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PYROCHEMICAL PROCESSING OF FUEL MATERIALS 
AND SCRAP CONTAINING PLUTONIUM-238 

by 

P . A. Nelson, J . Fischer, J. F. Lenc, 
J . R. Hale y, and J . D. Schilb 

ABSTRACT 

The use of p y rochemical processing techniques was 
investigated as a means of recovering 238Pu from various 
types of mater i als and purifying it. One promising process 
tested consisted of reducing 238 P u02 powder or mic rosphere s 
with liquid Zn- Mg alloys in the presence of a molten chloride 
salt. Ametallic 238Puproduct was then recovered by vacuum 
distillation of the solvent metals. This process was effective 
in removing the light- element impurities that cause neutron 
emission by (a.,n) reactions . In an experimental test of this 
process, in which abo ut 12 g of 238Pu02 with a neutron count 
of 42,500 n/(sec)(g 238P u) was used as the starting material, 
the neutron count of the product was 2930 n/(sec)(g 238Pu) 
[2360 n/(sec)(g Pu)]. 

Processes were also considered for ( l) removing 
corrosion-product impurities from 238Pu02 and (2) recover
ing 238Pu from 238Pu02 -Mo and 238Pu02-Zr02 fuel materials. 
Experiments with 2 39P u02 indicated the general feasibility of 
pyrochemical processes for these applications, but the pro
cedures have not been sufficiently developed for use in 
production. 

The results of this work indicate that pyrocherriical 
procedures that may have immediate production applications 
are (l) reduction of 238Pu02 scrap material to produce im
pure 238 Pu metal for subsequent aqueous processing, (2) re
duction of relatively pure 238 P u02 to remove light-element 
impurities and produce 238Pu metal, and (3) dissolution of 
238 Pu02 -Mo cermets in a CuC12 -containing molten salt for 
aqueous processing. 
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l. INTRODUCTION 

Plutonium-238, which has a half-life of 87 . 2 yr. decays by the 
emission of -5.5-MeV alpha particles. Self-absorption of the alpha par
ticles b y the material results in a heat-generation rate of - 0.55 w / g ZJBpu. 
Because of these characteristics, z38Pu is valuable as an isotopic heat 
source and is used for various applications , including space missions . 
The isotope is produced at the Savannah River Laboratory by the irradia
tion of Z37 Np . The fuel itself, usually in the form of z38Pu0z microspheres, 

is prepared at Mound Laboratory. 

The initial objective of this program was the development of a 
pyrochemical process for preparing high-purity z38Pu metal from impure 
oxide feed materiaL Such a process might be suitable for recovery and 
purification of z38Pu i n the oxide scrap that results from the production of 
Z38Pu0z micro spheres . Scrap of this type contains light- element impuri
ties and, in some cases, corrosion products, including iron, nickel, and 
chromium. The light elements {atomic number < 14) are undesirable, 
because the presence of many of the light elements results in high neutron
generation rates through (a,n) reactions ; the corrosion products are un
desirable, because they lower the melting points of both metallic plutonium 

and PuOz -

As the work on this program proceeded, it became apparent that 
there might be other applications of pyrochemical purification processes 
for Z3

8Pu fuel materials . Consequently, other applications have been in
vestigated, including ( 1) preparation of z38Pu metal having a low radiation 
level by removing the light elements and uranium, and (2) recovery of z38Pu 
from z38Pu0z-molybdenum and z38 Pu0z- ZrOz fuel mater i als . 

2. CHEMISTRY OF PYROCHEMICAL PROCESSES FOR 
PLUTONIUM REDUCTION AND PURIFICATION 

2 , 1 Background 

The Chemical Engineering Division at Argonne has acquired con
siderable experience in pyrochemical operations as a result of develop
ment work on fuel reprocessing both for the Second Experimental Breeder 
Reactor (EBR-II) 1

-
10 and for oxide and carbide fuels proposed for future 

fast breeder reactors . ll-lZ The first process developed for EBR-II was 
melt refining, a simple oxidative- slagging procedure for the purification 
of the enriched uranium alloy core fuel. Equipment for this process was 
installed in the Fuel Cycle Facility at the EBR-II Site in Idaho and was 
operated successfully for several yea rs in processing 10-kg batches of 
irradiated fuel. 



Plant- scale remotely operable equipment has been designed and 
tested3-

5
• 13 - 14 for the recovery of melt-refining residues by a process (the 

skull- reclamation process) employing liquid- metal and salt solvents . 
Although this equipment has not been used to process irradiated material. 
it has provided valuable practical experience in various operations at 
high temperature, such as agitation, transfer of liquid salts and metals, 
separation of liquid from solid phases, and the removal of liquid-metal 
solvents from product metals by retorting . Techniques have also been 
developed for salt purific ation, liquid-level dete c tion, control of transfer 
rates, and the addition of reagents to molten salt and metal solvents. 
Numerous materials for the containment of liquid salts and metals have 
been tested and evaluated. 

These chemical and technological developments are presently 
being extended to liquid metal - molten salt proce sses for uranium
plutonium oxide and carbi de fuels. Much of the development work on the 
pyrochemical steps used in these processes is being conducted on a 
laboratory scale in a high -alpha glovebox facility. Since the recovery of 
238Pu02 scrap would involve similar experimental techniques, the experi
ence with pyrochemical operations is most valuable . 

The basic steps that would be used for the recovery of 238Pu02 

scrap include (1) reduction of Pu02 to metal by a liquid magnesium alloy, 
(2) separation of impurities by removal of impurity-bearing phases, and 
(3) recovery of a metallic product by evaporation of the l iquid- metal 
solvent. These steps are discussed below. 

2 . 2 Reduction Procedures 

Laboratory- scale experiments have shown that Pu02 , U3 0s, UOz. 
Th02 , and Np02 can be reduced to the respective metals by liquid Zn-Mg 
or Cd-Mg alloys in the presence of a MgC12 -based salt. 15

•
16 Chlorides and 

fluorides of the actinide elements are also reduced by this procedure . 
With the proper choice of operating conditions, reduction yields exceeding 
99"/o can be achieved. 

The reduction of Pu02 with a Cd-Mg alloy involves the overall 
reaction 

Pu02 (salt) + 2Mg(Cd) ~ Pu(Cd-Mg) + 2Mg0(sal t) . ( 1) 

The Pu02 is added to a molten MgC 12 - based salt, whic h is contacted with 
the Cd- Mg alloy by vigorous agitation at 7 00 - 7 50°C. The metallic plutoni
um product disso lves i n the Cd-Mg alloy. The solid MgO formed as a by
product of the reduction reaction is colle c ted in the salt phase, which is 
discarded as waste . 

9 
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In the uranium oxide and thorium oxide reduction studies, 
15

'
16 

the 
major variables affecting the rate of reduction we re salt composition, 
temperature, vigor of agitation , particle s.ize of the oxide .feed, ~nd t~e 
MgO loading in the salt phase. These vanables were not mvestlgate . 
extensively in the PuOz reduction studies, but it was found that PuOz lS 

reduced much more readily than is UOz or ThOz, and that the reduction 
rate of PuOz is much less dependent upon the composition of the salt 

phase. 

Scouting studies have also shown that magnesium alloys other 
than Mg - Cd and Mg-Zn can be used as reductants of actinide metal 
oxides. For example, reductions have been performed using Cu - Mg or 

Al-Mg alloys as reductants. 16
-

19 

2. 3 Separation Procedures 

In p y rochemical processes , most other elements are separated 
from plutonium by either of two methods : (1) selective precipitation of 
certain constituents from a liquid-metal solutionzo or (2) selective extrac 
tion from a liquid-metal solvent into a molten salt. Zl 

Fuel-reprocessing studies have yielded extensive info r mation on 
the solubilities and coprecipitation behavior of plutonium and other perti 
nent elements in liquid-metal solutions. Data are also available on many 
phase diagrams of importance, and on the thermodynamics of liquid - metal 

solutions. 

In liquid metal-molten salt extraction procedures, separations are 
effected through differences in the distribution behavior of s o lutes between 
immiscible liquid salt and metal phases. Separations of this type generally 
employ liquid magnesium alloys and a molten chloride salt containing MgClz. 
Plutonium, for example, distributes between a magnesium alloy and a molten 
salt containing MgClz according to the reaction 

Pu(Zn-Mg) + 3/ 2 MgClz = PuCl3(salt) + 3/2 Mg(Zn). (2) 

The relative plutonium concentrations in the salt and metal phases at equi
librium are expressed by the distribution coefficient, i.e., 

wt "/o Pu in salt 
Kd = wt "/o Pu in metal · (3) 

The factors that determine the distribution coefficient are : (1) the standard 
free-energy change of the r eac tion, (2) the concentrations of MgClz and 
magnesium in the salt and metal phases, respectively, and (3) the activity 
coefficients of the reactants and products in their respective phases. zz The 
value of a distribution coefficient depends primarily upon the free-energy 
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p, liquid-metal phase. 21 In general, the 
alkali, alkaline earth, and rare-earth 
metals distribute more strongly to the 
salt phase than do plutonium and ura
nium, whereas the refractory and 
noble -metal elements distribute more 
strongly to the metal phase . The dis
tribution coefficients of the alkali and 
alkaline -earth metals ( > -1 04

) and 
those of the refractory and noble 
metals (< -1 o- 4 ) are not shown in 
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Fig. 1. Distribution of Selected Elements be tween 
Magnesium Chloride and Zinc-Magnesium 
Alloys 

Fig. l. Plutonium and uranium can be 
made to distribute to either phase by 
varying the relative quantities and 
compositions of the salt and metal 
solvents. 

Many elements can be sepa
rated from plutonium by salt - metal 
extraction in a single- stage contact. 

For example, the reduction of PuOz by Zn-Mg alloy can be carried out under 
conditions such that > 99o/o of alkali and alkaline-earth elements will remain 
in the salt phase. 

