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RECOVERY OF PLUTOXIITM BY PYROREDOX PROCESSTKC

James A. F!c!ieese,David F. Bowersnx and
Dana C. Christensen

Plutonium MeLal Technology Group
Division of Materials Science and Technology

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

[Tsingpvrochemical oxidation and reduction, ~’e
have developed a process to recover the plutonium in
impure scrap with less than 95% plutoniun. This plu-
tonium metal was further purified by pyrochemical elec-
trorefining. Dl~ring development of the procedures, de-
pleted electrorefining anodes we~e 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 ancrleswith our
procedures.

Introduction

The purpose of our pyrochemical research and development proRrans
is to examine new techniques for producing high-purity plutonium metal
from impure oxides, metals, nnd scrnp. Los Alamos has demnnstrntecl
pyrochem~cnl processes bv takinr,plutonium scrap, conv~rting it to cl>:-
ide, and then, throuFh a series of ~pe-ations, producing hi~h-purit!’
plutoniul” metal.(1) The last pur~fication step, electrcrefinin~, is
most effecti~pewhen the metal feed exceeds 957 plutonium. We clevelop~(l

the pyroredox process to up~rnte the scrap of low pl~ton?ur content to
meet the feed requirements for erfectl~’e electrnrefininx,

?Pu (impure) + 3Zn(’1
Z,n(’lr,-KCl

‘l?n+ ?l’u~l,{.:).....+ fl..c-

and r~ductlon,

(;)



2PuC13 + 3Ca
CaC12 2p~ + 3CaC]2 .

850”C
-

The plutonium product can be separated mechanically from the salt
and cycled Into our primary pyroprocec::<ng facilit~~. This oYidation-
reduction scheme was initially prcpoaed and studied by J. G. Rea\vjs+
for reprocessing plutonium reactor fuels. In his research, zinc chlor-
ide in molten sodium chloride oxidized plutonium metal to the trlchlor-
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 plutnr!ium metal scrap
into a form suitable for electrorefining. Our prlnctl,al application
has been for spent anodes containing p!.utonium, galljum, and other
less electropositive elements. The major impurity is usually g,alliur,
which is added in casting co ensure a critically safe anode during
electrorefining. f4,5) As electrorefining takes place, plutonium is
oxidized from the anode pool into the molten ●utect~c salt and migrates
to the cb:hode. Tho-;o it is reduced to high-purity metal and drips in-
to the annular chamber of the cell. Under the conditions of the pro-
cess, element~ less electropositive than plutonium remain in the anode
pool . The run is automatically terminated when this pool solidifies
about 907 plutonium depletic};. Although the plutonium remaining in
these anodes can be recovered by aqueous reprocessing, we believe
that pyroredox is far more compflct, rapid, and efficient. Yost of the
experiments described in this report were conducted with spent anode~.
Additional work with plutorlium and simulnted scrap, however, indica-
tes that our conclusions are valid for other low-grade mixturen of
plutonium.

Experimental Prngram

A. Equipment

The description of equirment u~ed in this p~oiram has +een puh-
lisl~edprev~rwsly. (1) A typic~l ●xpc-riment set up is shown in FiF. ].
Reactions take plncc in all inner crucible, usually cor,structerlof tqn-
talum or magnesia to minimize rea~ent attack. The crur~ble is centered
in tt,ehe~t zone of a 15-cm-r!iamcter clam-shel] furnai$c. Safetv con-
tainers of stainless steel or tantnlurn arr,placed around tho re~cticn
crucible to c~tch any leakage. 7n Hrlclition,the Btainlsss stmel fur-
nace tube is extended ht,low the furnace co provjde a COOI area in wl\~c!I

to (*oJlcct and rr~eze anv molter, product~ in case ~f a catastrophic
leak at higher tempprotures. Type N thermrcouplc~, ●nclosed in a
double-w~lle~l tantalum-nickel thermocouple well, men~l!r~ tamperaturc
in the melt. Omnll microprocessor units procrnm nnrlmonitor temper-
~ture ;Jrnfll~~,



