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RECOVERY OF PLUTONIUM BY PYROREDOX PROCESSINC

James A. McNeese, David F. Bowersox» and
Dana C. Christensen

Plutonium Mecal Technologv Group
Division of Materials Science and Technologv
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

Using pvrochemical oxidation and reduction, we
have developed a process to recover the plutonium in
impure scrap with less than 957 plutonium. This plu-
tonium metal was further purified bv pvrochemical elec-
trorefining. During development of the procedures, de-
pleted electrorefining anodes were processed, and over
80% of the plutonium was recovered as high-puritv metal
in one electrorefining cycle. Over 40 kg of plutonium
has been recovered from 55 kg of impure ancdes with our
procedures,

Introduction

The purpose of our pvrochemical research and development programs
is to examine new techniques for producing high-purity plutonium metal
from impure oxides, metals, and scrap. Los Alamos has demonstrated
pvrochemical processes by takiny plutonium scrap, converting it to ox-
ide, and then, through a series of opevations, producing high-puritvy
plutonfur metal.(l) The last purification step, electrcrefining, is
most effective when the metal feed exceeds 957 plutonium. We developed
the pvroredox process to upgrade the scrap of low plutonfurm content to
meet the feed requirements for effective electrerefining.

The two basin steps for the nvroredeo: process are oxidatier,

anl?-KC1

2Pu (impure) + 3ZnC1, .
©OTTTIR07C

7n 4+ BPUF]W . (e

and reduction,

*Work done at the Materirl Science and Technolopy Nivision los Alames
Nat {onnl laboratory under the Auspices of the Department of Energy,



2PuCl, + 3ca °2%12 2Py + 3cac1, . ()
3 850°C 2
[}

The plutonium product can be separated rechanically from the salt
and cycled into our primary pyroproceciing facilitv. This oridation-
reduction scheme was initially prcposed and studied by J. G. Reavis*
for reprocessing plutonium reactor fuels. In his research, zinc chlor-
ide in molten sodium chloride oxidized plutonium metal to the trichler-
ide salt, and, in a second step, calcium was added to reduce the plu-
tonium to metal. J. B. Knighton and coworkers at Rocky Flats Plant (3)

have also studied these reactions.

The pyroredox process upgrades lower-purity plutonium metal scrap
into & form suitable for electrorefining. Our principal application
has been for spent anodes containing plutonium, galljum, and other
less electropositive elements. The major impuritv 1s usually galliur,
which 1s usdded in casting to ensure a critically safe anode during
electrorefining.(4,5) As electrorefining takes place, plutonium is
oxidized from the anode pool into the molten eutectic salt and migrates
to the cathode. Theve 1t is reduced to high-purity metal and drips in-~
to the annular chamber of the cell. Under the conditions of the pro-
cess, elements less electropositive than plutonium remain in the anode
pool. The run is automatically terminated when this poonl sclidifies
about 907 plutonium depleticii. Although the plutonium remaining in
these anodes can be recovered by aqueouc reprocessing, (6) we believe
that pvroredox i1s far more compact, rapid, and efficient. Most of the
experiments described in this report were conducted with spent anodes.
Additional work with pilutonivm and simnulated scrap, however, indica-
tes that our conclusions are valid for other low-grade mixtures of
plutonium.

Experimental Program

A. Fquipment

The description of equipment used in this program has heen pub-
lished previouslv.(l) A typical experiment set up is shown in Fig. 1,
Reactions take place in an inner crucible, usually corstructed of tan-
talum or magnecsian to minimize reagent attack. The crucible 18 centered
in the heat zone of a |5-cm-dianeter clam-shell furnacec., Safetv con-
tainers of stainless steel or tantalum are placed around the reaction
crucible to catch anv leakage. In addition, the stainlass rtsel fur-
nace tute 1s extended nelow the furnace to provide a cocl area in which
to collect and reeze anv molter products in case of a catastrophic
leak at higher temperatures. Tvpe K thermccouples, enclosed in a
double-walled tantalum-nickel thermocouple well. measure temperature
in the melt. 5mall microprocessor unite preoeram and monitor temper-
ature profiles,

