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ABSTRACT

Electrorefinimg processes have been developed for the recovery

of plutonium from plutonium-iron alloys on the 3.5 kg. scale. The

process canbe controlled to produce plutonium metal containing 95

p.p.m. of iron and a total of =00 p.p.m. of detectable metallic

impurities. With an alloy initially containing E?.SOw/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 A1.emosmolten plutonium electrorefining process (LAMEX

process) for preparing high purity plutonium metal in kilogrem quan-

tities has been described in earlier reports.
1-5

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 etiension 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 ancxieis

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

7



Am” (metal) + PuC15 (salt) E AmC15 (ssd.t)+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

()
~o

metal product = ~

()

Amcl
~ =3 Bait

3
(2)

where the parentheses refer to activities,and K is the equilibrium

constant for equation (l). 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 celll

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 summarizedwelJ in references 7 and 8.) Such a celJ would be

represented as follows:

Pu” (.4) NELC1-KC1-I?UC1
3 I Pu-Fe (L)

The electrode reactions would be

PU” (4) !3~+3 +3e- (negative electrode)

(3)

(4)
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pub + 3e- !3Pu” ( L Pu-Fe) (positive electrode) (5)

Net cell reaction:

m“ (L)

The free energy change

S l?u” ( !4Pu-Fe)

and potential for

-LsF=r-lm= -RT In (Pu)4 ~

(6)

this celd,would be

u-Fe (7)

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 celJs operating under reversible conditions. The net

reaction for such a cell would be

‘o (.4Pu-Fe anaie)

the reverse of equation (6) or

~ ‘o (A cathode) (8)

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

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

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

~ Fe” + ~C13 ~ ~“ + ~ Fecla E“ .-1.39 volts

Since the standard free
+6 kcal/mole of PuC ,
will be N10-21. ‘3

energy change for this reaction at 727°C is
the equilibrium constant for the above reaction

9



For the case of electrorefining a Pu-10 w/o Fe alloy, the increase in

iron concentrationwould eventually result in phase changes in the anode

at all temperatures less than 1530°C. Fran the W-Fe p~se ~w~

9’10 shownin Fig. 1, at 727°Cpresented by Schonfeld and El-linger,

(1OOO”K) the anode willbe a s;~;-phase liquidup to -23 a/o iron,
,

liquid plus solid PuFe2 up to ~ a/o iron, end completely solid at
(&4.?
~ a/o iron. For a hypothetical electrorefining cell operating under

reversible conditions, the appearance of these phases could be detected

by interrupting the infinitesimally smsX1.electrolyzing ctmfent 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-l% alloy, an initial.open-circuit potential.of

*3 millivolts% wouldbe obtained. This potential would gradually

increase, until solid.Pu.Fe2appeared, to a value of ~ millivolts. The

potential would then remain constant as long as any liquid phase remained

and would suddenly increase when the anode consisted solely of l?uFe2.

The foregoing discussion assumes that the electrorefining cell is

operated in the absence of polarization. Since a finite current must

‘bepassed to secure any prcduct, the ancde, cathode, and electrolyte of

an actual cell will be polarized. This polarization will

open-circuit potential with the same sign or direction as

above for the Pu-Fe galvanic cell. For any ftied current

result in an

that discussed

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 becanes solid. Thus, if the

anode consists of both liquid and solid phases and both phases are

stirred efficiently so that smne liquid phase is always present at the

metal-salt interface, the ancde polarization will be small. When the

anode surface is solid, however, the rate of diffusion of Pu through

the solid wi13.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.% = - ~ In (Pu)mde smface
(9)

The essential points in the theory of operation of the LAMEX cell

for the electrorefining of a Pu-Fe alloy are:

1. Any iron dissolved at the anode willbe reduced to metal at

the cathode.

20 No iron will be dissolved at the anode unless it becomes

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

*Open-circuit potentials are commonly called back e.m.f’s if they are the
result of a passage of cument. In the present report the two terms are
used interchangeably.
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3. open-circuitpotential measurements (back e.m.f. measurements)

can be used to determine the extent of anode polarization.

4. No polarization will take place at reasonable and.e current

densities as long as a plutonium-rich

ancde-salt interface.

5. Polarization will be

6. To fully realize the

4.,efficient stirring of both

7. The concentration of

serious

process

liquid phase is present at the

when the anode is ccxnpletelysolid.

advantages offered by points 3 and

the anode and salt phase is essential.

PuC13 in the electrolyte will remain

essentially constant since the only reactions tm.icingplace at the elec-

trodes are the oxidation of

Preparation of Electrolyte

A chloride electrolyte

and 39.6 w/o NaCl was used.

+3PU” -toPUti and the reduction of Pu to Pun.

