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ABSTRACT

Electrorefining processes have been developed for thé recovery
of plutonium from plutonium-iron alloys on the 3.5 kg. scale., The
process can be controlled to produce plutonium metal containing <35
p.p.m., of iron and a total of <100 p.p.m. of detectable metallic
impurities., With an alloy initially containing 2,50 w/o iron, the
recovery yield is ~82%.

The theory of plutonium alloy electrorefining is discussed, and
a method based on back e.m.f. measurements for controlling the process

automatically is presented.
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INTRODUCTION

The Los Alamos molten plutonium electrorefining process (LAMEX
process) for preparing high purity plutonium metal in kilogram quan-
tities has been described in earlier repor*l:s.l_5 These reports were
concerned primarily with the development of a method for purifying
plutonium metal containing about 0.2 w/o metallic impurities in batches
of 500 g. and 3.5 kg. The extension of the LAMEX process to the electro-
refining of plutonium-iron alloys is given in this report. (This alloy

is of interest because of its use as fuel in the LAMPRE nuclear reactor.)6

THEORY

Metallic impurities associated with plutonium metal can be divided
into two classes, those metals which are more electropositive than
plutonium and those which are less electropositive (i.e., more noble)
than plutonium. In the LAMEX process, where a stirred molten anode is
used, the electropositive elements can be expected to concentrate in the

salt phase before any current is passed by virtue of a reaction such as




Am® (metal) + PuCl3 (salt) % AmCl3 (salt) + Pu® (metal) (1)

Thus, when current is passed, the concentration of the electropositive
impurities in the product will depend upon their concentration, with
respect to plutonium, in the salt. If equilibrium conditions existed

at the cathode, the following equation applies

Am° 1 AmCl
(-Pl—l-a-) metal product = K (ﬁﬁg) salt (2)

where the parentheses refer to activities,and K is the equilibrium
constant for equation (1). Even in the absence of equilibrium, equation
(2) can be used to provide useful correlations of the behavior of
electropositive elements.

The behavior of the noble metal impurities can perhaps be under-
stood best by considering the case of a plutonium concentration cell
which could be used for determining the activity of plutonium in a
plutonium-iron alloy. (The principle and theory of operation of such
cells are summarized well in references 7 and 8.) Such a cell would be
represented as followss

Pu°® (4) NaCl-KC1-PuCl, Pu-Fe (4) (3)

The electrode reactions would be

Pu° (4£) s + 3e” (negative electrode) (4)




P + 3e” 5 Pu® (£ Pu-Fe) (positive electrode) (5)

Net cell reaction:

Pu® (4) S Pu® (4 Pu-Fe) (6)

The free energy change and potential for this cell would be

- = = -R
AF = nfE T 1n (Pu), , o (1)
where the parentheses refer to activity and the standard electrochemical
symbols are used, (see Glossary).
Similar considerations can be applied to hypothetical Pu-Fe
electrorefining cells operating under reversible conditions., The net

reaction for such a cell would be the reverse of equation (6) or

P“°(z Pu-Fe anode) = Pu°(z cathode) (8)

Since only plutonium would be dissolved at the anode,* the concentration

of iron in the anode would therefore increase during the electrorefining.

»
To be more accurate, an infinitesimal amount of iron will be dissolved
to the extent permitted by the reaction

% Fe® + PuCl, S Pu® + % FeCl E° = -1.39 volts

3 2

Since the standard free energy change for this reaction at 727°C is
~96 kcal/mole_ of PuCls, the equilibrium constant for the above reaction
will be ~10-21,



For the case of electrorefining a Pu-10 w/o Fe alloy, the increase in
iron concentration would eventually result in phase changes in the anode
at all temperatures less than 1530°C. From the Pu-Fe phase dlagram

9,10

presented by Schonfeld and Ellinger, shown in Fig. 1, at 727°C

(1000°K) the anode will be & single-phase liguid up to ~23 a/o iron,

(L. 7

liquid plus solid PuFe, up to &%5 a/o iron, and completely solid at

2
j;égg’a/o iron., For a hypothetical electrorefining cell operating under
reversible conditions, the appearance of these phases could be detected
by interrupting the infinitesimally small electrolyzing current and
observing the open-circuit potential of the electrorefining cell. The
open-circuit potential is given by equation (7. Thus, for the electro-
refining of a 10 a/o Fe-Pu alloy, an initial 0pen-circuit potential of
~3 millivolts* would be obtained. This potential would gradually

increase, until solid PuFe, appeared, to a value of ~8 millivolts. The

2
potential would then remain constant as long as any liquid phase remained
and would suddenly increase when the anode consisted solely of PuFee.

