullmetaland oxideare firstcompletelyburnedto PU02. This is ac-

complishedsimplyby heatingthe skullin air to 400-500°C.The plutoniummetal

spontaneouslyburnsand is collectedas a greenPU02powder. A numberof batches

of burnedskullare combinedinto a singlebatch and recycledback to feedfor

DOR. Thisprocessis normally100%efficientwith onlya smallplutoniumresidue

showingup in itemssuchas clean-uprags.

c. SlagRecovery

An in-depthdiscussionon the slag-recoveryprocessis foundinRef. 10. A

briefreviewfollows.

Periodically,duringthe PuF4 reductionprocess9 productionmisfiresoccur.

The misfiresare causedby a numberof things. The essenceof the misfireis

thatnot enoughheat is generatedduringthe reductionto melt the CaF2by-prod-

uct. As a result,the plutoniummetalremainstrappedin the CaF2 slagand does

not flow to thebottomof the crucibleand coalesceas a metalbutton.

In an effortto rapidlyrecoverthe plutoniumfromtheseresidues,a process

was developedwherebythe CaF2slag is dissolvedin CaC12at 685°C. The pluto-

nium,whichexistseitheras a finelydividedmetalfog or as an incompletelyre-

ducedfluoridesalt,is reducedto metaland/orallowedto coalesceas a button

in the bottomof the crucible. The processhas been demonstratedon slagscon-

tainingbetween250 and 1000g of plutonium,but it is not restrictedto these

high-plutonium-bearingresidues. The recoveryof plutoniumin a l-daycyclehas

averaged96%. All of the resultingresidueshave fallenbelowour allowabledis-

cardlimitsand have been sentto 20-yrretrievablestorage.

This processis presentlybeing used for treatingthe misfiredslagsonly.

In the fluoride-reductionprocess,approximately85% of all slagsare discardable

to 20-yrretrievablestorage. The remaining15% (representingapproximatelysix

slagsper month)containapproximately100 g of plutonium,each. Becauseof the

smallquantityof plutoniumand the shortageof processingspace,theseslagsare

.
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not routinelyrecoveredpyrochemically.If the slags contain>250 g of pluto-

nium, they are recoveredpyrochemically.Futureplanningwillprovidefor rou-

tinerecoveryof all wasteslags.

Do Molten-SaltExtraction--SaltStripping

The salt residuefrom the americiumextractionprocess is made up of an

equimolarKCl=NaClsalt mix, MgC12,PuC13,and AmC13. A typicalresiduewill

weigh approximately2.0 kg and contain200 g plutoniumand 10-20g americium.

The remainingweight is essentiallyall KCl=NaClwith approximately50 g of

MgC12.

The equipmentproposedfor use in the salt-recoverystep is identicalto

that used in the DOR process(Fig.3). The proposedprocessis to be performed

insidean MgO crucibleat 800°C. A Ta-10Wstirrerwillbe used to mix the reac-

tants. The salt-recoveryoperationwill consistof meltingthe saltand contact-

ing it with calciummetal. The calciummetalreducesthe PuC13and AmC13to the

metalform. The magnesiummetalvaporizesbecauseof its highvaporpressureat

the 800°C operatingtemperature. The plutoniumand americiumshouldcoalesce

as a buttonin the bottomof the crucible.

Only a few preliminarytestshavebeen run previously.No definitivere-

sultscan be concludedat thistime. We have successfullyremovedthe plutonium

fromthe saltresidue. The exactdispositionof the americiumis not clear.

Thermodynamically,all of the americiumshouldbe reducedto metaland recovered

with

with

gate

lish

I

I
the plutonium. Our firstindicationsare that someamericiumis removed I
the plutonium,but thatsome staysbehindin the saltand calciumresidue.

.

The strippingapproachseemsto be practical. Futurework will investi-

the dispositionof the americium. In addition,workwill be done to estab-

properoperatingconditionsand optimizeprocessyields.