B. ReagentR

In the oxidation process, dried Baker’s analytical reagent grade zinc
chlorids and potassium chloride are mixed at a 31-molZ zinc chlor-
ide ratio, placed in a l~rge pyrex reaction tube, and melted. The melt
is ~parged with anhydrous hydrogen chlorlde for 1 h, flushed with dry;
argon, and, finally, filtered, (in an argon atmosphere) through a
coarse pytex frit and a heated quartz transfer tube into a pyrey cru-
cible. The white eutectic is sealed In a plastic bag in an argon at-
mosphere and stared 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 chlori~e
was vacuum dried at 225°C for a minimum of 5 days and placed in a plat-
in~m crucible for purification. The salt and crucible were placed in a
stainless steel furnace tube; the equipment was assembled and the svF-
tem heated to 800°C. Anhyr!rous hydrogen chloride was passed through
the melt for 2 h. An argrn purge followed. The melt was then trans-
ferred throuph a heated tantalum tube int~~an erbia-coated, split mold
of stainless stain. The resulting ~alt cast was sealed into a plastic
bag and stored in argon until needed.

Pfitzer triple-distilled calcium was presssed into an inRot of
tiO% theoretical density to reduce the surface area and, consequently,
the rate ~f reaction in the reduction sequence.

c. prOCt?dUreS

For the oxidation step, deplet~d anodes were placed in a tantalur
crucible, and 107 excess zinc chloride (cn!culated) was ndderlas n
32-molZ ZnC12-KCl ●utecttc. The svstem was assem?llrd, evacuated, bacF.-
filled with argon, and henterl to 470°C, which is abc~’ethe mcltin~
point for the eutccttc. The melt was then stirred wh~le beinr heated
to 750°C to ensure complete react fen. After 1 h at temperature, thr
mixture was heated and kept at 850”C for ] h to promote phase separ:l-

tionm The ~tirrer and thermoc~uplc well were then raised from Lhe
melt. After ~nother 4 h at temperatlrc, the system was cool~r’nt 14
200°C/h rar~ to ambient temperature, The two-phase prori~lctwas rP-

moved, onritl~eliuhter snlt phnsr was mechanfrull~ septlrnted frcm t;
zinc button,

Fc,rthe reduction step, t!lescrltfrom the oxidntlor react;on wn~

crusherlnnd mixed with 1 kR of dried cnlcium chloride, The c:’lc’lllartjt’

amount of calcium was added as a pressed ingot: the mixture WR,Cplacef!
in a maRnes~a crucjhle and the vessel as~embleri. The vessel wus e\’ac\l-
atecl,backfllle? with nrgon, and heated to snlt mr?lt at about 700°~,
TtIethermnroup]e WP1l and th~ ~t[rrer were then lrrwt=redinto the lIcuIII,
ancl tilemixture wng stirred, I)uring tl)urcnrtion, t}lutempernt~lre rrsv

gradunllv to R50”C; nfter 7(Jrein, tl]esrtlrrer unrlthcrmncouplc well L’rl’

rnioed above the mplt. ‘171rs)’stcmwas mn!ntn{nr[l ~ltRrloc(:for Ir mfT’,



thsn cooled without power tc ambient temperature. The product was broken
out of the crucible for liquation

Results and Conclusions

A. Oxidation

As show-rin Eq. (l), the main
plutonium trichloride in the salt
to zinc metul. The free energies
listed in Table I. All chlorides

or mechanical separation of the phases.

reactions in oxidation are forming
phase while reducit,g zinc c$loride
of formation of selected chloride are
with energies higher than zinc should

TABLE I. 13EEAt’IOROF IMPURITY ELEVFYTS

-P”
Atom Cl

Element (kcaI/g)

