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PYROCHEMICALRECOVERYOF PLUTONIUM FLUORIDE

REDUCTIONSLAG

by

D. C. Christensenand J. A. Rayburn

ABSTRACT

A process was developed for the pyrochemicalrecovery of plu-
tonium from residues resultingfrom the PuF4 reductionprocess.
The process involvescrushing the CaF2 slag and dissolving it at
800°C in a CaC12 solvent. The plutonium,which exists either as
finely divided metal or as incompletelyreduced fluoride salt,
is reduced to metal and/or allowed to coalesce as a massive but-
ton in the bottom of the reaction crucible. The recovery of
plutonium in a l-day cycle averaged 96%; all of the resulting
residueswere discardable.

I. INTRODUCTION

Metallic plutoniumwas first prepared by R. D. Baker at Los Alamos, using

the reductionof PuF4 with calcium in a sealed pressure vessel.1 The process

is still one of the principalmethods of producingmetal. In the process, PuF4,

calcium, and iodine are heated in an MgO crucible that is sealed inside a heavy-

wall, stainless steel vessel. A small amount of iodine and additionalcalcium

metal are added to the reactionmixture as an initiatorfor the PuF4 reduction.

When heated to approximately325°C, calcium and iodine react, liberatingheat

and adding energy to the PuF4. follows:

CaO + = -128 kcal/mole P . (

The heat immediatelyraises the temperatureof the mixture, and the reduc-

tion of PuF4 with calcium takes place at %600°C. The reaction is as follows:

PuF4 + 2Ca0 + 2CaF2 A = kcal/molePu . (2)
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This reduction is also very exothermicand produces enough heat so that the tem-

perature of the melt can increaseto values as high as 2000°C. The resulting

slag (CaF2 ● Ca12) melts at 1320°C. Because the melting point is well below the

reaction temperature,the plutoniummetal product collects as a metal button in

the bottom of the crucible.

At Los Alamos, the PuF4 feed material is made by the hydrofluorination

of PU02 at 600°C. The reaction is as follows:

PU02 + 4HF + PuF4 + 2H20 . (3)

The extent of this reaction is not always complete and, consequently,the feed

to the reductionstep often contains a small amount of PU02. In the reduction,

the PU02 is convertedto metal by the followingreaction:

PUOZ + 2Ca0 + PuO + 2Ca0 A = kcal/molePu . (4)

The heat released from this reaction is much less than that from the PuF4 reduc-

tion. The overall thermalyield during the reduction is decreasedbecause more

plutonium is fed as PU02 than as PuF4.

If the thermalyield is insufficientto melt the slag by-product,then all

or part of the plutoniummetal is held up in the slag as plutoniummetal powder

or finely dispersedmetal beads. This results in a reductionmisfire.

Periodically,during the metal preparationsequence,there are reduction

misfires in the fluoride-reductionstep. Historically,these residues have gone

to the slag-and-crucibledissolversto be dissolved in acid and run through the

aqueous processingsequence. This sequence is time-, space-, and labor-inten-

sive and therefore is a costly route.

To circumventthe costly aqueous sequence and return this material to the

metal process stream as rapidly as possible,we have developeda pyrochemical

process to treat slag residues from the fluoride-reductionstep. The process

has been performed using the misfired slags but is not restrictedto these high-

plutonium-bearingresidues.
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II. PYROCHEMICALRECOVERY

In the fluoride-reductionstep, iodine is added to the reactionmixture as

an initiator. Only a small quantity of iodine is needed; therefore,the result-

ing slag contains only about 5% Ca12. In the evaluationof the pyrochemicalre-

cycle of these slags, Ca12 in the slag is not significant. Therefore, in the

followingdiscussion,theexistenceof Ca12 is ignored.

Because we want to convert 100% of the PU02 to PuF4 and feed this material

to fluoride reduction,we started our alternate recovery investigationassuming

that the slag was 100% CaF2. The way to insure complete recovery of the pluto-

nium metal from the slag is to provide an all-liquidsystem, thus allowing the

plutonium to coalesce in the bottom of the crucible. We therefore looked at a

number of solvents for one that would reduce the melting point of the misfired

slag.

We specificallywanted a fused halide salt that could dissolve the CaF2

and remain liquid at low temperatures(<800°C). The prime candidatewas CaC12.

Figure 1 shows the CaC12-CaF2phase system, which has a low-meltingeutectic

(645”C) at 18.5% CaF2 and a peritectic (735”C) for the 45% CaF2 mixture. A

50:50 mole% mixture of the two salts melts at 800”C. Therefore, if we use CaC12

as a solvent/diluentin a quantity greater than 50 mole%, it will achieve our

goal of providing a low-temperatureliquid phase from which the liquid plutonium

metal can settle.