E. ElectrorefiningSalt Stripping

Approximately8% (500g) of the plutoniumin an ER run is lostto the salt

phase. Beforelastyear,thiswastestreamwas recoveredby aqueousprocessing.2

The saltsare now recoveredpyrochemicalby salt stripping.This operationcon-

sistssimplyof contactingthe molten-saltresiduewith calciummetal. The cal-

cium-metaladditioncausesthe reductionof PuC13to metaland the coalescenceof

metallicplutoniumshot. The processresultsin the formationof a metallicplu-

toniumbutton,a largewhite-saltphase,and a smallblack-saltphase. The plu-

toniummetalis recycledto MSE and ER. The white-saltphasetogetherwith the

17



cruciblecontainslessthanrecoverableamountsof plutonium and is discarded.

The black-saltphaseis combinedwith otherblack-saltphasesand sentto DOR.

Completedetailsof the processare givenin Ref. 5.

Iv. PROPOSEDPLUTONIUMRECYCLE

A. ProcessSchematic

A schematicshowingour mainproductionsequenceand residue-recylestreams

is seen in Fig. 11. In addition,on this figureare two proposedstreamswhich

are underinvestigationbut are not beingused in the productionsequence. They

are

1. plutoniumand americiumrecoveryfrom MSE salt strippingproduct,and

2. ER anoderecovery.

The goalof thesetwo processesis to providea closedloopon the plutonium

streamsin the metalpreparationand purificationsequence.

PU02
Radn

PU02 b Am8rlclum
4 * ProductExtraction

PuF4
Metal

R8dn

Zn
waste

Pu

Fig. 11. Main productionsequence,present plutoni~ residuerecYcle~Plus
proposedplutoniumresiduerecycle.
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B. MSE Salts:Plutoniumand AmericiumRecovery

We have demonstratedthe abilityto successfullystripboth the plutonium

and americiumfrom the MSE salts. The resultingmetal productnow containsas

much as 10% americiumand as a resultcannotbe fed directlyintothe metalpro-

cessingsequence. The challengeis to finda hole for the americiumand return

the plutoniumto themain productionsequence.

The mostpromisingmethodis vacuumdistillationof the americiumaway from

theplutonium. Thismethodwas demonstratedby Berry et al.12 In thiswork,

the goal was to recoverpure americiummetal. They demonstratedthe abilityto

recover>50 g batchesof americiumin a two-stagedistillationthatwas >99Y0pure.

In the systemdiscussedhere, the goal is not necessarilyto recoverpure

americiumbut ratherto significantlyreducethe americiumcontentin the plu-

tonium. In doing so, the plutoniummust be conservedsuch

streamcontainsan insignificantamountof plutonium.

The targetfor americiumconcentrationin the plutonium

means that a 100-foldreductionof americiumconcentration

vacuum distillationsystem discussedabove seems a likely

step.

c. AnodeResidueRecovery

that the americium

is <1000ppm. This

is necessary. The

candidatefor this

Approximately10% of the plutoniumpresentin a Pu-1wt% Ga ER feedendsup

in the anode residue. This residuealso containsmost of the impuritiesthat

were presentin the metal feed. The followingpyrochemicalprocesseshavebeen

consideredfor recoveringplutoniumfromthis residue:

●ER at temperaturesabovelllO°C.

●ER with a solidplutoniumanodeand a liquidplutoniumcathode.

“pyroredox.

Aftera studyof the threealternatives,we concludedthatpyroredoxoffer-

ed the most promisefor anoderesiduerecovery. Pyroredoxis a molten-saltpro-

cess in which plutoniummetal is oxidizedchemicallyinto the salt phase and

then reducedchemicallyinto the metal phase. Most of the impuritiesare not

oxidizedand remainin the metal residue. Thus, for a plutonium-galliumanode

residual,the reactionswouldbe

Oxidation

Pu “ 0.25Ga+ 1.5 ZnC12+ PuC13+ 1.5 Zn ● 0.25Ga. (lo)



