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ABSTRACT

Plutonium has been produced by elesctrolytic reduction of its trichloride
in & solvent of barium, potassium, and sodium chlorides. The Pu015 is best pre~
pared by a dry method and should be free of oxygen. Electrolyses should be car=
ried out at approximately 800° €, usirg cathodes of tungsten, molybdenum or tantel-
um, and graphite anodes. The initial plutoniun trichloride concentration may be

about 30 percent, and hydrogen or inert zas such as argon stould be employed tc pre-

vent oxidation.
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INTRODUCTION

Two methods for the production of metallic plﬁtonium were consicered by
the metallurzy sroup at Site Y prior to the availability of the material in ap-
preciable quantity. These were bomb reduction and electrolytic reduction, snd small
scale stand-in work was performed usiag tuballoy. The stand-iﬁ electrolytic in-
vestigation is summarized in detsil elsewherel). It was Tound that uranium could
be deposited from a solutien of its trichloride in a fused solvent containing 48 per=
cent Baciz, 31 percent KCl and 21 percent NaCl by weight. The stand-in experiments
vere performed in small Pyrex cells and recoveries in excess of 50 percent wero
readily obtained on a 5Q0-mg scale. Accordinzly, the same techniques were applied
to plutonium reduction as soon as it became available on the same scale.

BAPERIMENTAL

The cells used for 50-mg elesctrolyses, és well as for most of the larger-
scale reductions, consisted of 18/7 semiball Pyrex joints, usually constricted at
the base to an internal dismmeter oi' ¢ to 5 mm. The cathode of tunzsten or other
wire was sealed through the base exposing only about 1 um of its length. The cell
top carried the anode and an inlet and outlet for inert-ges cover. The gas, either
hydrojen or arjon, passed from tanks over tuballoy chips, heated %o 500° C, into
the cell. The eftluent gas (arson and chlorine or HCl and hydrogzen) flowed through
& cold trap, over soda-lime and Urierite to a flow indicator. The line was also
connected to a vacuum pump, and prior to heating of the cell, the entire system was
evacuated several times and flushed with ths gas. The cells were heated by a wire-
wound pot furnace and the temperature controlled by a thermocouple shielded by Pyrex

tubing, and operating a proportionircg controller. Temperatures were constant to
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the equipment were enclosed %« 8e 100G 00 see oo
The solvent salts were reazent srade, dehydrated at l50° C where nsec~

essary, and individually fused and cast in platinum. They were then ground in
porcelain, mixed to contain 48 bercent Ba012, 31 percent KCl, and 21 percent by
weizht of NaCl, and fused, cast, and reground. The mixture was kept in a desic-
oator and heated to 150° C before use. The plutonium trichlorides were. prepared
by the chemistry sroup by a variety of methods and wsre checked by chemical and
Xeray analyses. The methods of preparation are listed below to correspond with
the designations in Table I. Details may be found in LA-112,

(a) Hydroxylamine = wet preparation of PuCly reduced by hydroxylamine and
dehydrated in HCl.

(b) Formaldehyde - wet preparation of PuCl, reduced by formaldehyde and de=
hydrated in HCl.

(¢) Hydride - metal reduced by lithium, converted to hydride, hydrochlorinsted
with HCl.

.

(d) Hydrogen = wet preparation of PuCl, dehydrasted in HC1l and reduced by hydro=

gen.
(e) HCl = PuOp irnited from nitrate and reduced by a mixture of HCl and hydro=
gen.
(£) Oxalate = trivaleut oxelate hydrochlorinated by e mixture of HCl and hy-
droyen. |

The trichloride, as received, was transferred to the base of the cell ani
the powdered solvent superimposed; all filling and openinz operations were perform-
ed in a closed box. Upon completion of the electrolysis, the cell was cooled under

the inert zas and opened in the box. The contents were usuelly washed with water
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Table I is a chronological summary of the experimental data. The tri-
chlorides prepared by wet methods inveriably contained oxysen, probably as oxy-
chloride. They were very dark and difficultly soluble in water. It is likely
that metal was produced in runs 1398, 1508, 1556, 1576, and 1590; but was probably
coated by oxide which prevented coalescence. PuCl, prepared from hydride (1549)
was lizht sreen, soluble in water, and yielded the first coherent electrolytic
metal, indicating that the melting point of plutonium was probably below 660° C.