A recently conceived separation procedure is the salt-transport 
technique, 17 which shows considerable promise for separations in salt-metal 
systems. The technique involves se-
lective transfer of a solute between 
two liquid-metal solvents through an 
intervening molten- salt phase. This 
concept is illustrated schematically 
by the diagram in Fig. 2, in which a 
Mg-30 wt o/o Cd donor alloy contain
ing plutonium and impurity ele
ments and a Zn - 25 wt o/o Mg acceptor 
alloy are in mutual contact with a 
molten- salt phase containing MgClz 
(e.g., MgCl2 -42 wt o/o CaClz eutectic). 
Since plutonium has a higher distri
bution coefficient between the salt 

;------------------------ .... 
i .-----; + 

PuC1 3 3/2 MgCI2 3/2 MgCI2 PuCJ.3 

t I t I 

Mg-30 WI % Cd Alloy Zn-25 wt% Mg Alloy 

Fig. 2. Schematic Illustration of Salt -transport 
Step for Plutonium 
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25 wt o/o 
and the Mg-30 wt% Cd alloy than it has between the salt and the Zn - . 

. . IS) lutontum 
Mg alloy (see Ftg. 3, prepared from the work of Kmghton et al. 'P 1 t d 
. - b · rcu a e 
ts transferred to the Zn-25 wt% alloy . The transport salt must e ct 
between the two alloys and contacted efficiently with each one to achieve 

fi t the pluto -
practical transfer rates. The composition of the salt also a ec s 1 
niurn distribution coefficient; the higher the MgClz concentration of the sa t, 

the higher the distribution coefficient. 
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MAGNESIUM CONCENTRATION IN ALLOY, wt% 

Fig. 3 

Distribution of Plutonium between MgCl2 -30 mol % 
NaCl -20 mol% KCl Salt and Zn-Mg, Cd-Mg, and 
Cu - Mg Alloys at Selected Temperatures. (Based on 
the work of Knighton~ ~ 18) 

The chemical reactions responsible for the transfer of plutonium in 
this system are: 

Pu(Mg-30 wt 'io Cd) + 3/Z MgClz - PuC13(salt) ~ 3/Z Mg(Mg -3 0 w t 'ro Cd); (4) 

PuCI,(salt) + 3/Z Mg(Zn-ZS wt 'io Mg) - 3/Z MgCiz + Pu(Zn-ZS w t 'io Mg). (5) 

Thus the net reaction is : 

Pu(Mg-30 w t % Cd) + 3/Z Mg(Zn-Z5 wt "'o Mg) - Pu(Zn-ZS w t % Mg) + 3/ Z Mg(Mg -30 wt% Cd). (6) 



For each mole of plutonium transferred to the Zn-Mg alloy, 1.5 moles of 
magnesium is transferred to the Mg-Cd alloy. 

The salt-transport procedure should permit good separation of plu
tonium from most other elements . The procedure has not been tested for 
all of the salt-alloy combinations that might be considered for 238 Pu scrap 
recovery nor has it been tested for all of the impurity elements in the 
scrap. However, the behavior of the systems and impurity elements of 
interest can be estimated from known distribution data, solubilities, and 
other chemical information. Laboratory-scale studies on fast reactor 
fuel processing have shown that plutonium, uranium , cerium, and zirco
nium behave as expected from estimates based upon these chemical 
considerations. 

2 .4 Product Recovery 

The recovery of metallic plutonium buttons from Zn-Mg solutions 
by retorting has been demonstrated experimentally in fast reactor fuel 
processing investigations , 15 as well as in the experiments discussed below. 
The zinc and magnesium are evaporated at a pressure of about 0.1 Torr 
and at temperatures ranging from about 700 to 950°C. Under these condi
tions , plutonium is melted (m.p. - 640°C) and consolidated as a button. 
Presumably, the plutonium could be alloyed with other metals at this stage 
if desired . 

3 . NEUTRON-RADIATION CONSIDERATIONS 

The available 238 Pu consists of a mixture of isotopes : 81 wt o/o 
238 Pu, 15 wt o/o 239 Pu , 2 . 9 wt % 240 Pu, and l . l wt o/o other plutonium iso
topes.23 The rate of spontaneous neutron emission, which results almost 
entirely from 238 Pu content, is approximately 2100 n / (g)(sec) . Impurity 
atoms that are intimately mixed with the plutonium and have low atomic 
numbers are capable of producing additional neutrons by (a, n) reactions. 
Neutron production as a result of the presence of light-element impurities 
can be calculated from measured neutron yields and alpha shielding fac
tors. Specific neutron-production rates for light elements are given in 
Table I. For elements having atomic numbers higher than that of silicon, 
the neutron yield is insignificant, because the coulomb barrier is greater 
than the alpha particle energy of 5.50 MeV . The neutron-production rate, 
Y, can be calculated from the relationship23 

y 
2:mi s iY i 

2: mi si 
(7) 
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where 

and 

m· 1 
atom fraction of the ith element, 

shielding factor = z/ ..;z:-:;7 

Yi thick target yie ld. 

TABLE I. Specifi c Neutron-produc tion Rate 
!rom Light - element Impurities in 238Pua 

Cal cul ated Neutron Calculated Neut ron 

Production Rate,b Production Rate.b 

Element n/ (g Z38pu)(sec) Element n/ ( g l38pu)( sec) 

Li 4 .6 F 18 

Be 133 Na 2.2 

B 4 1 Mg 2.1 

c 0.2 Al 1.0 

N 0.0 Si 0.2 
(a. ,n thresho ld too high) p ( 0 .0 3 

0 0.1 s < 0.03 

aFrom R e f. 23 . 
bEach indicate d impurity element i s assumed to be present at a 

concentration of 1 ppm . 

A computer program was devised to c alculate neutron- production 
rates from the above relationship for any mixture of elements. This pro 
gram was checked and found to be correct by calculating the neutron
production rates for a variety of materials and comparing these with the 
rates given in Ref. 23. The method was th e n applied to processing mate 
rials of the type that would be e ncountered in pyrochemical processing of 
238Pu {see Table II). The plutonium concentrations assumed for these cal
culations were the maximum that could be expected to be present in the 
salts and metals used in a pyrochemical process for purifying 238Pu. 

The highest neutron- emission rate encountered in a pyrochemical 
purification process would be from the donor alloy. The dose rate that 
would be received at a distance of 2 m from a donor alloy containing 10 g 
of 238Pu (about the batch size for the experimental studies) would be 
11 . 5 n/ (sec)(cm2

) or 1.6 mRem per hour of exposure. 

The neutron-production rate resulting from alpha radiation origi
nating within the salt would be significant, but would not be a serious 
problem. The weight of the salt phase would be about twice that of the 
donor alloy. As a result , the neutron-production rate from the salt phase 
would be only a small fraction of the neutron-production rate from the 
donor alloy, even for 83 wt% MgC12 -15 wt% MgF2 - 2 wt o/o 238PuC13 salt. 
Interaction between plutonium in the metal phase and the light elements in 



the salt phase in contact with the metal would be negligible. All alpha radi 
ation originating in the metal. except that originating in a thin layer adja
cent to the salt phase. would be absorbed by the metal matrix . 

TABLE II. Calculated Neutron Production Rates for Various Materials Containing ZlBpua 

Neutron Production Rate, 
n/s ec 

Material 

238Pu metal (no impurities) 

ZlBpu metal containing 0.1 wt "/o B, 0.06 wt "/o Na, 
0 . 01 wt "/o Mg, 0.01 w t "/o Al 

ZJ'Puo, 

Z3 8PuF4 

63 wt "/o Mg-27 wt "/o Cd-10 wt "/o ZlBpu (donor alloy) 

70 wt "/o Zn-23 w t "/o Mg -7 wt "/o ZlBpu (acceptor alloy) 

57 wt "/o MgCl,-41 wt "/o CaCl,-2 wt "/o Z3 8PuC 13 

56 wt "/o MgCl,-40 w t "/o CaCl,-2 w t "/o MgFz-2 wt "/o Z3
8 PuCt3 

55 wt "/o MgCl,-39 wt "/o CaCl,-4 w t "/o MgF,-2 wt "/o Z3
8 PuC13 

83 wt "/o MgCl,-15 wt "/o MgF,-2 wt o/o Z3
8PuC13 

P e r Gram 
of Mixture 

2,100 

7,810 

10,100 

2,220,000 

57,500 

16 ,400 

1 '700 

2,950 

4,200 

11 '700 

aln this table, 238 Pu denotes plutonium of the following isotopic composition: 
238Pu, 15 wt o/o 239 Pu, 2. 9 w t o/o 240 Pu, and 1.1 wt% o the r plutonium isotopes. 

81 

P e r Gram 
of ZlBpu 

2,100 

7,820 

11,400 

2,930,000 

575,000 

235,000 

123,000 

242,000 

304,000 

846,000 

wto/o 

Pyrochemical processes requiring the use of magnesium as are
ducing agent or solvent metal would have to be performed inside a lightly 
shielded glove box. If production- scale operations were undertaken at a 
level of 200 g of 238Pu per batch, shielding would have to be adequate to 
reduce neutron transmission by a factor of 10. This amount of shielding 
could be provided by 7 - 8 in. of water or Plexiglas .24 

Several hundred grams of 238Pu02 could be stored in an unshielded 
glovebox without a serious hazard to those wo r king in the area. This 
amount could be processed in a facility if fluorine, sodium, magnesium, or 
other light elements were not present. 

4. PYROCHEMICAL PROCESSES FOR PLUTONIUM- 238 FUELS 

4.1 Types of Fuels To Be Processed 

Pyrochemical purification processes we re considered for four types 
of feed materials: (l) relatively pure 238Pu02 , requiring removal of only 
light elements, uranium, and thorium; (2) 238Pu02 rejected for use in fabri 
cation because of contamination by light elements, iron, nickel, carbon, 

15 
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silicon, and uranium; (3) 238Pu0z-molybdenum cermets, requ1nng r e moval 
of molybdenum and light elements ; and (4) solid solutions of 

238
Pu0z with 

other oxides such as ZrOz or Th02 • In all proc e sses considered, the . 
product would be unalloyed Z3 8pu metal that c ould be either used in th1s 
form or dissolved in aque ous soluti ons a nd r e cycled to the standard fab

rication processes . 