The foregoing discussion assumes that the electrorefining cell is
operated in the absence of polarization., Since a finite current must
be passed to secure any product, the anode, cathode, and electrolyte of
an actual cell will be polarized. This polarization will result in an

open-circuit potential with the same sign or direction as that discussed

above for the Pu-Fe galvanic cell. For any fixed current density, this

*
In all of the calculations which follow, an activity coefficient of unity
has been assumed for plutonium in the (Pu-Fe) liquid.

10
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polarization can be kept to a minimum by stirring the electrolyte and
anode phases efficiently. The cathode and electrolyte polarizations
under these conditions will remain small and essentially constant as the
anode composition changes during the electrorefining. The anode polari-
zation will also be small until the anode becames solid. Thus, if the
anode consists of both liquid and solid phases and both phases are
stirred efficiently so that some liquid phase is always present at the
metal-salt interface, the anode polarization will be small. When the
anode surface is solid, however, the rate of diffusion of Pu through

the so0lid will be slow and polarization will be extensive at any practi-
cal current density. Under these conditions, where the plutonium activity
at the surface is very low, it becomes possible to dissolve iron into the
salt. The plutonium activity at the surface can be estimated by means of
equation (7), which can be rewritten as

Back e.m.f." = - R 4n (Pu)

nf anode surface (9)

The essential points in the theory of operation of the LAMEX cell
for the electrorefining of a Pu-Fe alloy are:

1l. Any iron dissolved at the anode will be reduced to metal at
the cathode.

2. No iron will be dissolved at the anode unless it becomes

seriously polarized (i.e., deficient in plutonium).

*
Open-circuit potentials are commonly cealled back e.m.f's if they are the
result of a passage of current. In the present report the two terms are
used interchengeably.



3. Open-circuit potential measurements (back e.m.f. measurements)
can be used to determine the extent of anode polarization.

L. No polarization will take place at reasonable anode current
densities as long as a plutonium-rich liquid phase is present at the
anode-salt interface.

5. Polarization will be serious when the anode is completely solid.

6. To fully realize the process advantages offered by points 3 and
L, efficient stirring of both the anode and salt phase is essential.

T. The concentration of PuCl3 in the electrolyte will remain
essentially constant since the only reactions taking place at the elec-

trodes are the oxidation of Pu® +to Pu+5 and the reduction of Pu+5 to Pu°.

EXPERTMENTAL

Preparation of Electrolyte

A chloride electrolyte consisting of 10 w/o PuCl,,” 50.k w/o KC1,

3)
and 39,6 v/o NaCl was used. Cylinders of NaCl-KCl were prepared by
melting the A.R. grade salts in a 90 mm. quartz tube under vacuum.5
Vacuum distilled PuCl3 was added when the salt casting was introduced

into the electrorefining cell.

Preparation of Plutonium-Iron Anodes

Plutonium-iron alloys were prepared by two methods:

1. Adding plutonium and iron to the electrorefining cell and

*
The use of lower concentrations of Pu_Cl3 and the substitution of either
PuF3 or Pth for PuC;3 are discussed in“ref. 5; also see Table 5.

15




stirring the mixture for 2 hr. prior to the passing of current.
11

2., Vacuum casting a plutonium-iron alloy.

Febrication of Ceramics

Magnesia-3 w/o yttria cells and alumina stirrers were fabricated by
Group CMB-6 of the Los Alamos Scientific Laboratory. Morganite, Triangle
RR grade, alumina tubes were used for anode protective sheaths.

Equipment

The 3.5 kg. scale electrorefining cell is shown schematically in
Fig. 2. The cell consisted of an outside container (2), 4-1/8 in. 0.D.
by 6-1/8 in. high, which contained the molten salt electrolyte and a
concentric inner anode compartment (1). Both containers were made of
highly vitrified magnesia-3 w/o yttria and were cemented together. A
perforated tungsten tube (5) served as the cathode. A tungsten rod (k)
protected by an alumina sheath (6) conducted current to the anode metal
(7). An alumina stirrer (3) coupled to a stainless steel shaft and
rotated by an electric motor was used to agitate both the anode metal
and the electrolyte (9). The entire assembly was contained in a 5 in,
0.D. stainless steel tube mounted in a commercial tube furnace, Hevi-Duty
Electric Co. Model 5012, During operation, plutonium was oxidized at
the anode, entered the molten salt electrolyte, and was reduced to metal
at the cathode. The molten product (8) drained continuously into the
annuler product collection zone. The D.C. power supply was equipped
with an antomatic back e.m.f. sampling device.5 The back e.m.f. could

also be measured menually by opening the switch (13) and observing the

1k
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open-circuit potential at the meter (12).