EXPERIMENTAL

consisting of

Cylinders of

10 w/o Pucl3,* 5oe4w/o ml,

NaC1-KCl were prepared by

melting the A.R. grade salts in a 90 mm. qusrtz tube under vacuum.5

Vacuum distilled PuC15 was added when the salt casting was introduced

into the electrorefinin~ cell.

Preparation of Plutonium-IronAnodes

Plutonium-iron alloys were prepared by two methods:

1. Adding plutonium and iron to the electrorefining cell and

*
The use of lower
FliF3or PuF4 for

concentrations of Pu,C1 and the substitution of either
Puc

‘3
are discussed in3ref. 5; also see Table 5.
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stirring the mixture for 2 hr. prior to the passing

2. Vacuum casting a plutonium-iron alloy.
Xl

Fabrication of Ceramics

of current.

Magnesia-3 w/o yttria cells and alumina stirrers were fabricatedby

Group CMB-6 of the Los Alsmos Scientific Laboratory. Morganite, Trian@e

RR grade, alumina tubes were used for anode protective sheaths.

Equipment

The 3.5

Fig. 2. The

by 6-1/8 in.

kg. scale electrorefining cell is shown schematically

cell consisted of an outside container (2), 4-1/8 in.

high, which contained the molten salt electrolyte and

concentric inner ancde compartment (l). Bath containers were made

highly vitrified magnesia-s w/o yttria and were cemented together.

in

O.D.

a

of

A

perforated tungsten tube (5) served as the cathode. A tungsten rod (4)

protected by an alumina sheath (6) conducted current to the ancde 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.

O.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 WZLSreduced to metal

at the cathode. The molten product (8) drained continuously into the

annular prmluct collection zone. The D.C. power supply was equipped

5 The back e.m.f. couldwith an autmnatic back e.m.f. sampling device.

also be measured manuaJJyby opening the switch (13) and observing the

14
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open-circuit potential at the meter (12).

The ccmplete cell assembly is shown in Fig. 3.

Procedure

with

The general procedures were identical to those elready described,5

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 making back e.m.f. measurements. These

measurements were made usualJy 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 change rapidly with time.

RESULTS AND DISCUSSION

Back E.M.I’.as a lhnction of R

!lypicalplots of the back e.m.f. vs. Cl,time after interruption of

the electrolysis current, we given in I?ig.)1as a function of R,* the

atomic ratio of iron to plutonium in the anode at the instant of cument

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 k~ of those determined by dissolution and
analysis of the entire anode residue.

16
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increases as R is increased, for

Plots of back e.m.f. at e =

runs, Runs 5 and 6, are given in

rise in the back e.m.f. when R =

any given time, e.

O vs. R for two typical electrorefining

Fig. 5. In both cases there is a sudden

N 0.7; both experiments were terminated

at back e.m.f. values less than 0.6 volt. The small inset fi~e, back

e.m.f.

at the

during

Run 5,

Vs. D,* where D = fraction of the plutonium feed metal dissolved

anode, shows how rapidly the back e.m.f. is actually

the terminal stages of the electrorefining process.

the back e.m.f. changed frcm a value of 0.10 volt at

changing

Thus in

86% plutonium

dissolution to values of 0.32, 0.42, 0.51 and 0.57 volt at 88X disso-

lution. (me latter values are all for 88$ dissolution.) A plot of back

e.m.f. vs. R for an experiment in which the anode was depleted to R = 2,

Run 2, is given in Fig. 6. As in the previous figure, the back em. f.

rises rapidly at R = -0.7; howev~, the back e.m.f.behatior is erratic at

values of R above 1.1.

Product Purity as a Function of R

Analyses of the

5 and 6 show that no

Run 5 or 6; however,

as evidenced by both

products and anode residues frcm runs shawn in Fig.

detectable snmunts of iron were dissolved in either

an excessive amount of iron was dissolved in Run 2

the anode and product compositions shown in Table 1.

‘#
D is related to R by the following equation

19
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!l!hus,to insure a pure product,

when serious”anode polarization

the electrorefining

is indicated by the

Table 1

Product Purity as a Function of’

should be terminated

back e.m.f.

R

Fe Concentration,w/o

R, Terminal Value

Pu-Fe

Run Calctda Analysis

Anode Residue

Metal
Feed cd-c ‘da Analysis Product——

5 0.90 0.91

6 0.99 1.03

2 2.14 1.4b

2.32 17.3 17.5 a. 002

2.21 18.8 18.7 0.002

3.98 33.3 24.5b 0.16-0.38

aCalculated on the assumption that only plutonium was dissolved at the
anode.

b
The measured value is questionable because the material balance was
poor.

Permissible Anode Depletions

All 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 indicatedby

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-

1}
mate~ 20-30 p.p.m. of iron is introduced into the product as “trsmp” iron.

This iron probably comes from the MgO-Y203 crucible which contains -&M

p.p.m. of iron.)