4 . 2 Removal of Light Elements, Urani um, and Thorium from PuOz 

4.2 . 1 Processing Requirements 

The allowable neutron-radiation level from 
2 38

Pu may be severely 
limited for certain manned space missions . These limits also apply to 
238Pu for biomedical uses . The 23 8Pu02 produced at Savannah River 
Laboratory normally has a neutron-emission rate of 40,000 to 60,000 n/ 
(sec)( g), whereas the neutron-emiss ion rate from high-purity 

238
Pu metal 

is only about 2500 n/ (sec)(g) . The high neutron-emi ssion rate of the as
produced oxide is due to (a, n) reactions with 180 and with light-element 
impurities (atomic number ( 14) . A product having a neutron emission 
rate no greater than 2500 n/ (sec)(g) is desirable . Therefore, 18 0 and the 
light-element impurities should be removed to obtain fuel of low neutron
emission rate . Oxygen-18 can be removed by exchange with isotopically 
pure 160, which does not participate in (a ,n) reactions . 

The major radiation from the available 2 38Pu, other than neutrons , 
is gamma rays produced both by the decay of 2 38Pu and by the decay of the 
daughter products of 236Pu (present at a c oncentrati on of - l. 2 ppm in the 
material used in this work) . The gamma radiation from 238Pu decay is of 
sufficiently low energy so that it is absorbed by the usual containment 
materials . Higher-energy gamma rays are produced, however, by 212Pb. 
212Bi, and 208 Tl, which are daughter products of 232 U (half-life, 74 yr) and 
zz 8 Th (half-life, 1.9 yr) . The 232 U and 228 Th are, in turn, daughter products 
of 236Pu decay. Therefore , for a given 236Pu content, the level of the more 
energetic gamma radiation can be minimized for the near term (5 yr) by 
removing the uranium and thorium. Removal of uranium and thorium from 
newly prepared 238Pu would be less effective in reducing the radiation 
level. 

The development of a process for removing the light-ele ment im
purities, 232 U, and zz 8 Th would be required if 238Pu were to be used for 
space and biomedical applications . 

4 . 2 . 2 Flowsheet 

Figure 4 shows a proposed pyrochemical process that will accept 
Pu02 feed, remove light-element impurities, uranium, and thorium, and 



produce a plutonium product. In the 
first step, Pu02 containing light ele 
ments is reduced by Zn-25 wt% Mg 
alloy in contact with a CaCl2 -KCl 
salt at 7 50°C. The chemical reaction 
taking place is 

Pu02 + 2Mg -+ Pu + 2Mg0. (8) 
Fig. 4. Processing of 238Pu02; Light

element Removal Only 
The plutonium product dissolves in 

the Zn- Mg metallic phase, and the MgO byproduct is suspended in the salt 
phase. The metal phase is then drawn off from under the salt phase and is 
retorted to recover a metallic plutonium product. Most of the light-element 
impurities are removed during reduction by transfer to the salt phase. 
Some of these impurities. such as lithium and beryllium, form oxides that 
are suspended in the salt. Others, such as fluorine and sodium, form ions 
in the salt. Part of the carbon impurity reacts with uranium and thorium 
impurities to form UC and ThC, which are suspended in the salt. Thus, 
the undesirable isotopes. 232 U, 234 U, and 228 Th can be removed by this 
mechanism. Magnesium, zinc, and other volatile impurities are removed 
during retorting, leaving a product containing only a few parts per million 
of these e l ements. 

To minimize neutron emission during processing and thus avoid 
the need for shielding, it would be necessary to eliminate light e l ements 
such as magnesium from the processing streams. To accomplish this, 
reduction might be carried out with Zn-Ca a lloys in contact with CaCl2 -

KCl salt. 

4.3 Recovery of Plutonium-238 from Pu02 Scrap Materials 

4.3.1 Processing Requirements 

Development of a process to recover 238Pu from the type of scrap 
generated at Mound Laboratory was the main objective of this program. 
The scrap-recovery process would have the objective of recovering 238Pu 
from off- size 238Pu02 micro spheres and powder contaminated with elements 
of the alkali series, elements of the alkaline - earth series. silicon, chro 
mium, iron. nickel, uranium, and various other impurities (including or
ganic materials). The product would be metallic plutonium with low 
concentrations of the elements having atomic numbers below 14 and low 
concentrations of iron, nickel, and chromium. 

4.3.2 Flowsheet 

Figure 5 is a schematic diagram of a process that should success
fully meet the above requirements, and shows the fates of various elements 
in the process (based on their expected chemical behavior). If the feed 
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material contains appreciable amounts of carbon ( > O.l-0.2 wt o/o), incine~a 
tion would be required as a first step to avoid excessive losses of plutom_um 
in later steps. After incineration, the oxide would be reduced to metal with 
Mg-30 wt% Cd alloy (the donor alloy) in contact with a chloride salt such as 
MgC l-42 wt% CaClz. The MgO produced by reduction of PuOz would be sus

pended in the salt. 

Mg-30 wt 'I' Cd 

Impurities Removed in fach Stream 

Incinerator off=qas: Organic material . 

waste salt : li . Na. K, Rb, Cs, Be, Ca . Sr. Ba, F, Cl , Br , 
--- u. Th. insoluble oxides , carbides , etc. 

Mj-30 wt s Cd alloy , Cu. Ag, Au , Zn , Cd, AI. B. Si , Ge, Sn, 
Pb, Ti . Zr . Hf. V, Nb, Ta . Cr . Mo. W, Tc, 
Re , Fe, Co, Ni , Ru , Rh , Pd. Os, lr , Pt. 

Decomposed and vaporized: Carbonates , nitrates, sulfates , all 
gases, Hg. 

Zn-25 wt ft N1Q alloy: Pu, rare earths. 

Fig. 5. Pyrochernical Scheme for Recovery of 
238

Pu from Pu02 Scrap 

After r e duction, a salt-transport step would be carried out to 
transfer plutonium into an acceptor alloy, such as Zn-25 wt% Mg. and 
thereby separate it from the n obler elements, s uch as iron, chromium, and 
nickel. The principles of this step are discussed in Section 2.3. If the feed 
material contains o nly a small percentage of foreign matter (< 5 wt %), the 
same salt may be used for reduction and for salt transport. In fact, if im
purities in the feed material add little insoluble matter to the salt, the salt 
can be reused several times . The use of the same salt for both reduction 
and salt transport was investigated in the experimental studies described 
in Sectio n 5. 

If the feed contains a lar ge percentage of foreign matter (-10 -
20 wt %), the reduction salt might be exce ssive l y viscous and unsuitable 
for the salt- transport step. In such cases, the salt would be discarded 
after reduction a nd a separate salt used for transport . To minimize loss 
of plutonium in the reduction salt, either a KCl - CaClz or a CaClz-CaFz salt 
eutectic (instead of MgClz -C aClz) coula be used for reduction, and a MgC lz
containing salt for sal t transport. Plutonium has a low distribution 



coefficient between the reduction alloy and the MgC12 -free salts suggested 
for reduction. Both suggested salts have been tested for the reduction of 
UOz-Pu02 in other programs. 25

•
26 

Retorting of the plutonium-bearing Zn- 2 5 wt o/o Mg alloy removes 
all the volatile elements, including the metals used as process solvents . 

4.4 Recovery of Plutonium-238 from Pu02 -Molybdenum Cermets 

4. 4.1 Processing Requirements 

A cermet of 238Pu02 -molybdenum is an alternative fuel form being 
developed at Battelle Memorial Institute. This fuel , when compared with 
loose Pu02 microspheres, has the advantages of greater plutonium density, 
greater thermal conductivity, and greater chemical stability. It is espe
cially resistant to attack by oxidation and acid dissolution. These charac
teristics , although beneficial in practical applications of 238Pu isotopic power 
sources, would increase the difficulty of recovering 238Pu from rejected fuel 
forms and fuel to be recycled. 

The main objectives in the processing of 238Pu02 -molybdenum cer
mets are separation of molybdenum and recovery of 238Pu. Only minor 
concentrations of other contaminants such as light- element impurities 
would be expected in this material. 

4.4.2 Flowsheet 

A schematic diagram of a process that should successfully meet 
the requirements given above is shown in Fig. 6. In the first step, the 
Pu02 -molybdenum cermet is chlorinated at 600°C with CuCl2 dissolved in 
MgCl2 -NaCl-KCl. A reaction sequence would take place leading to dissolu 
tion of both major components of the cermet: 

Mo + 4CuCl2 = MoCl4 + 4CuCl; 

MoCl4 + 2Pu02 = 2Pu0Cl + Mo02 Cl2 • 

Fig. 6 

Processing of 238Puo2 -

Molybdenum Cermets 

(9) 

( 1 0) 

Reco ve ry of the 238Pu from the resulting salt mixture would be ac 

complished by the following four steps: 
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(1) Reduction to metal of the molybdenum and copper containe d in 
the salt by contacting the salt phase with a zinc metal phase . 

(2) Transfer of the 23f!pu-bearing salt phase from the Zn-Mo-Cu 

metal phase to a Zn-Mg metal phase. 

(3) Reduction of the 238Pu contained in the salt phase and its disso

lution in the Zn-Mg metal phase . 

(4) Retorting of the Zn-Mg- 238Pu metal phase to recover the 
238

Pu 

metal product. 

Because of the high copper concentration expected in the zinc-rich 
phase in the partial- reduction step. the sa lt might have to be contacted with 
zinc twice to obtain a salt phase of low copper content. 