Reduction

2 PuC13+ 3 CaO+3CaC12+2pu0 . (11)

The pyroredoxprocesshas been studiedextensivelyby workersat Argonne

NationalLaboratory13and Rocky Flats.14 Reaviset aL, of Los AlamosNational

Laboratory,wereapparentlythe first to explorethe potentialof pyroredoxin

1961.15 Knightonet aL16, of Rocky Flats,recentlyreportedthe resultsof a

studyin which 12 batchesof impureplutoniummetal (about2 kg of plutoniumper

batch)were fed to the pyroredoxprocess.14 processingwas done in tungstencru-

cibles containedin tilt/pourfurnaces. The oxidationand reductionreaction

yields were excellent,averaging99.77%and 99.17%,respectively.The overall

processyield,however,was low,89.97%,becauseof plutoniumlossescausedpri-

❑arilyby salt foaming. The purityof the plutoniummetalproductwas poorbe-

causeof entrainmentof zincmetalin the saltphase. Knighton16concludedthat

the rate of oxidationmust be sloweddown or the rateof heat removalfromthe

reactionsite must be increasedin orderto controlfoaming. Althoughthe per-

centageof zincmetalentrainmentdecreasedfrom27.3%for the firstexperiments

to 13% for the last,the entrainmentproblemwas not resolved.Thus,the two ma-

jor pyroredoxproblemsthatKnightonidentifiedwere

been

1. foamingof salt,and

2. zincmetalentrainmentin salt.

We believethat foamingcanbe eliminatedby

1. controllingthe rateof oxidationof plutoniumby ZnC12;i.e.,by con-

trollingthe oxidationrate,we can controlthe temperature.

2. usingpure,anhydrousreagents. (Notethatin the DOR process,we have

observedthatwet CaC12resultsin saltfoaming.)

Our experimentsto date have been on the 100-gplutoniumscale,and have

done in tantalumcontainers.Theyhave demonstratedthat

1. we can controlthe rateof oxidationof plutoniumby reactingthe molten

ZnC12saltwith a solidplutoniumphase.

2. we canprepareand use anhydrousZnC12-NaCland ZnC12-KCl.

3. we can eliminatefoaming.

We have not demonstratedquantitativephaseseparationof salt frommetalin

the oxidationstep. Approximately5% of the galliumwas carriedoverfromthe

Pu -1 wt% Ga feedto the productfromthe calciumreduction.The extentof puri-

ficationgivesus a workableprocessforpyroredoxbecausethe plutoniumfromthe

calciumreductionwillbe electrorefined.
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We are now scalingup the 100-gexperimentsto plant-sizeequipmentusing

magnesiacruciblesfor continuingstudies. The equipmentwillbe very similarto

thatused for DOR (Fig.3).

v. PROPOSEDREAGENTRECYCLE

A. ProcessSchematic

The finalinstallationsin our mainproductionsequencewillbe the recycle

of reagentsalts. Thereare quitea numberof optionsinvolvedin recyclingre-

agentsfromnearlyeveryoperation.Figure12 showsthe processschematicwhere

the the threemajorsalt consumptionstepsare highlightedforpotentialrecycle.

The threestepsare

1. DOR (CaC12),

2. MSE,

3. ER.

Thesethreeprocessesall haveuniqueproblemsin saltreuse. The recycle

applicationsand reprocessingproblemswillbe discussedin the followingpara-

graphs.

.

I
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PuF4
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Coating
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Fig. 12. Mainproductionsequence,presentplutoniumresiduerecycle,proposed
plutoniumresiduerecycle,and proposedreagentrecycle.



B. DirectOxideReduction(DOR)

In DOR, calciumchlorideis used as a solventto soakup the calciumoxide

by-productfrom the reductionreaction:

PU02(S)+ 2 CaO(s)+ 11 CaC12+ 2 CaO*llCaC12 (1)+ PuO (Q). (12)

As can be seen,thereare 11 molesof CaC12neededper mole of PU02. This

amountsto a sizablequantityof saltfor each reduction.A normalreductionin-

volves700 g of PU02 and requires3600g of CaC12. The regeneration/reuseof the

salt residuedoes more than just reducethe cost of CaC12 for each reduction.

The biggestareaof impactis in wastehandlingand subsequentdisposal.