Ir ~
\tl 5
!ii 18
Cu 21
Ta 27

Pb ?7

Fe 27
Si 2E
Cd 30
Cr ~>

Ga 7?
Zn 34
Nn 41
Ti 43
A] L6

(’ ?ii
Yp 55

Zr 56
\#,,L! 58

Tll 59

rll 59

(“c fjfl

Am (,;
..,\,l 7t)

CO
.,-
/,

11 ?F
K q;

h~ n.Yld{7eIl wftll tll~ plutonl(lri into the salt phnse, Those impuritie
wjtll lower ene Kies concentrnt~ ~n the zinc pllnse. If ●quilihriur con-
clitif~nsare met , alumlllum, nmerlcium, ur~nlurn, nnA tllvrar~ ●arths



,.

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 foaminR 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. Ifitkl

si~lulated anodes containing more than 952 plutonium as feed, a green
salt, most likely K3PuC16 in a potassium c+loride ma~rix, and a brttor.
metal 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 pluf”onium metal.

B. Reduction

The main reactions in reduction of the green ~,altare the reduc-
tion of tripositive plutonium to the metal aridoxidation of calciur to
calcium chloride (Eq, 2). However, the excess zinc chloride adtied fc,r
the oxidation step is also reduced.

ZnC?.2+ Ca+ CaC12 + Zn . (3)

The reduct~on is slowed by adding 100(1g of dried calcium chloride co
the green salt prior to heating, usinp pressed calcium, and sri;-rinc
slowly at a rate lower than 200 rpm. The calcium chloride adiltion

adsnrbs calcium ox~de formed in reactions and also minimizes formntfol,
of black salts. Yields are usuall:; greater than 987 and, under op-
timum conditions, have reached c~lculated values of 99.5-. Recults

sh~wing the purification a[t~ineclby the two-se~ process arc givev ir
Toh]e 11. The high zinc and aluminum concentrations do not interfer~
w;th further purification by ele~trorefininR,

IrImosr cases, the reductfn~ product was a salt phs~e above a tv-
ljhasebutton. The salt phase W,ISmechanically separated a:~ddisc;]~(~e~.
The bottom, denser phase W,IS plutonium and contained snail amounts of
calciur and zinc. The upper meca~ phase was tvpically 5C-(0~ pl\]ttl-

nium, 20-25% zinc, ~nd 47 calcium. several bl!ttonswete zollected ~r:’

co~lesced to consolidate pha~e sell;)~ntion. This step, liquo[ion, is
d~scussed helw ullcler t~l,: fie[ldin~~ddttlonul pro(essinc !step~.

c. Add~tinnal Processing Steps



TABLE II. P~RIFICATION OF PLUTOXIIW
ANODES BY PYRO~DOX

Processing’

Element
Pu
Ga
Zn
Ca
Al
Ta
~a

Si
K
k’
R
Mg
!iI
Fe
Am

Feed
m

5.5Z
---

7.5%
lx
0.1%
5Z

2?!0
0.52

5(!0
~@()

*
23b

300n
2100

Product—.
852

---

790
1.35%

300
100
5
25
40
10
3

3000
5

1000
30

aRun DC)lresults, which are typical of the series.

b
Feed and product are in ppm unless otherwise indicated.

1. Pclishing

When we processed spent anodes rather than plutonium-gallium mix-
tures, three phases formed durin~ oxidation. Th~ upper phase (a green
salt) and the bottom phase (metallic zinc) were si~,tlar to phases ob-

tained with the simulated anodes. The third (intermediate) phase was
a grey salt that WP attributed to impurities in the anode. It consis-

ted mainly of a fog of uncoalesced zinc in the salt matrix with some
evidence of plutonium oxychlorlde formBtion. This third phase waa
minimized by a polishin~ 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 magnesin reaction crucible. The reaction system was asse:-
bled, evacuated, and backfilled with ar~on. The syste~ was heated to

flOO°C, and stfrring was begun and increased from 200 to 60n rpc as the
temperature rose to 850=C,

The product was homogeneous ant!plutonium loses durinp polishirp
were quite low (less than 5 g). The metal button could be mechanicall-

y Beparated from ihc snlt and transferred for the oxidation step.
?ollshln~ marked]v reduced grey salt formation, probably by reducinR
any pfirtiall:?oxidized species In the spenr anode. Additional zinc
chloride was now needed, however, t(loxidize both the plutonium and the

excess calcium contained in the button. Yields in the oxidation step

increased to greater thnn 80Z after poli~hinp.