4.5 Recovery of Plutonium-238 from Pu02-Zr02 Solid Solution 

Solid solutions of 238Pu02 and Zr02 are of interest as isotopic fuel 
forms, because of their high thermal stability and because the reactivity 
of such solid solutions is less than that of 238Pu02.27 

Requirements in the pyrochemical processing of this fuel are to 
reduce the mixed oxide and to separate the zirconium from the plutonium. 
In the application of the salt-transport process to this separation, zirconi
um would be retained in the donor alloy, and plutonium would be trans
ferred to the acceptor alloy via the transport salt. A donor metal- salt · 
combination with a high distribution of plutonium to the salt phase is re
quired. Thus , Cu-Mg or Cd-Mg alloys would be suitable donor alloys, and 
Zn-Mg alloys would not be suitable (see Fig. 3). The alloy used as the 
donor would also be the reducing agent. A small amount of calcium might 
be added to the donor alloy to improve its reducing capabilities . 

5 . EXPERIMENTAL STUDIES 

5.1 Experimental Facilities 

Experiments were carried out with both 238Pu and 239Pu. At the 
beginning of this program, no facility was available for use with 238Pu. 
Because facilities were immediately available for experiments with 239Pu, 
most of the proposed processing schemes were first tested with 239Pu. 
[The higher rate of alpha decay of 238Pu is not expected to have any effect 
on chemical - reaction kinetics at the high temperatures ( 600- 900°C) as so
ciated with pyrochemical processes . ] The facilities for these 239Pu ex
periments consisted of a nitrogen-atmosphere glovebox and appropriate 
furnaces and sampling facilities, which are discus sed under the de scrip
tion of the individual experiments in Section 5 . 2 . 



During the period when the preliminar y exper ime nts with ZJ9pu were 
b eing conducted, a small laboratory was constructed specifically for work 
with 238Pu (see Fig. 7). The facilities in this laboratory included: 

l. A glovebox (glovebox A) for pyrochemical work, l6i ft long by 
3i ft deep by 7ft high (exclusive of support), consisting of a 343-ft3 helium
atmosphere section and an 86-ft3 air-atmosphere section. 

2. Helium-purification equipment for maintaining the impurity con
tent of the glovebox atmosphere at less than 5 ppm each of oxygen and water 
vapor. 

3. One induction furnace and two resistance furnaces located in the 
helium- atmosphere glovebox. 

4. Equipment for high-temperature sampling of molten salt or metal 
solutions. 

WALL RACK 
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WALL CABINET 
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BAG PORT EXPERIMENTAL 
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Fig. 7. Floor Plan or 238 Pu Laboratory. ANL Neg. No . 308 -1772. 
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5. All necessary instruments for maintaining temperature and 

pres sure control during experiments. 

6. An air-atmosphere glovebox (glovebox B) for dissolution and 
analysis of samples and other aqueous work, connected to the pyrochemical 

glovebox b y a transfer tunnel. 

7 . A multichannel analyzer with a lithium-drifted germanium de
tector for determining 238Pu concentrations by gamma counting. 

A detailed description of this facility and its equipment is presented 

in ANL-7568. 28 

5 . 2 Demonstration Experiments with Plutonium-239 

Seven experiments were conducted with 239Pu- bearing materials to 
evaluate potential pyrochemical processes for recovery of high-purity 

238
Pu 

metal from various 238Pu- bearing materials. In the seven experiments, 
three different forms of 239Pu feed material were used : 239Pu02 micro
spheres, 239Pu02- molybdenum cermets, and 239Pu02- Z r02 solid solution. 

5. 2.1 Experiments with 239Pu02 Microspheres 

Four experiments were conducted using 239Pu02 microspheres ob
tained from Battelle Memorial Institute. In three of these experiments 
(Runs PR-1, PR-2, and PR-4), the three main steps of the Pu02 scrap re
covery flowsheet (Fig. 5) were demonstrated: (1) reduction of the 239Pu02 
microspheres with a Mg-Cd reduction-donor alloy in contact with a MgC12-
CaC12 salt system. (2) transport of the plutonium away from impurities by 
cycling the salt between the reduction- donor alloy and a Zn- Mg acceptor 
alloy having a high plutonium affinity, and (3) recovery of the 239Pu metal 
product by retorting the acceptor alloy. 

The charge to each run (PR-1, PR-2, and PR-4) consisted of 
10 g of 239Pu02, 7 5 g of Mg- 30 wt o/o Cd reduction- donor alloy, 143 g of 
Zn-25 wt o/o Mg acceptor alloy, and a MgClz-42 wt "/o CaC12 transport salt . 
The weight of the transport salt charged was 150 g in Run PR-1 and 
184 gin Runs PR-2 and PR-4. 

The reduction and salt-transport steps of the three runs were con
ducted under a positive helium atmosphere in a tilt-pour furnace using a 
dual (two-compartment) crucible . The tilt-pour furnace was similar to 
that described in ANL-7568 and shown in Fig. 8 except that it was 
resistance-heated instead of induction-heated. All the components that 
contacted the salt and metal phases during these steps (crucibles, agi
tators, and filter-equipped sample tubes) were made of tantalum. The 
left compartment of the crucible was used for the reduction step, which 



AG ITATOR 

was conducted at725°C for 3 hr with 
continuous agitation. After the re 
duction step . salt transport was 
achieved by tilting the furnace at in
tervals so that the salt phase could be 
poured back and forth between the 
reduction- donor alloy and the acceptor 
alloy contained in the right compart 
ment of the crucible. Ten complete 
transport cycles were carried out. 
Samples of the salt and metal phases 
were taken after the reduction step. 
and samples of both phases in each 
compartment of the dual crucible 
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Fig. 8. Double-agitator 
Tilt -Pour Furnace 

were taken after the ten salt - transport 
cycles. 

P lutonium material balances 
for each of the three runs, based on 
analyses of filtered samples, are pre 
sented in Table III. In all three runs, 

TABLE Ill. Material Balance and Recovery Data for Plutonium 
in Demonstration of Scrap Recove ry Process with Zl9pu 

Accountability 

Plutonium Content, a g 

Run Run Run 
PR-1 PR-2 PR-3 

Plutonium Charged 8.82 8. 82 8.82 

Donor Side 
Transport salt 0.405 0.253 0.199 
Donor alloy 0. 815 0.311 0.187 

Acceptor Side 
Transport salt 0.025 0.081 0.050 

Acceptor alloy 7 . 32 8.24 7. 827 

Samples taken after reduction 
(metal and salt) 0.087 0.211 0.355 

Total plutonium accounted for 8 . 652 9.096 8.618 

Percent accounted for 98.1 103.1 97.7 

Product Recovery 

o/o of Acceptor Weight of Pu in Weight of 

Run Alloy Retorted Alloy Retorted, ga Pu Product, gb 

PR-1 73.5 5.38 4.22 

PR-2 85.4 7.04 6.89 

PR-4 84.0 6.58 6.05 

aBased on analyses of filtered samples of the molten salt and 
metal phases taken at 725°C after the salt-transport step. 

bThe acceptor alloy was not all charged to the retorting step. 
The discrepancy between the calculated weight of plutonium 
in the alloy retorted and the weight of the product may indicate 
a high plutonium content in material not retorted. 
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the bulk of the plutonium was transported to 
accuracy of the sampling techniques and the 
plutonium accountability was l 00%. 

W 'thin the the acceptor alloy. 1 

a naly tical procedures invo lved, 

After the salt-transport step. the solidified acceptor alloy was 
chipped out of the tantalum crucible and transferred to a retortin g crucible , 
which was e nclosed in a resistance-heated distillation furnace. The 

239
Pu 

metal product was recovered by vo latilizing the Zn-Mg acceptor alloy. A 
tantalum retorting crucible was used in Run PR-1. The 239Pu metal product 
stuck to the tantalum retorting crucible in Run PR-1; therefore , high-purity 
magnesia retorting crucibles were used in Runs PR-2 and PR-4. The Zn-Mg 
distillate was condensed on a water-cooled copper co ld finger that extended 
down from the top flange of the retorting apparatus . The final 2. 5 hr of 
retorting was conducted at about 950°C and at pressures below 5 x 10-

6 
Torr. 

Plutonium- recovery data for the retorting step of each of the three runs are 
shown at the bottom of Table III. 

Results of spark-source mass-spectrographic analyses of the 
239Pu02 feed material and of the 239Pu metal products from Runs PR-1, PR-2, 
and PR-4 are shown in Table IV. Removal of the light e lements and uranium 
was fairly successful in all runs. This fact is especially encouraging, since 
removal of these elements is important in minimizing the radiation hazard 
for 238Pu metal. Table V shows the calculated (a.,n) contribution to the total 
neutron-production rate for 238Pu metal having the same average purity as 
the 239Pu metal products from Runs PR-1 , PR-2 , and PR-4 reported in 
Table IV . Although the overall (a.,n) contribution would be satisfactory for 
many purposes, a great improvement could be obtained by reducing the be
ryllium and aluminum concentrations. These sources of contamination are 

TABLE IV. Spark· source Mass· spectrograph•c Analysesa of Impurities in Runs PR -1. PR-2, and PR -4 

239pu~ 239pu Metal Product, ppm 239puoz 239pu 1\\etal Product, ppm 

Element Microspheres,b ppm Run PR-JC Run PR-2' Run PR-4C,d Element Microspheres,b ppm Run PR- 1' Run PR-2' Run PR-4c,d 