III. EXPERIMENTDESCRIPTION

A. ExperimentalPlan

We anticipatedseveral problems in achieving good recovery of plutonium:

●

●

●

mixing of the multiple-phasesystem for achieving complete dissolutions

of the CaF2;

coalescingof the plutonium metal in a dense, easily isolatedmass; and

generatinga residue that requires no further processing and can be dis-

carded.

The typical CaF2 slag contains approximately850 g of CaF2,0r approximately

11 moles. The minimum amount of CaC12 is,

To insure that all of the CaF2 is dis:

temperature,more than 11 moles is added.

binary salt mixture and forces the system

consequently,11 moles or 1220 g.

olved at the desired 800”C operating

This lowers the melting

nto the liquid envelope

point of the

region of the
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phase diagram. We optimized the process crucible by adding CaC12 to the operat-

ing level of the crucible. We found that approximately3600 g of CaC12 could be

used. The resultingmole ratio of CaC12 to CaF2 was 3:1, or 75% CaC12 and 25%

CaFz. The melting point of this mixture is which is well below the 800°C

operating temperature.

The rate of dissolution,as well as the coalescenceof the product metal

is highly dependenton mixing. Thorough mixing can be achieved by proper des

and operationof the agitator or stirrer. Quantitativecollection involvesmi

parameters,such as crucible geometry, stirrer configurations,stirring rate,

and temperature.

gn

ny

Most of the developmentwork was performed in the metal production facility

using one of the standardplutonia-reductionfurnaces. The objectiveswere to

● develop the recoveryprocess,

● demonstratea rapid and less costly turnaroundof plutoniummetal in our

residues,and

● be able to discard the resulting residueswithout further processing.

B. Equipment

The equipment used for the pyrochemicalslag recovery (Fig. 2) is a clam

shell furnacewrapped around a 6-in.-o.d. furnace tube. Inside the furnace tube

is a Ta-10W stirrer, a tantalum and nickle thermocouplesheath, and an MgO reac-

tion crucible. The reactantsare placed inside the MgO crucible,which is

placed inside the furnace tube. The furnace tube is then evacuated and filled

with argon to 3 psig. The furnace is heated at a maximum rate of 200°C/h to the

melting point of CaC12 (775°C). Both the thermocouplesheath and the stirrer

are then lowered into the melt. The stirrer is activatedwhen the melt tempera-

ture reaches 800”C. The stirrer is run at 600 rpm for 15 rein,then raised ap-

proximately1 in. off of the bottom and run at 100 rpm for 2 min. Upon comple-

tion of the stirring cycle, the stirrer and the thermocouplesheath are raised

from the melt and the furnace is cooled to room temperature. The MgO crucible

is then removed from the furnace and the metal button is removed from the salt.

5
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Reagents and Materials

●CalcjUrn--CalCjUrn metal is used in both the fluoride-bombreductionstep

and in the slag recovery step. The calcium is Pfizeris redistilled

6-mesh nodules.

●CaC12--CaC12is used as the solvent in the s“

is Malinckrodt4880, food grade.

It is dried under vacuum at 225°C for 7 days

pressed into 3.6-kg cylinders.

grade

ag recovery step. The CaC12

then it is isostatica”ly

●Crucible--Thecrucibles used in the study are fabricated H

Ceramics, They are MgO with up to 3 wt% Y203.

.Stirrers--Thestirrers are fabricatedat Los Alamos. They are made of

0.50-in.-diamTa-10W rods with 0.125-in-thickTa-10W blades welded in

place.

RESULTS OF PYROCI-IEMICALSLAG RECOVERY

Six runs were performed to recover the plutonium from misfired fluoride-

reduction runs. In all cases, the slag was first crushed with a hydraulic ram

to as small a particle size as possible to provide a large surface area for

CaC”

The

ass

age

bly

z attack. The slag was loaded into a cruciblewith 160 g of calcium metal.

calcium was added to reduce any unreducedPuF4 or PU02 in the slag and to

st in the coalescenceof the plutoniummetal. A CaC12 salt cylinder (over-

weight of 3493 g) was placed on top of the calcium metal. This whole assem-

was then placed in the furnace tube and heated to the reaction temperature

(800°C). Stirringwas performed at 800”C according to the experimentalplan.

Table I shows the processingresults for all six runs.

The following is a summary statement for each run.

●l?unX13f+Xp--Atotal of 336 g of plutoniumwas carried over in the slag

from the fluoride reduction. Slag recoveryyielded a button. A thermal

neutron count (TNC) of the CaF2/CaC12crucible residue showed that all but

2 g of the plutoniumwas recovered in the metal. This representeda 99.4%

yield. The button separatedcleanly from the salt. The button and salt

appeared very similar to the residue from a normal direct-oxide-reduction

run. All residueswere discardable.
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.Run XBR-180--Atotal of 947 g of plutoniumwas fed to the slag recovery

process. The slag was inadvertentlyloaded as golf-ball-sizedchunks in-

stead of being crushed to a powder. The mix was run up to 900°C and slow-

ly swirled for 2 h to enhance dissolutionof the CaF2. After 2 h, chunks

could sti’

the metal

of the sa’

the top.