22
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The terminal values of R listed in Table 2 vsxied from 0.66 to

1.13; the average value was 0.88 (@.15). This latter value corresponds

to a plutonium

Product Yield

The yield

product of the

per cent of the

recovery = D (%

dissolution of 87.5 (=.7) ~ frcm a 2.50 w/o Fe-Pu alloy.

or recovery of pure plutonium can be considered as the

fraction of plutonium dissolved at the anode and the

dissolved plutonium which is collected, i.e., % Pu

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* recmmnended in reference 5, the col-

lection yields in the runs listed in Table 2 varied from 98.8? in Run 8

to 93.2$ in Run 1. An average collection yield of +4X canbe expected

with confidence. The per cent Pu recovery will.therefore be ~2%. A

material balance for a typical run is given in Table 3. The PuC1
3

concentration in the salt phase remains essentially constant during a 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.

24



Table 3

Plutonium Material Balancej Run ~

Item m w

Feed Metal 3134 100

Anode Residue 426 13.6

Pu Shot Loss and Crucible Lossa 140 4.5

Pu on Cathode 20 0.6

Pu Product Ring 2548 81.3

aThe PuC13 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. St willbe noted that the remaining detectable metal-

lic impurities in the product sre Am (9-29 p.p.m.), W (18-63 p.p.m), end

Fe (~20p.p.m.). Only a few anslyses were tine for non-metallic impuri-

ties in the product. Typical results, e.g., Run 6, were C (~0 p.p.m.),

O (20p.p.m.)j N (5 A3p.p.m.), andH (5 +Sp.pcme). TMS 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 42 p.p.m. per month,

the values shown in Table 1 have been corrected to the date of termination

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

25
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co~itaminationis determined to a large extent by the

PuC15 in the salt. A summary of the Am distribution

multikilogram electrorefining runs is given in Table

concentration of

data for 44

5. (TheAmandPu

concentrationswere determined by analyzing ssmples 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 PuF3 concentration.

Table 5

Am Distribution in
Multikilogram Electrorefining

Pu Halide No. of
Init. Cone., Electrorefining

Salt mo Runs

I?ucl
3

2.10 19

Pucl
3

0.49 3

‘3
2.10 2

‘3
0.49 20

Runs

I’?

%=
parts Am/million parts I?u(salt phase after run)-

parts Am/million parts Fu (metal prcduct)

Comparison of Theory and Experiment

(1.9 * 0.2) x 102

(2.2 * 0.2) x 102

(65 + 1)

(1.1 * 0.1) x 102

The experimental control of product purity and anode depletion was

in general agreement with the theoqy discussed above. The theory pre-

dicted serious anode polarization at R = 2.0 (the ancde wiXl be completely

27



solid at R = 2.0) ● The experiments gave an average value of R = 0.88

(H.15) . Although this value is smaller than expected, the extremely

slow rate of diffusion of I?uin the anode at the end of a run and the

physical appearance of the anode residue show that the anode is actualdy

in a “paste-like” or ‘tsolid-likef’condition at the termination of the

electrorefining. The slow rate of diffusion is shown in Fig. 7, where

the terminal back e.m.f. as a function of time is given for Run 8. Af%er

a period of 24 hr., the back e.m.f. decayed from an initial value of

4,5 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 exemples~ see Fig. 8$ 9> and

10) showed that the metal was solid or paste-like at the termination of

the electrorefining. lh spite of the fact that the cell was heated to

840”c after the stirrer and anode rod were withdrawn from the celJ-,*the

anode residues still retained the voids created by the stirrer and enode

rod (see Fig. 9).

*
For complete operational details, see reference 5.
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CONCLUSIONS

The following conclusions can be dram from these experiments:

1. Plutonium containing =5 p.p.m. of iron and a total of ~00

p.p.m. of detectable metallic impurities canbe produced on the multi-

kilogrsm scale by electrorefiningplutonium-iron alloys. At high current

densities anodic dissolutions of -J38~of the plutonium are feasible

starting with 2.5 w/o iron alloys; over-all yield of electrorefined

metal should be -%2%.

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 ancde 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. Ancde polarization can be easily detected by back e.m.f.

measurements.

5. The back e.m.f. canbe checkd automatically during the ~

and the run can be terminated automatically 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,

D = fi~ction of plutonim feed dissolved at

g. Pu in feed - g. Pu in ancxieresidue=
g. Pu in feed

R=~
. atoms Fe

g. atoms Pu

6 = time titer

p.p.m. = parts

D =1-

n = no.

f = the

x
100-x

interruption of electrolysis

AND EQUATIONS

anode

current

of impurity per million parts of plutonium, weight basis

+
1

5;. 5 ~
for a Pu-Fe feed containing x w/o Fe

of electrons in the balanced half-cell reaction (= 3 in this report)

faraday = 23,060 cal. (volt)-l (g. equiv.)-l

E = galvanic ce12 potential, volts

m/o = mole per cent

w/o = weight per cent
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