AI 39-130 11()-190 4oo-500 46-51 Mn 8-14 120.150 12()-150 8.2-9.2 
As 0.2-0.3 0.8-1.5 0.2-0.3 Mo 27-27 6.5-12 12- 12 
8 0.7-2.0 1.2-2.3 0.3-0.5 0.1-0.3 N 1.4-2.4 4.8-4.8 0.7-0.9 11-19 
Be 0.02-0.02 0.6-1.5 3.6-5.2 1.9-3.4 Na loo-200 1.5-J.O 1.5-20 15-15 
Bi 9-48 0.8-1.4 3.8-3.8 Ntl 0.06-0.4 1.3-1.3 
c 500-1100 9.7-11 12-24 35-56 Ni 33-48 130-1110 30-55 18-18 
Ca 7()-130 2.6-13 7-18 39- 194 0 Matrix- 74-100 82-94 1(X)-100 
Cd 3.9-3.9 0.6-1.1 p 5.3-9.5 0.7-0.8 2.6-2.6 0.9-1.1 
Cl 29-45 29-64 22-35 15-18 Pb 1.5-2.5 68-77 36-36 38-41 
Co 0.5-0.5 U-1.4 1.3-2.0 0.7- U s 24-43 e 0.7-12 l.s-2.5 
Cr 17()-220 240400 82-130 58-65 Sc 0.05-0.09 0.05-0.09 0.20-034 
Cu 34-45 2(X)-320 2oo-J20 20-27 Si 51-139 120-220 195-220 57-57 
f 1.6-1.6 0.1-0.2 2.2-2.2 Th 16()-160 8.4-15 12-12 39-39 
Fe 82()-1100 lll0-1100 430-780 l25-245 li 3.1-5.4 0.8-2.4 03-0.4 4-14 
Ga 0.4-0.7 4.6-5. 7 2.2-2.2 03-0.3 u 1500-2600 6.3--7.1 5-8 230-230 
In 0.8-1.4 0.2-0.3 0.2-0.4 19- 19 v 0.3-0.5 0.1-0.1 0.1-0.1 43-43 
K 4.2-13 3.2-3.6 0.9-3 5()-6.7 w 7-9 IG-10 
li 0.06-0.11 0.03-0.05 Zn 12()-160 24,00J-24,(XX) 1.()-2.8 5.5-55 
t.'J 16-32 2.J-l3 4.7·8.8 8-18 Zr 180-300 1.1·49 0.7·11 4.4·4.4 

aPerformed by the Dow Chemical Company, Rocky Flats Division , Rocky Flats, Colorado. The absence of a value indicates that element concentration was below 
the delectable limit. 

blowest and highest values of four determinations. 
'values of two determinations. 
dRun PR·4 used a Zn ·Mg acceptor alloy of very high purity: zinc, nominally 99.9999 w1 " ; magnesium. nominally 99.995 wt "· 
ezinc interference. 



TABLE V. Expected Neutron Yields for (a .n) Reactions in Zl'Pu Metal with Same 
Average Purity as z39Pu Metal Pro ducts from Runs PR - 1, PR-2, and PR-4 

Impurity 
Concentration, a ppm n/ (g Pu)(sec)b 

Element Run PR-J Run PR-2 Run PR-4 Run PR-1 Run PR-2 Run PR-4 

Be 1.05 4.4 2 . 65 140 585 352 
B ). 75 0.4 0 . 2 72 16 8 
c 10.35 18 45.5 2 4 9 
0 87 86 100 9 9 10 
F 0.15 2.2 4{) 

Na 2.25 ). 75 15 5 4 33 
Mg 2.8 6 . 75 13 6 14 27 
AI ISO 450 48.5 150 450 48d 

Si 170 207.5 57 34 41 II d 

425 775 284 418 1126 538 

aBased on arithmetic average of two determinations for z39Pu metal product from each 
run. 

hsased on values from Ref. 23. 
CBelow detectable limit of 0 .02 ppm . 
dRun PR-4 used a Zn-Mg acceptor alloy of very high purity: zinc, nominally 

99.9999 wt %; magnesium, nominally 99.995 wt %. 

avoidable. Any beryllium present in the Z39Pu0z microspheres charged to 
the process should be retained in the reduction salt as BeO, and any alu
minum should be retained in the donor alloy. 

Runs PR-2 and PR-4 were conducted under identical conditions, 
except that special high-purity zinc (nominally 99.9999 wt o/o Zn} and magne
sium (nominally, 99.995 wt o/o Mg) were used for the acceptor alloy in 
Run PR-4. The effect of the high-purity Zn- Mg acceptor a lloy used in 
Run PR-4 on the purity of the Z39Pu product is evident from the analytical 
data presented in Table IV. The aluminum, copper, iron, manganese, and 
silicon contents of the product from Run PR-4 were significantly lower than 
those of the products from Runs PR-1 and PR-2. 

In the fourth experiment (Run PR-3) conducted with the z39Pu0z 
microspheres, a reduction-oxidation-reduction procedure was tested. This 
process consisted of the following four steps: (l} reduction of the z

39
Pu0z 

with a Zn-Ca reduction alloy in contact with a CaClz-KCl salt system, 
(2) oxidation of the z39Pu and excess calcium in the reduction alloy to z39PuC13 
and CaClz in the salt phase by the addition of ZnClz, (3} transfer of the 
Z39PuCl3-bearing salt phase away from the impurity-containing reduction 
alloy to a Zn-Ca acceptor alloy, and reduction of the z39PuC13 in the salt to 
ZJ9pu metal in the acceptor alloy, and (4} recovery of the purified z39Pu metal 
by retorting the acceptor alloy. The use of this process in lieu of the salt
transport process shown in Fig. 5 offers three potential advantages: 
( 1) Elimination of the light e lement magnesium from the processing solu
tions would result in low neutron emission rates during processing of z

38
Pu, 

(2} the stainless steel impurities associated with scrap z38Pu0z microspheres 
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would be soluble in the reduction alloy, and their transfer to waste would be 
facilitated, and (3) the process is simpler in that only one transfer cycle of 
the salt phase would be required, instead of multiple transfer cycles . 

The charge to Run PR-3 consisted of 15 .25 g of 239Pu0z mic_ro
spheres, 0 . 307 g of Type 304 stainless steel tubing (to simulate the stamless 
steel impurity associated with 238Pu02 scrap material), 276 .4 1 g of Zn-
3 . 13 wto/o Ca reduction alloy, 127 . 45 g of CaC12 -l9.9 wto/o KCl salt, and 
276.45 g of Zn-4 . 48 wt o/o Ca acceptor alloy. The 239Pu02 , stainless steel, 
reduction alloy, and salt were charged to the left compartment of a dual 
(two-compartment) tantalum crucible, and the acceptor alloy was charged 

to the right compartment. 

The first three steps of the process (reduction-oxidation-reduction) 
were conducted under a positive helium atmosphere in the same tilt-pour 
furnace used for Runs PR-l, PR-2, and PR-4 (see Fig. 8) . All the compo
nents that contacted the salt and metal phases during the run (crucible, 
agitators, and filter-equipped sample tubes) were made of tantalum. The 
239Pu02 reduction (Step l) was carried out in the left compartment of the 
dual crucible by agitating the molten charge for 5.5 hr at 750°C. The sys
tem was cooled to room temperature , and 38.39 g of ZnC12 was added to the 
left compartment of the crucible. Next, the 239Pu metal was oxidized (Step 2) 
by agitating at 7l0°C for l hr. The resulting 239PuCl3-bearing salt phase was 
transferred by tilting the furnace so that only the salt phase was poured from 
the left to the right compartment of the crucible, which contained the accep
tor alloy. The 239PuC13 in the salt was reduce d to 239Pu metal (Step 3) in the 
acceptor alloy by agitating the two phases at 800°C for 3 hr. 

The solidified acceptor alloy was chipped out of the right compart
ment of the dual crucible and transferred to a high-purity magnesia crucible 
enclosed in the same retorting furnace used in Runs PR-1 , PR-2, and PR-4. 
The 239Pu metal (Step 4) was recovered by volatilizing the acceptor alloy. 
The Zn- Ca distillate condensed on a water- cooled copper cold finger that 
extended down from the top flange of the retorting apparatus. The final 
2.5 hr of the retorting step were performed at about 950°C and at pressures 
below 5 x l0- 6 Torr. 

Spark- source mass- spectrographic analyses of the 239Pu metal prod
uct from Run PR- 3 indicated that the bulk of the iron and nickel constituents 
of the stainless steel impurity were removed from the plutonium. (The 
analysis showed 625 ppm iron and 235 ppm nickel in the product. ) The 
analyses also indicated that the 239Pu product may have had a high calcium 
content. Since calcium is not soluble in plutonium, the reliability of a spec
trographic analysis for calcium in plutonium is questionable. However , 
some calcium could be associated with the product as a result of either in
complete evaporation of the calcium metal in the acceptor alloy or partial 
reduction of the magnesia retorting crucible by the calcium to form non
volatile GaO. 



The chromium concentration in the 239Pu metal product from 
Run PR- 3 was determined by colorimetric analysis and was found to be 
higher than de sired ( - 1000 ppm) . The 239Pu product from Run PR- 3 also 
contained a large amount of tantalum due to corrosion of the tantalum 
components of the experimental equipment by ZnCl2. In a production 
process, this corrosion could be avoided by using tungsten and Mo-30 wt% W 
components , which are resistant to ZnCl2 attack . 

The uranium content of the 239Pu metal product from Run PR- 3 was 
about the same as that of the 239Pu02 feed material (- 2000 ppm), indicating 
that essentially all the uranium was transferred with the plutonium. In con
trast, excellent uranium ~emovals were achiev ed in Runs PR-1, PR-2, and 
PR-4, which were conducted with a magnesium reductant. In Runs PR-1, 
PR-2. and PR-4. uranium probably reacted with small amounts of impurities 
in the system : e . g. , carbon, sulfur, phosphorus . The reaction products of 
the impurities in these runs would be suspended in the salt phase and thereby 
separated from the plutonium. In Run PR- 3, the calcium in the metal phase 
probably reacted with the impurities in the system to form compounds more 
stable than those of uranium. As a result, the uranium remained in the 
metal phase and was recovered with the plutonium. Consequently, it may be 
preferable to use magnesium rather than calcium as the reducing agent in 
processes requiring high uranium removals. 

5. 2 . 2 Experiments with 239Pu02-Molybdenum Cermet Fuel Compacts 

The need for a method of repro c essing scrap 238Pu02-molybdenum 
cermet fuel led to an investigation of means for extending the plutonium 
salt-transport process to handle this fuel form . The 238Pu02- molybdenum 
could be accommodated by the pyrochemical reprocessing scheme proposed 
for 238Pu02 microspheres, provided that the material could be dissolved in a 
liquid metal or a molten salt before being charged to the purification pro
cess . If complete dissolution of both constituents of the cermet were not 
possible, sufficient disintegration may occur to allow the salt to react with 
the Pu02. Various methods for accomplishing this head-end step were 
considered. 