The CaO by-productfromthe reductionhas a very highmeltingpoint

(2580°C). In order to coalescethe plutoniumformedat 800°C,the CaO must re-

main in the liquidstate. Hence,the need for the CaC12solvent.

In orderto reusethe CaOeCaC12salt cake,the CaO mustbe removedfromthe

matrix,thus liberatinga freshCaC12solvent. Thereare threemainmechanisms

for achievingthis:

1. physicalseparationof CaO fromthe CaC12,

2. chemicalconversionof CaO to CaC12,and

3. electrolyticremovalof CaO fromCaC12.

In physicalseparation,the goal is to finda solventthat can dissolvethe

CaC12and allowthe CaO to settle. As it turnsout CaC12is solublein most al-

cohols and acetone, whereas CaO is essentiallyinsolublein both categories.

After the CaO is separated,the alcoholcouldbe evaporatedto liberateCaC12.

Solventsystemsotherthanalcoholsand acetonemay be equallyacceptable.

In the chemicalconversionof CaO to CaC12,the moltensaltwouldbe con-

tactedwith a strongchlorinatingagentsuchas HC1 or COC12. In this instance,

the chlorinatingagent convertsthe CaO to CaC12usingthe followingequations:

CaO + 2HC1+ CaC12+ H20 and (13)

CaO + COC12+ CaClz+ COZ . (14)

.

.

An electrolyticmethodfor removingCaO fromCaC12was suggestedby Barletta

et al.17 The salt is electrolyzedin a cell with a graphite-consumableanode.

In operation,oxygenis removedat the anodewhen it reactswith carbonto form

CO and C02. Calciumionsare reducedto metalat the cathode.
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Thus, the electrolyticreductionreactionshouldbe

2CaO+C+2Ca+COz . (15)

As is the casein aluminumER, the competingreactingshouldbe the formationof

CO gas,

ca+c02+CaO+C0 . (16)

In all cases the reactionsare performedat about 800”C and thereforethe

oxygen-containingby-products(H20 and C02)are drivenoff in the offgasstream.

None of the above systemshavebeen demonstrated.Thereare seriousdraw-

backsto all of them. In the caseof physicalseparations,volatileorganicsare

highlyundesirablein a glovebox systembecauseof the potentialfor explosions

and fire. In the chemicalconversionsystem,HC1 and COC12pose seriouscorro-

sion problems,particularlyat 800”C. An HC1 systemcan probablybe engineered

withouttoo much difficulty.A phosgene-handlingsystemwouldbe more difficult

becauseof its greaterreactivity.In the electrolyticsystem,corrosionshould

not be a seriousproblem. Its principalproblemis designof the electrolytic

cell.

Los Alamosis activelypursuingthe directreuseof CaC12as a meansof re-

ducing both processingcost, and waste handlingand disposal. Presently,all

waste CaC12 is sent to retrievablestoragewith ultimatedisposalin mind. The

potentialfor reuseis large.

c. Molten-SaltExtractionSaltRecycleand ElectrorefiningSaltRecycle

The goalsin any saltrecyclesystemare first,to keep the systemas simple

as possible,and second,to use compatiblereagentsfor each of the steps:pro-

cessing,recovery,and reprocessing.In evaluatingpotentialrecycleschemes,

thesetwo goalswill play an importantrole.

The salt matrix presentlyused for both MSE and ER is an equal molar

KCL-NaClwith MgC12 added as an oxidizingagent. Afterthe operation,the salt

containsthesethreecompoundsas well as PuC13and AmC13. Duringthe stripping

step,plutoniumand americiumare reducedto metaland removedfrom the saltas a

metalbutton. The reducingagentpresentlyused is calcium. The resultingsalt,

afterstripping,is made up of KC1,NaCl,MgC12,and CaClz. Obviously,the salt

compositionbecomesmore and more complex. The specificmake-upof the saltmat-

rix is not significantas long as it is reasonablypure) absolutelydrY> and
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meltsat lessthan800°C. But, it is very desirableto know the specificcharac-

teristicsof the saltbeingused froma chemistryand diagnosticsstandpoint.