The complete cell assembly is shown in Fig. 3.
Procedure

The general procedures were identical to those already descri‘bed,5
with the following exception.

In addition to the automatic interruption of current once each hour,
the current was interrupted frequently during the terminal stages of an
experiment for the purpose of maeking back e.m.f. measurements. These
measurements were mede usually with the stirrer in operation., Most of
the measurements were made with a Simpson volt meter. A Rubicon poten-
tiometer was used in special cases, e.g., for e.m.f. measurements which

did not chaenge rapidly with time.

RESULTS AND DISCUSSION

Back E.M,I*, as a Function of R

Typical plots of the back e.m.f. vs. 6, time after interruption of
the electrolysis current, are given in Fig. It as a function of R,* the
atomic ratio of iron to plutonium in the anode at the instant of current
interruption. As anticipated, the back e.m.f. increases as the anode is
depleted of plutonium. The back e.m.f. decays rapidly in the first 30

seconds after current interruption. However, the back e.m.f. always

*R was calculated from the initial anode composition and the amount of
plutonium dissolved at the anode. The calculated terminal values of
R in most cases were within 4% of those determined by dissolution and
analysis of the entire anode residue.

16
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increases as R is increased, for any given time, 6,

Plots of back e.m.f. at © = 0 vs. R for two typical electrorefining
rung, Runs 5 and 6, are given in Fig. 5. In both cases there is a sudden
rise in the back e.m.f, when R = ~ 0.7; both experiments were terminated
at back e.m.f., values less than 0.6 volt. The small inset figure, back
e.n.f, vs, D,* where D = fraction of the plutonium feed metal dissolved
at the anode, shows how rapidly the back e.m.f. is actually changing
during the terminal stages of the electrorefining process. Thus in
Run 5, the back e.m.f. changed from a value of 0,10 volt at 86% plutonium
dissolution to values of 0.32, 0.42, 0.51 and 0.57 volt at 88% disso-
lution. (The latter values are all for 88% dissolution.) A plot of back
e.m.f, vs. R for an experiment in which the anode vas depleted to R = 2,
Run 2, is given in Fig. 6. As in the previous figure, the back e.m.f.
rises rapidly at R = ~0.7; however, the back e.m.f. behavior is erratic at
values of R above 1.1,

Product Purity as a Function of R

Analyses of the products and anode residues from runs shown in Fig.
5 and 6 show that no detectable amounts of iron were dissolved in either
Run 5 or 6; however, an excessive amount of iron was dissolved in Run 2

as evidenced by both the anode and product compositions shown in Table 1.

*
D is related to R by the following equation

)P

where x = w/o Fe in Pu-Fe alloy feed.

19
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Thus, to insure a pure product, the electrorefining should be terminated

when serious anode polarization is indicated by the back e.m.f.

Table 1

Product Purity as a Function of R

Fe Concentration, w/o

R, Terminal Value Anode Residue
Pu-Fe a Metal a
Run Calc'd Analysis  Feed Calc'd Analysis Product
5 0.90 0.91 2,32 17.3 17.5 <0,002
6 0.99 1.03 2.21 18.8 18.7 0.002
> 2,14 1.0 3,98 3% .3 oh.5°  0,16-0.38

Bcalculated on the assumption that only plutonium was dissolved at the
anode,

bThe measured value is questionable because the material balance wes
poor.

Permissible Anode Depletions

A1l of the Pu-Fe electrorefining experiments, except Run 2 in which
the anode was intentionally "over-depleted" of Pu, are summarized in Table
2. These runs were discontinued when anode polarization was indicated by
back e.m.f., measurements, In every case essentially no iron was trans-

ported from the anode to the cathode. (Experience has shown that approxi-

mately 20-30 p.p.m. of iron is introduced into the product as "tramp" iron. "’

This iron probably comes from the M’gO-YEO3 crucible which contains ~600

p.p.m. of iron.)

22
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Table 2

Sumary of Pu-Fe Electrorefining Runs

Current, Terminal Back E.M.F., Fe Concentration, w/o

Pu-Fe Run amp. volts D R Metal Feed  Product
1 19 0.60 0.7k 0.96 5.55 0.002

3 25 0.58 0.8k 0.66 2.46 0.003

L 25 0.70 0.86 0.78 - 2.49 0.003

5 25 0.60 0.89 0.91 2.32 <0.002

6 25 0.50 0.91 1.03 2.21 0.002

T Lo 0.54 0.84 0.68 2.54 0.002

8 25 0.52 0.90 1.13 2.58 0.002




The terminal values of R listed in Teble 2 varied from 0.66 to
1.13; the average value was 0.88 (#0.15). This latter value corresponds
to a plutonium dissolution of 87.5 (#2.7) % from a 2.50 w/o Fe-Pu alloy.