Two experiments (Runs PR- 5 and PR- 6) were conducted with 239Pu02-
l7 . 8 wt% molybdenum cermet materi al to evaluate a process that would be 
applicable for recovery of high - purity 238Pu metal from the cermets . The 
239Pu02-molybdenum cermet feed material consisted of quarter sections of 
a compacted disk (l - in. diameter by 1/ 2 in. thick) obtained from Battelle 

Memorial Institute . 

The process used in Runs PR-5 and PR-6 consisted of the following 
five steps : (1) dissolution or disintegration of the 239Pu02-molybdenum 
cermet feed material in a chloride salt system containing CuCl2 as a chlori
nating agent, (2) reduction of the molybdenum and copper compounds in the 
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salt by contacting the salt phase with a zinc metal phase. (3) transfer of the 
z39Pu-bearing salt phase away from the Zn-Mo-Cu metal phase to a Zn-Mg 
or a Zn-Ca metal phase , (4) reduction of the z39Pu compounds present in the 
salt phase to Z39pu metal in the Zn-Mg or Zn-Ca metal phase, and (5) recov
ery of the Z39pu product by retorting the Zn-Mg or Zn-Ca metal phase . The 

flowsheet for this process is shown in Fig. 6 . 

In Run PR-5. the charge to Step 1 consisted of 14.40 g of z
39

P u0z
molybdenum ce rmet (10.44 g of Z39Pu) , 125 g of MgClz-21.90 wt o/o NaCl-
18 . 62 wt o/o KCL and 40 g of CuClz . The charge was contained under a 
positive helium atmosphere within a high-purity alumina crucible in a 
resistance-heated furnace. The cermet was dissolved by heating the charge 
to 590°C and agitating the melt with a fused silica stirrer for 6 hr . During 
this period, filtered samples were taken every 2 hr using fused silica 
sample tubes equipped with sintered quartz filters . 

Steps 2-4 of Run PR-5 were conducted in a dual tantalum crucible . 
The charge to these three steps of the run consis ted of 145 g of the z39Pu
bearing salt phase from Step l. 257 g of zinc, and 143 g of Zn-25 wt o/o Mg. 
The Z39Pu-bearing salt phase and the zinc phase were charged to the left 
compartment of the dual crucible, and the Zn-Mg metal phase was charged 
to the right compartment . These three steps of the run were carried out 
under a positive helium atmosphere in a resistance - heated, tilt-pour furnace 
similar to the one shown in Fig. 8 . All the components that contacted the 
salt and the metal phases during these steps of the run (c rucible , agitators, 
and filter-equipped sample tubes) were made of tantalum. Step 2 (reduction 
of the molybdenum and copper compounds in the salt phase to molybdenum 
and copper in the zinc phase) was conducted in the left compartment of the 
dual crucible by agitating the system for 0 . 5 hr at 500°C . Then the z39Pu
bearing salt phase was transferred (Step 3) at 500° C from the left to the 
right compartment, which contained Zn-Mg metal phase. The Z39Pu com
pounds in the salt phase were next reduced (Step 4) to Z39Pu metal in the 
Zn-Mg metal phase by agitating the system for 0 . 5 hr at 600°C . Following 
Step 4, the furnace was cooled to room temperature. 

The solidified Zn-Mg-z39Pu alloy was chippe d out of the right com
partment of the dual crucible and charged to a high - purity magnesia cruci
ble enclosed in a resistance-heated retorting furnace. The Z39pu metal 
product was recovered (Step 5) by volatilizing the Zn-Mg. The last traces 
of the Zn-Mg were vaporized by retorting for 2 . 25 hr at about 950°C and at 
pres sure s below 3 x l 0-<; Torr . 

Plutonium analyses of the salt samples taken during Step l showed 
that the amount of plutonium in the molten- salt solution was essentially 
cons tant at about 85o/o of the total plutonium charged after 2, 4, and 6 hr of 
reaction time . Of the Z39Pu in the salt phase charged to the molybdenum 
and copper reduction (Step 2), 95.5o/o was accounted for . Similarly, of the 
z39Pu transferred to the plutonium reduction step (Step 4) , 82.5'\"o was 
accounted for. 



Chemical analyses of the 239Pu metal product from PR-5 showed 
that the product contained less than 100 ppm mo lybdenum (the limit of 
sensitivity of the anal ysis) and 3720 ppm copper . The recovery process 
proved to be effective in removing the molybdenum associated with the 
239Pu metal in the feed material, but additional process modifications were 
deemed necessary to achieve sati sfactory removal of the copper. There 
are two possible explanations for the presence of copper in the ZJ9pu metal 
product: (l) Copper may have been entrained in (and transferred with) the 
239Pu-bearing salt phase as metal. or (2) copper may have been dissolved 
in the salt phase and reduced by the Zn-Mg a lloy. In either case , the copper 
would be present in the Zn-Mg metal phase that was charged to the retorting 
step. 

On the basis of the results of Run PR-5 , a second experiment 
(Run PR-6) was conduc ted incorporating certain modifications designed pri
marily to reduce the level of copper contamination in the final 239Pu metal 
product. The same process steps were used, except that molybdenum and 
copper reduction (Step 2) was performed twice , using a new charge of zinc 
each time . 

The first four steps of Run PR-6 were conduc ted under a positive 
helium atmosphere in high-purity alumina crucibles within a resistance
heated furnace . The other components that contacted the salt and the metal 
phases during these four steps of 'the run were made of fused silica in 
Steps l-3, and of tantalum in Step 4 . ( The fused silica sample tubes were 
equipped with sintered quartz filters .) At the completion of each step. the 
salt and metal phases were allowed to soli dify and the alumina crucible was 
broken away from the resulting salt and metal i ngots, which were then sepa
rated mechanically. A lumina crucibles were used be c ause they are rela
tively inexpensive a n d are compatib le w i th the process solvents. 

In Step l of Run PR- 6, the charge consisted of 14.43 g of 
239

Pu02-
molybdenum (10 . 46 g of 239Pu), 135 g of CaCl2-33. 33 wt% NaCl, and 40 g of 
CuCl2. The compacted cermet was dis integrated by heating to 600°C and 
agitating for 3 hr . Disintegratio n was nearly complete after 30 min, as 
indicated by analyses of samples taken during the run. 

In Step 2a of the run, 157 . 5 g of the 23 9Pu-bearing salt ingot was 
charged to a new high - purity alumina crucible along with 360 g of special 
high-purity zinc (nominally 99 . 9999 wt% Zn) . The molybdenum and copper 
compounds in the salt phase were reduced to molybdenum and copper in the 
zinc phase by heati ng to 550°C with agitation for 0 . 5 hr . 

In Step 2b, 168. 7 g of the ZJ9Pu-bearing salt phase was charged to a 
new high- purity alumina crucible along with 390 g of the special, high
purity zinc . Addi tional molybdenum and copper were remove d from the 
salt phase by heating to 600°C with agitation for 0 . 5 hr . Analyses of metal 
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phase samples taken during Step 2b indicated that 37% of the copper charged 
to the run was contained in the zinc-rich phase. Since the copper should 
have been removed in Step 2a, it was concluded that disengagement of the 

salt and metal was poor. 

After Step 2b, the Z39Pu- bearing salt phase was separated from the 
metal phase (Step 3). In Step 4, 135 .7 g of the salt phase from S)JP 3 was. 
charged to a new high-purity alumina crucible, together with 40~_3 g of htgh
purity Zn-3.07 wt o/o Ca metal. The z39Pu present in the salt phase was re
duced to Z39pu metal in the Zn-Ca metal phase with agitation at 7 50°C for 

2 hr . 

In Step 5 of the run, 379.6 g of the Zn-Ca-z39Pu metal phase from 
Step 4 was charged to a high-purity magnesia crucible and loaded into a 
resistance-heated retorting furnace. The z39 Pu metal product was recovered 
by volatilizing the zinc and calcium present in the charge. The last traces 
of zinc and calcium were vaporized by retorting for 2 hr at about 950°C and 
at pressures below 5 x 10- 6 Torr . 

Overall Z39Pu accountability for Run PR- 6 was less than 50o/o . The 
z39Pu not accounted for appeared to be insoluble inclusions in the zinc-metal 
phases from Steps 2a and 2b, and in the salt phase from Step 4. On the basis 
of Runs PR- 5 and PR-6, it was concluded that the success of a pyrochemical 
process for recovery of high-purity z38Pu metal from z38Pu0z-molybdenum 
cermet scrap depends on using high-purity molten salt and liquid-metal 
processing media. The low plutonium accountability and poor phase disen
gagements in Run PR-6 were ascribed to impurities in the salts . Purer 
salts used in PR-5 gave better results . Even with high-purity materials, 
however, for removal of molybdenum and copper, two steps would be re
quired as in Run PR-6. 

5.2.3 Experiment with z39Pu0z-Zr0z Solid Solution 

Scrap z38Pu0z- ZrOz could be purified by the plutonium salt-transport 
process (see Fig. 5) for z38Pu0z if the z38Pu0z-Zr0z could be reduced to z38 Pu 
metal and zirconium metal in a suitable reduction- donor alloy. 

In three experiments (Runs PR-1, PR-2, and PR-4) conducted with 
z

39
Pu0z microspheres, excellent separation of the zirconium present in the 

feed material from the final z39Pu metal product was achieved. (See the 
description of the three experiments in Section 5. 2.1 and the analytical 
results presented in Table IV.) On the basis of the favorable zirconium 
removals achieved in these three experiments, two experiments (designated 
Runs PR-7-I and PR-7-II) were conducted with z39Pu0z-39 wt o/o ZrOz solid 
solution to demonstrate the reduction step of the pyrochemical plutonium 
salt-transport process. The z39Pu0z-Zr0z feed material used in these ex
periments was a coarse powder obtained from Los Alamos Scientific 
Laboratory. 