*"See Re’. 2 and J. €. Reavis, "Fused Salt Oxicntion-%eduction Procesr
for Plutonium Recvcle Fuel," AIME, Detroit, Michigan, Gctoher 196),



B. Reagents

In the oxidation process, dried Baker's analvtical reagent grade zinc
chlorid= and potassium chloride are mixed at a 31-mol” zinc chlor-
ide ratio, placed in a lorge pvrex reactior tube, and melted. The melt
is sparged with anhydrous hydrogen chloride for 1 h, flushed with dry
argon, and, finally, filtered, (in an argon atmosphere) through a
coarse pyirex frit and a heated quartz traansfer tube into a pyrex cru-
cible. The white eutectic 1s sealed in a plastic bag in an argon at-
mosphere and stored in argon until needed. This salt, which melts at
462°C, met purity requirements and was sufficiently moisture-free to
prevent foaming during oxidation reactions.

For the reduction process, Malinckrodt food grade calcium chleoride
was vacuum dried at 225°C for a minimum of 5 days and placed in a plat-
inum crucible for purification. The salt and crucible were placed in a
stainless steel furnace tube; the equipment was assembled and the sve-
tem heated to B800°C. Anhydrous hvdrogen chloride was passed through
the melt for 2 h, An argen purge fullowed. The melt was then trans-
ferred through a heated tantalum tube into an erbia-coated, split mold
of stainless stain. The resultimg ralt cast was sealed into a plastic
bag and stored in argon until needed.

Pfitzer triple~distilled calcium was presssed intec an ingot of
807 theoretical density to reduce the surface area and, consequently,
the rate of reaction in the reduction sequence.

C. Procedures

For the oxidation step, deplet:d anodes were placed in a tantalun
crucible, and 107 excess zinc chloride (calculated) was added as= &
32-mol? ZnC1.-KC] eutectic. The svstem was assemblecd, evacuated, back-
filled with argon, and heated to 470°C, which 1is abeove the melting
point for the eutectic. The melt was then stirred while beinp heated
to 750°C to ensure complete reaction. After | h at temperature, the
mixture was heated and kept at B50°C for 1 h to promrte phase separa=-
tion. The stirrer and thermocnuple well were then raised from .he
melt. After another 4 h at temperatire, the system was cooled at a
200°C/h rate to amhient temperature. The two-phase product was re-
moved, and the lighter salt phase was mechanircallv separated from t!
zinc button.

Fer the reduction step, the salt from the oxidatior reaction wa:

crushed and mixed with 1 kg of dried calcium chleride. The colculate!
amount of calcium was added as a pressed ingot: the mixture was placed
in a magresia crucible and the vessel asmemhled. The versel was evacu-
ated, backfilled with argon, and heated to salt melt at about 700°C,
The thermocouple well and the ntirrer were then lowered into the liquid,
and the mixture was srtirred. During the reaction, the temperature rose
gradunlly to B50"C; after 20 min, the stirrer and thermocouple well wer
ralped above the melt, The rvetem was maintained at BH0°C for 15 min,



then cooled without power tc ambient temperature. The product was broken

out of the crucible for liquation

Results and Conclusions

A. Oxidation

As showr in Eq. (1), the main
plutonium trichloride in the salt
to zinc metal. The free energles
listed in Table I. All chlorides

or mechanical separation of the phases.

reactions 1in oxidation are forming
phase while reducing zinc chloride
of formation of selected chloride are
with energies higher than zinc should

TABLE 1. BEFAVIOR OF IMPURITY ELEMFNTS

Element

Ir
\.Y

Ni
Cu
Ta
Pb
Fe
Si
Cd
Cr
Ga
Zn
Mn
T1i
Al
T

Np
Zr
Mg
Th
ru
Ce
Am
Na
Ca
11
K

-/F°
Aton Cl

(kcall/g)

2

4

5
18
21
27
27
27
28
30
32
32
34

/
4

43
LF
54
55
56
58
59
59
AR
6“7
76
-
TE

qn

be oxidized with the plutonium into the salt phase. Those impurities
with lower ene fles concentrate in the zinc pnase. I{ equilihriur con-
ditions are met, aluminum, americium, uranium, and the rare earths



would transfer into the salt phase with plutonium. Iron, tantalum,
and gallium would concentrate in the zinc-rich metal phase.