Runs 1€12 throuzh 1639 were performed with a @ry preparation of PuClg,
which, althouzh it contained approximstely 0.5 percent of oxygen, yielded appreci=
able amounts of metal upon electrolysis. These experiments indicated that for‘a
given curreé£ density the recovery was reduced by an increase in tomperature, but
was ilncreased at constant temperature by increase in current density. This effect
is in accord with expectations, for the cathode efficiency is diminished almost
entirely by reaction of anode products with the metal. The low current densities
employed in the early experimenis resulted from the belief that the melting point
of the metal was high and that it would be deposited as a solid. Having determined
that the metal vas liquid at the electrolysis temperature, » run (1661) was made
at 900° C, but probably at too low a current density “to secure reduction. At 600° ¢
mainly powder was obtained (1671), indicating that the melting point was between
600° and 660° ¢ (the melting point by thermal analysis appears at present to be
about 630°).

At this point, a new method of PuCl:5 preparation was introduced, result-
inz in a superior product. Using the trichloride prepared by hydrochlorination of

the dioxide, it was determined that high-density metsl (run 1677) was produced by
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TARLE Y. FLFCTROLYTIC PRODUCTIOH OF PLUTONTUM L ‘
Run PuClB Charge
Type Pu {PuCl, Operating Conditions Result
mg W .o 7’:5)

1398 Hydroxylamine 65 2L Tungsten cathode 0.030" diam., Dark nodular powder, Reactle
Tungsten anode 0,040" diam. vigorously with dilute HCl.
650°C, 0.025 amp, 60 minutes,
hydrogen cover

1508 Formuldshyds L9 21 Seme as 1398, 6L0°c Fine dark powder. Reacts

e®e % with water and dilute HCl.

ﬁﬁb@f Hydride 53 11 Same as 1398, but 660° C, Pine dark powder with 10 0:.0.:

svegse B/L“ electrode spacing, 0.030 smell metallic spheres wembbe N

: amp, 60 minutes, argon cover ing epprox. 5 mg. Assay é%; B,

:oooo. ooooo:

1355  Hydrogen 31 12,7 0.040" tungsten anode and Dendritic powdero Full :

e s o cathode, 3/L" scparation, dark and difficultly sof&h&d"‘

segoee 660°¢, 0.015 amp, 120 minutes, in water, sesges

esoe argon cover. ‘ e o

:0...:

1575  Hydrogen 56 12 Same as 1556, but 0,030 amp, Dendritic powder. Reacts °
60 minutes vigorously with dilute HCl.

1550 Hydrogen sl 11.5 Same as 1556, but 0,050 Fine brown powder. Reacts

. amp, 30 minutes vigorously with dilute HCl.

1612 Hydrogen 53 11,2 Same as 1556, but 0,030 tiany small metal spheres in

{0.5% O , amp, 60 minutes, addition to fine powder. MNetsl
in chloride) melleeble. Assay 100 io 5% Puc

1620 Hydrogen 50 10,8 Same as 1612, vut 710°C Fewer mc¢tal droplets than

(0.5% 0 in 1612,
in chloride)
1629 Hydrogen 51 11.0 150 mg 2a as cathode. Tungsten Brittle cathode alloy. Soms

(0.5% 0
in chloride)

anode 0.0L0" diam, 660°C,
0,050 amp, 30 minutes, argon
cover.

b=

fine powder. 16.5 % Pu
in up:er portion of alloy.

(1 )
L ]

[ 3
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®
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TABLE I {CO-TINUFD) —
Run Eﬂp13 Charge ' )
Type ra Pucl Operating Conditions Resuit
mg "o
1639 Hydrogen 99 33 Pungsten anode and cathode 0.0L0" Very many Pu droplets, larger
(0.5% O diam, 3/8" separation, 640°C, than in previous runs. Assay
in chlGride) 0.050 amp, 60 minutes, argon 95% % 5% Pu,
cover
1661 Hydrogen 51 11 Quartz cell, 5 mm I, tungsten No reduction,
:'.... anode and cathode V.0LO" diam,
. 4" separation, 900°C, 0,20 amp, I
HEEHA A 30 minutes, argon cover oo :
. ‘65 Hydrogen 53 19.7 Same 2.8 1639, but 0,20 amp, Fairly large Pu beads; :.ou;
S leeest 25 minutes aprroximately 20% recoverJ. ¢
(XXX Y] .....‘.
eeee 212 Hydrogen 51 19,7 Same as 1666 but 600°C Meinly fine powder. Readus, .
®e  Seesee with water slowly. Rcac,s *:
seee vigorously with HCl, soeres
[T XX ]
2077 HC1 52 20 Same as 1666 Over 50% recovery of droplsts
weighing 3= mg, Density
19.1. Best yield,
1631 HC1 50 19,2 Identical with 1677, but & Heny smell Pu sphereso
minutes only.
1688 HC1 1020 33 Pyrex cell, 7 ma .9, tungsten . .. Large spherical deposit on