In Run PR-7-I, the charge consisted of 20 . 16 g of 239Pu0z-Zr0z 
(10.88 g of 239Pu), 150 g of Mg-28 wt o/o Cd-6.66 wt o/o Ca reduction alloy, and 
210 g of CaCl2-18. 6 wt o/o KCl salt. The charge was in a baffled tantalum 
crucible inside a resistance-heated furnace having a positive helium atmos
phere. All the components that contacted the salt phase and the metal phase 
during the run were made of tantalum. 

The charge was heated to 72 5°C and agitated at 500 and 600 rpm for 
a total of 3. 75 hr . Filtered samples of the Mg - Cd-Ga metal phase were 
obtained after l, 2, and 3. 7 5 hr of agitation. In addition, a filtered sample 
of the CaCl2-KCl salt phase was obtained after 3 . 75 hr . 

Plutonium analyses of the filtered samples of the metal phase showed 
that only 0 . 78% of the 239Pu02-Zr02 had been reduced after i hr of reaction 
time, 0. 85% after 2 hr, and 1.60% after 3 . 75 hr . Although these figures indi
cate an increase of the amount of 239Pu02-Zr0z reduced with time, the rate 
of reduction was considered too low for an acceptable process . 

Plutonium analysis of the filtered salt sample obtained after 3. 7 5 hr 
of reduction at 725°C indicated that only 0 . 015% of the Z39Pu in the feed ma
terial was present as a soluble z39Pu compound in the salt phase . To deter
mine whether the remainder of the Z39Pu was present as insoluble Z39Pu0z
Zr0z in the salt phase, samples were taken from various portions of the 
solidified salt phase after the run. Analyses of the samples showed that 
only 0 . 017% of the z39Pu in the feed material was present in the salt phase, 
essentially the same amount as was detected in the filtered liquid sample. 
It was concluded that the bulk of the z39Pu0z- ZrOz had not been reduced, and 
that this insoluble mater i al remained in the_ metal phase . 

The poor reduction in Run PR-7 -I may have resulted from any one, 
or a combination, of the following conditions : ( l) inadequate reduction tem
perature, (2) insufficient agitation, and (3) unfavorable reduction salt. The 
choice of reduction salts in these various experiments was somewhat arbi
trary, since very little information is available on the effect of salt 
composition on the reduction of ZrOz. 

After Run PR-7 -I, the solidified CaClz-KCl salt phase was removed 
from above the Mg-Cd-Ca metal phase , and the metal phase was left intact 
in the baffled tantalum crucible . In Run PR-7 - II, 215 . 2 g of CaClz- - 15 wt "/o 
CaFz salt was charged on top of the metal phase . The charge was heated 
under a positive helium atmosphere in the same furnace as was used for 
Run PR- 7 -I. Reduction of the z39Pu0z- ZrOz was attempted in Run PR-7 -II 
by increasing the temperature from 725 to 790°C and agi tating at 520 rpm 
for 3 hr . Filtered samples were obtained after this period from two loca
tions in the melt : (I) 1/2 in. above the crucible bottom and (2) 1 t in. 
above the crucible bottom. The first was expected to be a sample of the 
metal phase , and the second a sample of the salt phase . However, inspection 
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of the samples revealed that they were both samples of the salt phase . 
Sectioning the c rucib le after Run PR- 7 -II showed that the bulk of the metal 
phase was on top of the salt phase . Re v ersal of the phases ma y have re
sulted from partial vaporization of the cadmium (b .p . , 76rc) at the. reduc
tion temperature of 7 90°C; a loss of cadmium would lower th e density of 
the magnesium- rich metal phase to a v a lue below that of the salt phase . 

Plutonium analysis of the filtered salt sample taken 1/ 2 in. above the 
crucible bottom showed that the salt phase c ontained 0 . 99"/o of the z

39
Pu 

present in the Z39Pu0z-Z r0z feed mater i a l. Similar analys i s of a sample of 
the solidified metal phase indicated that 40 . 90"/o of the z39Pu in the c harge was 
i n the metal phase . Inspe c t i on of the tantalum crucible after Run PR- 7 - II 
revealed that the balance of the 239Pu in the 239Pu02- Zr02 was probably 
present in a layer of the dark material located on the crucible bottom. 

To c arry out a complete pyrochemical process would require a 
metal reducing agent that has a high plutonium di stribution coefficient (see 
F i g. 3) so that the plutonium can b e transported away from the zi rconium. 
To obtain a high-purity product, it would also be desirable to avoid the use 
of nonvolatile metals . For these reasons, a Cd-Mg reduction alloy was 
chosen. However, it is known from work on reduction of UOz pellets z9 that 
Cu-Mg alloy containing calcium as the reductant is a better reducing medi
um than Cd-Mg alloys . Therefore, if a process employing pyrochemical 
reduction and aqueous separation steps were being considere d , Cu-Mg-Cd 
alloy would probably be the most satisfactory reducing medium. 

5. 3 Experiments with Plutonium-238 

In a further evaluation of the pyrochemic al processes under consid
eration for the production of high - purity z38Pu metal, two experiments were 
performed with 238Pu- bear ing materials . The feed materials fo r the two 
experiments were (l) relatively pure 238Pu02 powder and (2) impure z38Pu02 
scrap material. 

The experiments we re conducted in the specially designed Z38 Pu 
facility (see Fig. 7) ; the facility and its equipment are described elsewhere. 28 

An additional equipment item used in these experiments was a tantalum 
pipetting apparatus (shown in Fig. 9) for transferring small amounts (10-
100 g) of molten salt and metal from one process vessel to another . The 
body of the pipette was 6 in. long and l in. in diameter ; the tip was 2 in. 
long and had a 3/ 32- in. openi ng. To locate the top surface of a melt, the 
pipette was lowered by increments and gas was drawn f rom the pipette with 
the syringe until the tip of the pipette contacted the melt; at this time, a 
deflection was observed on the compound gauge . The position of the pipette 
tip relative to the top surface of the melt was determined with a height 
gauge above the furnace . The position of a salt- metal interface could then 
be determined from the geometry of the vessel and the densities and weights 
of the salt and metal phases . 
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WITH COPPER GASKET 
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Throughout the experiments, 238pu 
concentrations in feed materials, products, 
and waste streams were determined by dis 
solution of representative samples and 
analysis by gamma counting of the 238pu 
peaks at 99 and 152 keV. The countin g 
equipment, located beneath the ana lytical 
g lovebox (see Fig. 7). consisted of a multi 
channel anal yzer system having a lithium
drifted germanium diode detector. 

The neutron activities of the fe e d 
materials and the f inal products were 
determined in a water - moderated neutron 
counter having four 3He detectors. The 
counter, which had an effic iency of - 15%. 
was calibrated with a 238Pu02 standard 
obtained from Mound Laboratory . 

5. 3 .1 Recovery of 238Pu Meta l from 238Pu02 

The main purpose of the first ex
periment (Experiment ll-22) was to dem
onstrate a capability for handling 23 Bpu 
by recovering 238Pu metal from 238Pu02. 
The procedure, which followed the flow
sheet shown in Fig. 4, involved the reduc -

Fig. 9. Pipetting Apparatus tion of 238Pu02 with a Zn - 25 wt% Mg alloy 

in the pre:oence of a MgCl2- 50 wt% CaCl2 
salt phase. separation of the two phases , and recovery of the p lutonium 
metal b y vacuum distillation of the solvent metals. 

The plutonium feed material for this experiment was relatively pure 
Pu02 p ow der (designated ORNL No. 14) obtained from Mound Laboratory, 
Miamisbur g, Ohio. The chemi ca l and isotopic composition of the powder is 
shown in Table VI. The oxide, a granular powder, was prepared at Savannah 
River Laboratory by oxalate precipitation, followed by calcination at 700°C 
for 2 hr. 

5. 3.1.1 Reduction. The materials charged to the reduction step consiste d 
of 12 .388 g 238P u02, 100 g Zn-25 wt% Mg a lloy. and 3 1.8 g MgC l2-50 wt% 
CaCl2. The magn esium was single - sublimed metal of 99.994% purity, ob 
tained from Dow Metal Products; the zinc was of 99.9999% purity and was 
obtained from Cominco American Co. The CaCl2 and MgCl2 were reagent 
grade salts that had been p r etreated with HCl at 800°C for 2 hr . 

The reduction of 238Pu02 to 238Pu metal was conducted under a h e lium 
atmosphere (< 2 ppm H20, 6 ppm 0 2) in a s tationary furnace described else 
where.28 All the components that contacted the salt and metal phases during 
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the reductio n were made of tantalum. The reduction crucible assembly is 
shown i n Fig. l 0. Before the start of the reduction, t h e furnace and t_he 

3 oooc Th eduction step 
charge materials were degassed under vacuum at . e r 
was conducted at 700-790°C for 2 hr with continuous agitation (500 rpm). At 

· 1 f th t 1 h se were taken the end of the r eduction penod, two samp es o e me a p a 
at 700°C, and the furnace was subsequentl y cooled to room temperature. 

TABLE VI. Composition of Powder e d PuO, F e ed 
Material ( ORN L N o. 14) f o r Experim ent 11-22 

Plutonium 
Is otope wt o/o 

238 80.41 

239 15. 54 

240 2 . 82 

241 0 . 879 
242 0.349 

Total pluto nium content : 87.29 wt% 
Plutonium-238 c o ntent : 70.19wt% 
Neutron emission rate: 4. 2 5 x I 04 n/ ( sec)( g "'Pu) 

Impurity Impu rit y 

Element ppm El e m e nt ppm 

Np 3000 Cu 2 

u (1 00 Fe 60 
Th 600 Mg (10 

Z4 1Am 200 Mn 
AI 15 Ni 50 
B ( I Pb 40 
Be ( 0.5 Si 40 
Ca 100 Sn 10 
Cd 10 Zn 50 
Cr 25 

Total impurities 8000 ppm (0.8 wt % ) 
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Fig. 10 . Reduction Crucible Assembly 

Examination of the primary and secondary tantalum crucibles after 
the reduction revealed that a small amount of metal had leaked from the pri
mary crucibl e, apparently through a small crack that had deve l o ped at a 
we ld joint during the latter part of the reduction. The metal phase was re
covered by drilling a hole in the bottom of the primary crucib le, heating the 
furnace to 7l5°C, and allowing the metal phase to drain into the secondary 
crucible . Subsequent examination showed that a ll the metal phase had be e n 
transferred to the secondary crucible and that all the salt had remained in 
the primary crucible. 