In our experiments, the oxidation was exothermic. The reaction
rate and temperature were controlled by slowing the stirrer rates.
This eliminated foaming and overflow from the crucible. After the post
reaction heat cycle (5 h at 850°C), good phase separation occurred.
The relatively slow cooling rate promoted shrinkage of the product from
the crucible walls so that the tantalum crucible could be raused. With
siwulated anodes containing more than 95% plutonium as feed, a green
salt, most likely K_PuCl, in a potassium chloride mavrix, and a berton
meta]l phase of zin: formed. After these phases were mechanically sepa-
rated, the zinc phase could be discarded. The green salt was then re-
duced to plutonium metal.

B. Reduction

The maln reactions in reduction of the green salt are the reduc-
tion of tripositive plutonium to the metal and oxidation of caleciur to
calcium chloride (Eq. 2). However, the excess zinc chloride acded for
the oxidation step 1s also reduced.

ZnCl2 + Ca » CaCl2 + 72n . (3)
The reduction 1is clowed by adding 1000 g of dried calcium chloride to
the green salt prior to heating, using pressed calcium, and sriirine
slowly at a rate lower than 200 rpm. The calcium chloride adcition
adsnrbs calcium oxide formed in reactions and also minimizes formation
of black salts. Yields are usuallv greater than 987 and, under op-
timum conditions, have reached calculated values of 99.57. Results
showing the purification attained by the two-ser process arc given ir
Taeble TI1. The high zinc and aluminum concentrations de not interferc
w.th furcher purification by electrorefining.

In mosr cases, the reduction product was a salt phare above a two-
nhase button. The salt phase was mechanically separated and discarderd.
The bottom, denser phase was plutonium and contained small amounts of
calciur and zinc. The upper metal phase was tvplcallv 5(-607 pluto-
nium, 20-257 7z1inc, and 47 calcium. Severai buftons were :ollected ar!
conlesced to consolidate phase separation. This step, liquation, {is
discussed below under the hending additionnsl processing step=.

C. Additional Processing Steps

To recover spent anndes contalning gallium and the impurities that
collect In the ancde during electrorefining, additionnl processing
stepr were necessary, We do net know whether these would be necessuawy
with other scrap.



TABLE II. PURIFICATION OF PLUTONII™M
ANODES BY PYROREDOX
PROCESSING®’

Element Feed Produ-t
Pu 79% 852
Ga 5.57 -—
Zn —— 790
Ca 7.5% 1.35%
Al 1% 300
Ta 0.17% 100
Na 5% 5
Si 280 25
K 0.57% 40
W 500 10
B 200 3
Mg H 3000
Ni z3u 5
Fe 3000 1000
Am 2100 30

8Rur DO! results, which are tvpical of the series.

bFeed and product are in ppm unless ontherwise indicated.

1. Pelishing

When we processed spent anodes rather than plutonium=-gallium mix-
tures, three phases formed during oxidation. The upper phase (a greer
salt) and the bottom phase (metallic zinc) were sinllar to phases ob-
tained with the simulated anodes. The third (intermediate) phase was
a grev salt that we attributed to impurities in the anode. Tt consis-
ted mainly of a fog of uncoalesced zinc in the salt matrix with some
evidence of plutonium oxvchloride formation. This third phase was
ninimized by a polishing step prior to the oxidation of the anode. The
spent anode, 300 g of calcium, and 3000 g of calcium chloride were
placed in a mapnesia reaction crucible. The reaction system was asser~
bled, evacuated, and backfilled with argon. The svstem was heated to
800°C, and stirring was begun and increased from 200 to 600 rpr as the
temperature rose tn 850°C,

The product was homogeneous and plutonium loses during polishirg
were quite low (less than 5 g). The metal button could be mechannical-
1v separated from ihe salt and transferred for the oxidation step.
Polishing markedlv reduced grev salt formation, probtably by reducing
anv partially oxidized species in the apent anode. Additional zinc
chloride was now reeded, however, tc oxidize both the plutonium and the
excess calcium contained in the button, Yields in the oxidation step
increased to greater than 807 after polishing.