Product Yield

The yield or recovery of pure plutonium can be considered as the
product of the fraction of plutonium dissolved at the anode and the
per cent of the dissolved plutonium which is collected, i.e., % Pu
recovery = D (% Pu collection). The per cent collection is particularly
sensitive to the terminal temperature cycling and agitation or stirring
of the product. These steps in the process have not been optimized., How-
ever, with the terminal procedure* recommended in reference 5, the col-
lection yields in the runs listed in Table 2 varied from 98.8% in Run 8
t0 93.2% in Run 1. An average collection yield of ~0L% can be expected
with confidence., The per cent Pu recovery will therefore be ~82%, A
meterial balance for a typical run is given in Table 3. The PuCl3

concentration in the salt phase remains essentially constant during & run,

and the loss of Pu to the salt is in the form of metallic shot.

*
In brief, this procedure consists of stirring the product metal with the
tungsten cathode, heating to 840°C, and holding at this temperature for
2 hr.

2k




Table 3

Plutonium Material Balance, Run k4

Item g. Pu® of Pu°
Feed Metal 3134 100
Anode Residue 426 13.6
Pu Shot Loss and Crucible Loss® 140 k.5
Pu on Cathode 20 0.6
Pu Product Ring 2548 81.3

B he PuCl3 concentration remains essentially constant during the electro-
refining?

Product Purity

The purification of plutonium from elements other than iron is also
of interest. Analyses of the feeds and product metals are therefore
given in Table 4., It will be noted that the remaining detectable metal-
lic impurities in the product ere Am (9-29 p.p.m.), W (18-63 p.p.m), and
Fe ( ~20 p.p.m.). Only a few analyses were done for non-metallic impuri-
ties in the product. Typical results, e.g., Run 6, were C (<10 p.p.m.),
0 (20 p.p.m.), N (5 + 3 p.p.m.), and H (5 £ 5 p.p.m.). This level of
impurities is surprisingly low in view of the fact that the cells are
unloaded in an air atmosphere,

Since Am grows into the Pu at the rate of ~12 p.p.m. per month,
the values shown in Table U4 have been corrected to the date of.termination

of the electrorefining. As discussed earlier (see Theory) the Am

25



9

Tab

le b

Analyses of Feeds and Products
3¢5 Kgo Scele Plutonium-Iron Electrorefining

Concentration of Elements, p.pne
Run 1 Run 3 Run b Run 5 Bun 6 Run 7 Run 8
Element Feed Product}{ Feed Product | Feed Product | Feed Product| Feed Product]| Feed Product | PFeed Product
Mg 100 5 < 5 10 < 5 10 20 20 20 < 5 <10 <10 10 <10
A 15 <5 20 <5 <5 <5 50 10 15 < 5 35 <5 30 < 5
8i 20 <10 70 15 <100 <10 <100 <10 220 <10 190 <10 160 <10
P < 2 < 2 < 2 < 2 <200 < 2 <20 < 2 <20 < 2 20 < 2 20 < 2
Cu < 2 < 2 5 20 <20 < 2 <20 < 2 <20 < 2 200 < 2 50 < 2
Mn 6 2 4 < 2 <20 < 2 <20 < 2 <20 < 2 10 < 2 15 < 2
Ni <20 <10 60 <10 20 <10 15 <10 100 <10 50 <10 325 <10
Cr <20 <10 15 <10 <100 <10 <100 <10 <100 <10 30 <5 90 <5
Zn 20 <10 <10 <10 <200 <10 <200 <10 <200 <10 <10 <10 <10 <10
Mo <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 70 <5 1 <5
Ta <30 <35 <35 <35 <35 <35 <35 <3 <35 <35 <35 <35 55 <35
Th <15 <15 <15 <15 <15 <15 140;275 <15 2ks 36 <15 18 <15 <15
U 30 < 30 30 < 30 - <30 < 30 < 30 < 30 <30 130 < 30 30 < 30
W <10 ko 40 18 320 34 <10 55 <10 g 35 43 51 63
Am 128 2k 130 24 ¢ 9 307 29 101 b1 180 29 101 20
Fe 5 455x10% 20 |2.h6x10* 30 {2.b9x10* 30 |2.32x10* <20 r..zlxlo* 20  R.5kx1o* 20  [2.58x0* 20




contamination is determined to a large extent by the concentration of
PuCl3 in the salt. A summary of the Am distribution data for Uk
multikilogram electrorefining runs is given in Teble 5. (The Am and Pu
concentrations were determined by analyzing samples of the solidified
salts and metal product rings.) Table 5 indicates that fluoride has a
deleterious effect on the Am separation. This effect can be offset,

however, by increasing the PuF, concentration.