cathode 0.0L0" diam, tungsten
anode 1/8"diam, anode to cathode
1", 660°C, 0.50 amp, 75 minutes,
Brgon cover

cathode, Numerous droplets,
larger weighing 15 mg. (Fig.l)
Density cathode sphere 19,1
Density droplete 16,7. Micro-
scope snows eutectic phase
(FigoE) .

- —

(YL R4
L
(X X 4
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TABLE I. (CONWTISUED)
Rund PuCl3 Choarge
Type Fua PuCl Operating Conditions Result
ng “te %

1707 HC1 50 18,3 Tuntelum cathode 0,030 dlamp Plutonium spheres show

gravhite anode 1/8" diam, 3" microscopic globular
separaticn, 660 Cy; 0020 amp, inclusions {Fige 3).
20 minutes, argon cover

1712% HC1 L9 19,1 Sume as 1707 but 0,0LO" Asprox. 50% yield of drop-
e o tungsten cathode lets, Very few inclusione
e’ o a0’ No eutectic (Figo L)

00 [ [ ]

L= HC1 7 26 Same as 1711, but 3/8" Larger droplets, Fow * .
e gttt electrode separation, 0.5 amp, inclusions. (Figo 9)» o
cos R 1% minutes secee

: :....: (L X1 X )
:001ﬁk@--f HCl 71 L5 Pyrex cell with 2 mm 1D base, PuCl, partially hydrated. ° 3
tes o H tungsten catnode, 0,040" diam, Smal% droplets, Y7% recoveay"n.
Ut graphite anode, 1/ " diam, 1" Almost single wicroscopic ,,...

separation, 660°C, 0.30 amp, phase (Fige 6). HER

10 minutes, argon cover seecee
178l HC1 1000 33 Tungsten catnode 0,040" diam, water liberated during HC1

graphite anode 1/8" ‘diam, cell flushinge PuCl, incompletsly

flushed with dry HCl during converted, Very little

heating, 660° C, 1.0 amp, 35 mi massive metal., HKainly browo

utes; argon cover powder completely soluble

: in HCl with gas evolution.

18LL HC1 50 10,7 Same as 1764, tut 00,20 amp, Low yield of dropletso

16 minutes

Pu013 only 933/ converteds

3ASV3T34 O 1'19Nd d04 d3aNOdddVY
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TABLE I.
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Operating Conditions
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1856

1857

PuCl3 Charge

Typ ] fua PU.C13
’ﬁl_g' 1 Eo ia

HCI 52 11.1

HC1 ‘ 1200 37

Oxaliate 355 35

Same as 18LhL, 12 ninutes

Same as 178L, but 0.3-0.5
amp, 71 minutes

Molybdenum cell cathode,
conical shape, in Vycor

jacket swept by purified
hydrogen, graphite anode
4" giam, 800°C, 2,0 amp;
20 minutes

Fresh rPuClz. Good yield
of Fu metal.

Good yield of large i'u
droplets. Water wash

omitted, Salt crushed

and 460 mg of metal collected
es large pieceso Remainder
flux=melted with no success.
tellocollected single burblon, e
Recovery approximately F5iwe °
Density 19o1. Io microggggic’,
evidence of alleying at ° .
molybdenumeplutonium iglerfiacces

ASv3a 134 O 118Nd d04 d3aNodddv
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electrolysis, and (run 1681) that, shes ré&ucb:ioia' udss electrolytic and not the

result of secondary chemical reaction with sodium or bsrium.