The recycledsaltwill continuallyaccumulateMgC12and CaC12with the CaC12

beingthepredominantcompound. (TheMgC12may or may not be completelyreduced

to MgO by CaO and thereforea residualof MgC12willprobablybe recycledin the

returnsalt.) As a resultof the CaC12build-up,futureinvestigationswill in-

volveusingCaC12insteadof KCl*NaClas the feedsaltto MSE and ER.

Calciummetal is the usual reducingagentused in strippingplutoniumand

americiumfrom these residuesalts. Otheractivemetals,suchas sodiummetal,

show good potentialfor use as reducingagents. In the case of sodiummetal,

the reductionby-productwouldbe NaCl accordingto the followingreaction:

PuC13+ 3 NaO + PuO + 3 NaCl . (17)

BecauseNaCl is alreadya majofconstituentof the initialsaltmatrix,the com-

plexityof the saltdoesnot change. This is highlydesirable

ing standpoint.

Thesetwo approachesto salt recyclesatisfythe needsto

simpleas possibleand to use compatiblereagentsin each step

froma reprocess-

keepthe systemas

of the processing

ing. The firstapproachinvolveschangingmatrixsaltin orderto be more com-

patible with the calcium-metal-reducingagent. The secondapproachinvolves

changingthe reducingagent to be compatiblewith the existingsaltmatrix. In

both instances,the resultngsaltmatrixafterthe strippingstepremainsas sim-

ple as possible.

VI. suMMARY

A. ProcessingStatus

Plutoniumpyrochemicalprocessesare now the principaltoolsat Los Alamos

for producinglargeamountsof highpurityplutoniummetalfromimpuremetaland

oxidescrap. Pyrochemicalprocessingwas selectedbecauseof the cost-effective

means of handlingmaterial. The processesare highlycompactand requirelittle

floor spaceand manpowerto operate. The processesare also operationallyef-

ficientin that one or two steps can be used to supplantmultistepoperations

foundin the classicalaqueous-chemistryflowstreams. The thirdmajorcostim-

pact is in the area of wastegenerationand reprocessing.Inpyrochemicalpro-

cessing,nearlyall residueshave the potentialfor recycle. Very littleprimary
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or secondarywaste is generated. In the classicalaqueous-processsequence,

largevolumesof liquidsand somesolidsare usuallygeneratedin the reprocess-

ing of wastematerials. As a resultof followingthe pyrochemicalre-cycleroute

ratherthanthe aqueouswasteprocessingroute,theplutoniumvaluesin the resi-

dues can be returnedvery expeditiouslyto the main processsequence.The form

of the plutoniumis as metal,which is most desirablefroma productionstand-

point.

In orderto achievethisgoalof a fullyintegratedprocesssequence,a con-

certedresearchand processdevelopmenteffortmust takeplace. PresentR&D ef-

fortsare devotedto the developmentof a cost-effectivepyrochemicalprocessfor

the recycleof plutoniumin residues. Futureeffortswillbe aimedat the recy-

cle of reagentsin each individualprocess. The objectivesof the recycleare

to produceplutoniummetal, whichcanbe furtherpurified,and to generatesmall

volumesof residues,whichcan be discardedor recycled.

B. The FutureProcessGoal

The goalof any chemicalproductionoperationis to generatea high-quality

productwhiierejectinga smallvolumeof ultimatewaste. The bulk of the proc-

ess reagentsare then recycledto make optimumuse of them. With thisthoughtin

mind,the futureprocessinggoal for the PlutoniumProcessingFacilityis to es-

tablisha fully integratedpyrochemicalsystem,similarin design to that in

Fig. 12. Only two ultimatewastestreamswouldbe generated. One wastestream

would containthe “noble”impuritiesand the secondwouldcontainthe more “ac-

tive” impurities.All reagentswould be regeneratedand/orrecycled. The sim-

plest systemswould be used, meaningthatprobablya singlesolventsaltwith a

singlecompatiblereducingagentwouldbe used in everyprocess.
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