2. Liquatlon

Liquation removes zinc and calcium from the reduction product
while preparing most of the plutonium for further purification. The
liquation otep is a gravity ~eparation of the two-phase button forme?
in the reduction. Several of these buttons, totaling 4.5 kg, were
placed in a long, narrow magnesia crucible. The re~ctlon 8vstem was
aesembled, evacuated, and backfilled witn argon. The vessel was
heated and maintained at 850”C for 6 h. The resultlr~ ingot consisted
ted of a lighter upper phase and a more dense plutonium-rich lower
phase. Results of several liquations ate summarized in Table III. The

TABLE 111. COFfP@SITIO?iOF LIQUATIOX PHASF

Density
Plutonium Calcium Zinc (g/cm3)

Experiment T~- Bottom Top Bottom Top~tton Top Bettor
No. (z) ~9(7) (%) (z) (z) (%) (?) (2)
1 42 5 130 ppm 8 600 pp~ 5.7 15.6
2 0.7 93 ~~ 700 ppm 30 0.4 2.5 15,0
3 55 95 51 -- 12.5 -- -- --
4 47 90 24 1.82 25.5 3.5 -- --

bottom phase containing most of the plutonium could be electrorerefined
without further treatment. The upper phase was recycled to the oxid2-
tion step for removal of calcium and zinc.

13. The Electerorefined Product

Even though electrorefin~nE is a mature process, we demonstrated
the liquated buttons could be further processed to high-purity Fetal.
Table IV summarizes data from experiments in which the denser phase

TAPLE IV. RESULTS OF LIQ[’ATIC~SEXFZRIMESTS

Phase
Inpot Top Bettor

Pu, g (134(1 1220 31:!()
Total pu, % 9f’).7 28.1 7],0

Density, F/cm3 -. 7.5 :5

from the liqu~tion step was electrorefined. Yields were satisfac-
tory; puritv of the product rin~ wns excellent (see Table V),



TABLE V. PRODLICT OF ELECTROREFIYIYG PYRODOX METAL

Component

Product Ring
Shot
Cathode
Crucible
Salt
Anode
Yielda

Plutonium Content

(g) (z)

4081 78.4
26 (?..5
9 o,~

83 1.6
671 12.9
334 6.4
-. 80.1

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

TV. SU?lMAr?Y

We have de~’eloped a method for remo~rinp impurities from plutoni~.m
scrap that contains less than 95% plutonium so tb~t it meets the 95Z-
purity criterion for effective electrorefinlng. The process consists
of oxidation of pllltonium 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-
tio~ facility. The liquated product has been purified by electrore-
fining. Yields from pyroredox processing in our demon~tratio~ facil-
ity are greater than 80%. We believe that the process is readv for
transfer to production facilities.

The 31 mol~ ZnC12-KCl eutectic was successfully prepared in 5-kg
batches by drying, heating to a melt, filtering through a coarse pyrex
frit, anr!transferring the melt into a warn quartz cruclhle. The
moisture-free salt did net froth or overflow during the oxidation step.

prepolishi,ng and liquaticn were effect~ve steps for treating the
impure spent anoc!e~ to adapt the general, Feneric process to our
specific requirements.

h:eare .qtuclyirr~methods for minimizing or eliminating the pre:

salt ph~se that forms durirr~ oxidation. We recycle this phase when
necessary.
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FIGURE CAPTIOYS

Fig. 1
Experimental apparatus.

Fig. 2
Pyroredox process for recovery of plutonium from
impure scrap.
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