Having echieved some measure of success on the 50-mg scale, a
legram reduction was carried out using the new trichloride (1688). A large
bead of metal weighing almost LOO mg was obtained on the projecting tungsten
cathode ir addition to the usual droplets (Fig. 1). Microscopic cxaminetion
of these droplets showed the presence of amn eutectic phase and the presence of
free cubes of a phase taken to be tungsten (Fig. 2)o The experiments which
followed were designed to determine whether the tumgsten was derived from
the cathode by alloying, or from the anodes by solution followed by elecirolytic
deposition, Alloying of plubtonium with tantalum had been reported as negligible
even at QOOOC, and so an electrolysis (1707) was carried out in a cell with
tantalumewire cathode and grephite anods. The asetal showed non&etallic
inclusions, but no evidence of a second metallic phase (Fig. 3). A tungsten
cathode was substituted and the run repeated (1711, 1720). No évidencé of
free tungsten or of the outectic was found (Figs. L, 5). It may be concluded,
then, that the tungsten present in the metal of run 1688 was obtained by
anodie solution and subsequent electrodeposition, This belief is confirmed
by the deposition of tungsten crystels under similar conditions in earlier
electrolyses., Ixperience in uranium deposition employing hydrogen as a
cover gas had been that virtually no tungsten was transferred from the anodes.
The difference in behavior may be atLributed to considerably greater attack
by chlorine than by HCl, It will be noted that hydrogen was used in the
first experiments, but argon was substituted to avoid the possibility
of hydride formation., Howevor, a return to hydrogen (5008) demonstrated that

the fears were unfounded,

l

eee o eoe o0 oo
e o o o o o LN ]
e o o o » [
. e oe e oo o o
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The failure to deposii:::;m:%;z%;;t.g;eﬁ:;i .E:vzom wat-preparation tri-
chlorides was attributed to the presence of\;;;égiorideso Similarly, Pu(.‘,].';5
which was slightly hydrated by storage (1740, Fig. 6) or incompletely converted
(1784, 18L4L) produced low vields, On the other hand, freshly prepared
trichloride resulted in satisfactory recoveries (1856, 1857). ‘This
phenomenon is ot unusual aund is encountered in many fused-salt processes,
notably thc¢ production of magnesium and calciumo’

One of the obvious drawbacks of the eleoctrolytic method as descrived,
is the formation of individual droplets rather than a single massive piece of
metalo, Wwhile it is probable that operation on a considerably larger scale
would remedy this defect, it appeared likely that an increase in the tempera-
ture of electrolysis would aid collection of the metale An attempt to remelt
the small droplets in the presence of the electrolysis bath met with no
success {1857). Reduction at high temperatures can not be performed in
Pyrex, and after considerable stand-in testing, a conical cell of molybdenum
vas finally selected, This cell rested on a graphite platform and was en-
closed in a Vycor jacket, The tube was swept by purified hydrogen, and
the electrolysis carried out at 800°C. The metal collected as a single
coherent button in the base of the cone, Microscopic examination showed
no evidence of alloying at the molybdenum=plutonium interface,

A number of spectroscopic analyses have been made on electrolytic
plutonium, but the ecarly analyses are ot reliable because of the small
quantities involved and because the analytical methods have since been
improvedo, Table II lists the results of two later analyses on larger

samples. It will be noted that the sodium content is fairly high, but it

is almost certain that even were the sodium not eliminsted diring remelt,

REL EASE
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1t could be reduced to tolerable %Taluck byzoreti:seici@ of #aCl from the solvent

salts. |
Table II. Analyses ofAElectrolytic Plutonium
Impurity Sample 1688 Sample 5008
£ 124
Li ND<1
Be ND< NDL 2
Na 20, 30
Mg 20
Al ' ND € 1400
X 20, Lo
Ca <5, <10 Lo
Fe <400
Ba ND L Lo
La ND { 400
Th ' ND < 2000
$ . ,i
N¥D - not detected
CONCLUSIONS

The electrolytic mcthod of reduction was discontinued when it
became evident that high purity was no longer a consideration. Sufficient
experimental work has been performed, however, to allow several definite
conclusionso..

1. Plutonium may be prepared by electrolytic reduction of its
fused trichloride in a solution of chlorides of more electropositive metals,

2; The PuCl; is best prepared by a dry method and the oxygen and

APPRCNEL%- '.i:éi? BOBL | °-3?ELEASE
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moisture content should be lowe | .
3, The electrolysis is best carried out at ap.roximately 800°C and
at high current densities. A suitable Pu015 concentration appears to be
approximately.EO per cent by weight., Cathodes may be of tungsten, teantalum,
or molybdeaun, and anodes of graphite, although tungsten anodes may serve when

a hydrogen cover is used, Access of air te the fused salt must be preventad.
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Fig. 3. Deposit from Tantalum Cathode (1707)
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