2. Liquation

Liquation removes zinc and calcium from the reduction product
while preparing most of the plutonium for further purification. The
liquation step 1s a gravity separation of the two-phase button formed
in the reduction. Several of these buttons, totaling 4.5 kg, were
placed in a long, narrow magnesia crucible. The reaction system was
assembled, evacuated, and backfilled with argon. The vessel was
heated and maintained at 850°C for 6 h. The resultir: ingot consisted
ted of a lighter upper phase and a more dense plutonium-rich lower
phase. Results of several liquations are summarized in Table TII. The

TABLE III. COMPOSITION OF LIQUATION PHASF

Densitv
Plutonium Calcium Zinc (g/cm?)
Experiment Top Bottom Top Bottom Top Bottom Top Bottor
No. (1) (%) €9) (%) () ™) ) ™
1 42 89 5 130 ppm 8 600 ppm 5.7 15.6
2 0.7 93 20 700 ppm 30 0.4 2.5 15.0
i 55 95 51 - 12,5 == - =-
4 47 90 24 1.87 25.5 3.5 -— ==

bottom phase containing most of the pluconium could be electrorerefined
without further treatment. The upper phase was recycled to the oxida-
tion step for removal of calcium and zinc.

D. The Electerorefined Product
Even though electroreflining is a mature process, we demonstrated

the liquated buttons could be further processed to high-purityv metal,
Table TV surmarizes data from experiments in which the denser phase

TAPLE IV, RESULTS OF LIQUATICN EXPERIMENTS

Phase
Ingot Top Bottom
Pu, g 4340 1220 3tro
Total Pu, 7 99.13 28,1 71.0
Densitv, g/cm® -- 7.5 °5

from the liquation step was electrorefined. Yields were satisfac-
torv; puritv of the product ring was excellent (see Tahle V),



TABLE V. PRODUCT OF ELECTROREFINING PYRODOX METAL

Plutonium Content

Comnonent (g) (¢A)
Product Ring 4081 78.4
Shot 26 0.5
Cathode 9 0.2
Crucible 83 1.6
Salt 671 12.9
Anode 334 6.4
Yield® -- 80.1

®Yield -- 100X (Pu ring + shot)/Pu Feed.

IV, SUMMARY

We have developed a method for removing impurities from plutonium
scrap that contains less than 95X plutonium so that it meets the 957-
purity criterion for effective electrorefining. The process consists
of oxidation of plutonium to the trichloride followed by reduction to
metal. The flow diagram (Fig 2) shows the process, as modified for
recovering plutonium from spent anodes ir our production demonstra-
tion facility. The liquated product has been purified by electrore-
fining. Yields from pyroredox processing in our demonstration facil-
ity are preater than 807. We believe that the process is readv for
transfer to producticn facilities.

The 31 mol% ZnCl,-KCl eutectic was successfully prepared in 5-kg
batches by drving, heating to a melt, filtering through a coarse pvrex
frit, and transferring the melt into a warm quartz crucihle. The
molsture-free salt did nect froth or overflow during the oxidation step.

Prepclishing and liquaticn were effective steps for treating the
impure spent anoder to adapt the general, generic process to our
specific requirements.

Ve are studving methods for minimizing or elimineting the prev
salt phace that forms during oxidation. We recvcle this phase when
necessary.
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FIGURE CAPTIONS

Fig. 1
Experimental apparatus.

Fig., 2
Pyroredox process for recoverv of plutonium from
impure scrap.
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