3

Table 5

Am Distribution in
Multikilogram Electrorefining Runs

Pu Halide No. of
Init. Conc., Electrorefining
Salt m/ 0 Runs K
PuCl3 2.10 19 (1.9 + 0.2) x 10°
PuCl3 0.49 3 (2.2 £ 0.2) x 10°
PuF3 2.10 2 ‘ (65 + 1)
PUF, 0.49 20 (1.1 + 0.1) x 10°

_perts Am/million parts Pu (salt phase after run)
% = . -
parts Am/million parts Pu (metal product)

Comparison of Theory and Experiment

The experimental control of product purity and anode depletion was
in general agreement with the theory discussed above. The theory pre-

dicted serious anode polarization at R = 2,0 (the anode will be completely

27




solid at R = 2.,0). The experiments gave an average value of R = 0.88
(£0.15). Although this value is smaller than expected, the extremely

slow rate of diffusion of Pu in the anode at the end of a run and the
physical appearance of the anode residue show that the anode is actually
in a "paste-like" or "solid-like" condition at the termination of the
electrorefining. The slow rate of diffusion is shown in Fig. 7, where

the terminsl back e.m.f. as a function of time is given for Run 8. After
a period of 24 hr., the back e.m.f. decayed from an initial value of

~0,5 volt to 0.018 volt; the calculated value for the back e.m.f. assuming
no polarization and an activity coefficient of unity for plutonium in the
liquid metal phase is 0.008 volt from the liquidus curve of Fig. 1. The
physical appearance of many of the anodes (for examples, see Fig. 8, 9, and
10) showed that the metal was solid or paste-like at the termination of
the electrorefining. In spite of the fact that the cell was heated to
840°C after the stirrer and anode rod were withdrawn from the cell,* the
anode residues still retained the voids created by the stirrer and anode

rod (see Fig. 9).

*
For complete operational details, see reference 5.
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Anode residue, top surface, Run 5,

Fig. 8.
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Anode residue, bottom surface, Run 5.

Fig. 9.
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Anode residue, top surface, Run 6.

Fig. 10.




CONCLUSIONS

The following conclusions can be drawn from these experiments:

1. Plutonium containing <35 p.p.m. of iron and a total of <100
p.p.m. of detectable metallic impurities can be produced on the multi-
kilogram scale by electrorefining plutonium-iron alloys. At high current
densities anodic dissolutions of ~88% of the plutonium are feasible
starting with 2.5 w/o iron alloys; over-all yield of electrorefined
metal should be ~82%,

2. The limitation on the amount of plutonium that is dissolved
anodically is imposed by the initial iron concentration and the accept-
able limit of iron concentration in the product.

3. Separation of plutonium from iron is quantitative as long as
the anode remains unpolarized. Therefore, stirring of the anode is very
essential., (This is also desirable when unalloyed, impure plutonium
feeds are used, for the same reasons.)

4, Anode polarization can be easily detected by back e.m.f.
measurements,

5. The back e.m.f. can be checked automatically during the run,
and the run can be terminated asutomatically when the back e.m.f., indicates
either that the run is complete or stirrer operation is faulty. (Inade-
quate stirring will result in both anode polarization and deposition of

sodium at the cathode.)
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GLOSSARY OF SYMBOLS, TERMS, AND EQUATTONS

D = fraction of plutonium feed dissolved at anode

a

1l

. 8. Puin feed - g. Pu in anode residue

g. Pu in feed

_ g. atoms Fe
~ g, atoms Pu

time after interruption of electrolysis current

p.p.m. = parts of impurity per million parts of plutonium, weight basis

t

E

]

1]

]

]

X 239 1

1 - T50x 55.85 R

for a Pu-Fe feed containing x w/o Fe

no. of electrons in the balanced half-cell reaction (= 3 in this report)
-1 . -1

the faraday = 23,060 cal. (volt) ~ (g. equiv.)

galvanic cell potential, volts

m/o = mole per cent

w/o = weight per cent

3k
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