1 be detected in the crucible. After being cooled and unloaded,

button broke away very cleanly from the salt. The bottom half

t had a dark brownish hue that changed to a very light color at

The plutonium distributionwas as follows: 798 g in the button

(84.3%yield), 14 g in the upper half of the salt, 4 g in the crucible, and

131 g in the lower half of the salt. A calcium button, weighing 190 g,

was found on top of the salt.

●Run XBR-172--Atotal of 789 g of plutoniumwas fed to the r

process. All slag was crushed except some chunks that resisted complete

crushing. The furnace was run up to 900°C and stirred slowly for 15 min.

After being cooled and unloaded,the metal button broke away very cleanly

from the salt. The salt was a single, homogeneous,light color. A TNC of

the residue showed that 20 g of plutonium remained in the salt and 6 g re-

mained in the crucible. The button contained 763 g of plutonium,or 96.7%

yield. All residueswere discardable. A calcium button, weighing 187 g,

was found on top of the salt.

.Run XBR-193--Atotal of 358 g of plutoniumwas fed to the slag recovery

process. The slag was crushed completelybefore loading. After being

stirred at 800°C for 15 rein,the salt was allowed to

the metal button broke away very cleanly from the sa”

and crucible residues showed that only 3 g of pluton

ed. The plutonium in the button was 355 g, or 99.%

were discardable. A

the salt.

.Run XBR-192--Atota”

cool. When unloaded,

t. A TNC of the salt

urnremained uncollect-

yield. All residues

calcium button weighing 106 g, was found on top of

of 511 g of plutoniumwas fed to the slag recovery

process. The slag was crushed completelybefore loading. The charge was

stirred at 825°C for 15 min. After being cooled and unloaded,the button

broke away very cleanly from the salt. A TNC of the residues showed that

33 g of plutonium remained in the salt and 3 g remained in the crucible.



The button contained475 g, or

A calcium button, weighing 109

93% yield. All residueswere discardable.

g, was found on top of the salt.

●l ?o g of plutoniumwas fed to the slag recovery

process. The slag was crushed completelybefore loading. The charge was

stirred at 800°C for 15 min. After being cooled and unloaded,the button

broke away very cleanly from the salt. A TNC of the residues showed that

13 g of plutonium remained in the salt and no plutonium remained in the

crucible. The button contained238 g, or 94.8% yield. All residueswere

discardable. A calcium button, weighing 130 g, was found on the top of

the salt.

RESULTS

In one of the six cases (XBR-180),the slag was improperlycrushed before

being loaded into the crucible. After 2 h of slow stirring at 900°C, all of the

CaF2 had not dissolved into the CaC12. In this run, the productyield suffered

because of the failure to release the plutonium from the high-meltingCaF2. This

indicatesthat the dissolutionof a massive piece of CaF2 into CaC12 is very

slow. Crushing the slag greatly enhanced the dissolution. With this single ex-

ception, all runs produced a discardableresidue,with the average recoveryyield

being 96%. The CaF2 was successfullydissolved in the CaC12, thus releasingthe

trapped plutonium.

salt

cium

tate

In all runs, a sizeable calcium metal button was found at the top of the

residue. The buttons ranged in size from 190 g to 106 g. Such a large cal-

excess indicatesthat additionalcalcium metal may not be needed to facili-

the recovery of plutonium from the slag. In half of the runs the calcium

residue was smaller than the 160-g reductioncharge, indicatingthat some of the

calcium is being used for reductionpurposes.

The volubilityof CaO in CaC12 is approximately1 wt%; this means that up

to 36 g of CaO should dissolve in the solvent salt. During the fluoride-reduc-

tion step, an excess of calcium is used. This excess is carried over into the

slag recovery step, and with the 160 g of new CaO, saturate the CaClz solvent

and provide a more than enough reducing agent in the slag recovery step. Since

there a CaO r

p using less calcium.
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VI. CONCLUSIONS

A simple procedurewas developedto rapidly recover the plutonium from

fluoride-reductionslag residues. Crushed CaF2 slag was dissolved in CaC12 at

800”C, and the residualplutoniumwas recoveredeither by coalescenceof finely

divided metal beads or by the reductionof incompletelyreduced plutonium salts.

A large calcium residuewas observed at the end of each run. The principalmech-

anism for the recovery is thereforeassumed to be the coalescenceof finely di-

vided plutoniummetal in the slag.

In one case, the CaF2 was fed as golf-ball-sizedfused chunks. After 2 h

of slow stirring at 900”C, the CaF2 remained incompletelydissolved. a

sult, the residue after the run retaineda significantamount of plutonium.

In the five cases where the CaF2 was crushed, the average recoveryyield of

plutoniumwas 96%, with the high being 99.4% and the low being 92.5%. all

five cases the salt residues after recoverywere well below the discard limits

and were sent to retrievablestorage.
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