5. 3. 1.2 Distillation. Most of the metal in the s econdary vessel was trans
ferr e d to the distillation apparatus b y means of the tantalum pipette de
scribed previously. The metal was s o lidified within the pipette before the 
transfer between vess els and was subsequently r eme lted to allow transfer 
fr om the pipette to the tantalum distillatio n ves sel. Approximately 87o/o of 
the reduction alloy was transferred to the distillation appa ratus b y this 
procedure. 
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The 238Pu metal product was 
recovered by vacuum distillation of 
the Zn- Mg solvent and collection of 
the distillate on a cold finger (con
denser). The distillation apparatus 
(see Fig. ll) and the platinum- wound 
resistance furnace are described in 
detail elsewhere. 28 The initial stages 
of the distillation were carried out at 
770-790°C and - 1 x 10-5 Torr pres 
sure; the temperature of the cold fin 
ger was 350°C. Final removal of the 
Zn-Mg was achieved by heating to 
860 - 900°C at 4 X lo-s Torr for -1 hr. 
The cold-finger temperature during 
the last stages of distillation was 
2 70°C. 

Fig . 11. Distillation Apparatus The weight of the plutonium 
metal residue after distillation was 

10.08 g, 2% higher than the amount calculated to be in the metal charged to 
the distillation apparatus. Most of the product was in the form of a large 
metal drop attached to the tantalum vessel; a small amount of the product 
was distributed as a thin film and as small droplets on the side wall of the 
vessel. The plutonium metal was clean and bright as was the inner surface 
of the tantalum vessel. 

5.3.1.3 Salt-waste Treatment. A Zn-Mg w.ash step was used to reduce the 
amount of plutonium (estimated from distribution data to be -0.4% of the 
plutonium charged remaining in the reduction salt) which would eventually 
be discarded as waste. The reduction salt in the primary crucible (35. 6 g) 
was melted, and 97% was transferred by pouring to the secondary crucible, 
which still contained 12.2 g of the residual reduction alloy. Approximately 
100 g of fresh Zn-25 wt% Mg alloy was then added, and the salt-metal sys
tem was heated at 7l0°C with 500-rpm agitation for 2 hr. After cooling, the 
entire salt phase was removed mechanically from the crucible for plutonium 
ana lysis of the bulk sample . The amount of plutonium dissolved in the salt 
after the wash step was estimated from distribution data to be 0.04% of the 
plutonium charged. 

5.3 . 2 Recovery of 238Pu Metal from 238Pu02 Scrap Material 

The second experiment with 238Pu (Experiment l-14) was de signed to 
demonstrate the recovery of 238Pu metal from impure 238Pu02 scrap mate
rial, following the flowsheet shown in Fig. 5. The main steps of the process 
are (l) reduction of 238Pu02 with a Mg-Cd reduction - donor alloy in contact 
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· away from 
with a MgC12 -CaClz salt phase, (2) salt transport of the plutomum 

1 
impurities to a Mg-Zn acceptor alloy, and (3) recovery of the 

23 8
Pu meta 

product by vacuum distillation of the solvent metals . 

. . h . twa s impure , inho-The plutonmm feed matenal for t e expenmen 
mogeneous 238Pu0z scrap (designated ORNL No . 12) , obtai n e d fr ~ r:' Mound 
Laboratory, Miamisburg, Ohio. The plutonium isotop i c composltlon was 
the same as that of ORNL No. 14 (see Table VI) ; other p e rti nent data on the 
characteristics and composition of the mater ial are as follows :. _total plu
tonium content, 69 . 0 wt % ; 238Pu content, 55 . 5 wt % ; total impuntl:s (assum
ingO/ Pu = 2.00) , 21.7 wt %; and neutron -emiss i on rate, 8 . 93 x 10 n/ (sec) 

(g Z38Pu) . 

The charge to the run c onsi s ted of 10.1063 g 23 8Pu0z scrap (7 . 92 g 
Pu02 ), 60 g Mg-30 wt% Cd, 45 g MgClz-50 wt % CaClz. and 75 g Zn-
25 wt% Mg . The magnesium, zinc , a nd s alts were from the same sources 
as in Experiment 11-22; the purity of the c admium, obtained from Belmont 

Refining Works , was 99 . 95% . 

5.3.2.1 Reduction. The reduction was carried out under a helium atmos
phere in a tilt-pour furnace equipped with a dual- compartment tantalum 
crucible (see Fig. 8). The Z3 8Pu02 , Mg-30 wt% Cd, and MgC12 -CaClz were 
charged to one compartment of the dual-compartment crucible, and the 
Zn-25 wt% Mg alloy to the other compartment. As in the preceding ex
periment , the materials and equipment were degas sed under vacuum at 
300°C before the reduction. The 238Pu02 was reduced at 700°C for 2 hr with 
500 rpm agitation. 

5. 3.2 .2 Salt- transport Step. Salt transport of plutonium from the donor 
alloy to the acceptor alloy was accomplished by cycling a molten salt be
tween the two metal phases. In the equipment used for this experiment 
(shown in Fig. 8), the salt is transferred by tilting the furnace so that the 
salt flows from one compartment of the dual crucible to the other. However, 
when the planned 10-cycle salt-transport operation was attempted in Experi
ment 1 - 14, transfer of the salt from the donor alloy to the acceptor alloy 
was unsuccessful. Attempts to facilitate transfer by increasing the amounts 
of salt and metal alloys and by increasing the pouring angle were also un
successful. Examination of the crucible after cooling showed that some of 
the acceptor alloy had been transferred to the donor alloy; the salt-transport 
operation was therefore discontinued. 

The large amounts of impurities (-22 wt %) in the z38Pu02 feed mate
rial probably were the source of the mechanical difficulties encountered in 
pouring the salt; insoluble compounds would cause the salt phase to have a 
high effective viscosity and thus would have an adverse effect on the pouring 
operation. To avoid this difficulty, the reduction salt could be discarded an'd 
clean salt of a different composition be used for salt transfer. A reduction 
salt would be used that would favor distribution of plutonium to the metal phase. 



5.3.2.3 Distillation. The solidified salt was mechanically removed from the 
dual-compartment crucible; all the metal was then melted and transferred 
with the tantalum pipetting apparatus (shown in Fig. 9) into a previously de
gassed magnesia distillation crucible. The small capacity (35 cc) of the 
ceramic crucible made it necessary to distill the metal in three batches. 
The distillation was carried out in the platinum-wound resistance furnace 
under conditions similar to those of Experiment 11-22. A consolidated but
ton of plutonium was produced in the round bottom of the crucible and was 
easily removed for neutron counting and 238Pu assay. 

5.3.2.4 Waste-salt Treatment. As in the preceding experiment. a Zn-Mg 
wash was employed to reduce the amount of plutonium remaining in the 
waste salt. The salt, which had been mechanically removed from the dual
compartment crucible, was placed in the tantalum secondary crucible used 
in the salt-wash step of Experiment 11-22. This crucible contained a resi
due of 15 g of Zn-25 wt% Mg plus 0.09 g of 238Pu from the previous experi
ment. An additional 50 g of fresh Zn-25 wt% Mg was charged to the crucible 
to increase the extent of plutonium removal from the salt. The crucible was 
heated at 700°C for 2 hr under a helium atmosphere at glovebox pressure. 
The furnace was then cooled, and the salt phase was mechanically removed 
from the crucible for plutonium analysis of the bulk sample. 

5.3.3 Results of Plutonium-238 Experiments 

5.3.3.1 Plutonium Balance. The experimental runs reported here were 
much more complex than a production run, in which only the cumulative plu
tonium accountability would be of concern. In these experiments, each of 
the many side streams and residues was processed (rather than being re
cycled as in a production operation) to detel"mine the mechanisms of pluto
nium losses. In Experiment ll-22, the total amount of plutonium accounted 
for was slightly greater than 100% (see Table VII); this value is considered 
within the limits of experimental error, in view of the complexity of the 
procedures and the many samples that were analyzed. 

TABLE VII. Total Plutonium Balance for Experiment 11-22 

Weight of Pu, g o/o of Charge 

Plutonium in PuOz feed material a 

Plutonium in distillate residueb 
Plutonium in metal residue in pipetteC 
Plutonium in Mg-Zn wash in secondary vessetd 
Plutonium in salt wastee 

Total 

10 .813 

10.03 
0.18 
0.89 
0.05 

11.20 

acalculated from weight of starting oxide and Savannah River Laboratory data. 

hweighed product. 
CBased on assay of alloy after reduction. 
dBased on assay of wash metal. 
eBased on assay of bulk sample. 

100.0 

93.2 
1.7 
8.2 
0. 5 

103.6 
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The starting oxide for Experiment 1- 14 was not homogeneous and 
contained a high concentration of impurities (-22%). The characteristics of 
the starting material and the complexity of the experiment prevented an 
accurate plutonium balance . However, slightly more than 100% of the ~lu
tonium was accounted for in this experiment also, although this result lS less 

meaningful than for Experiment 11-22 . 

The percentage of the 238Pu charge that was lost in the salt wastes 
in these experiments is a better indication of the potential plutonium losses 
in a production process that is the overall plutonium balance. In a process 
for recovery of plutonium metal from the oxide, the only waste stream 
would be the salt; the metal would be recycled (see Fig. 4 ). Table VIII 
shows the plutonium concentration in the salt waste and in the Zn-Mg wash 
alloy with which the salt was conta c ted. Analysis of the bulk salt samples 
at the end of the experiment showed that about 90% of the z

38
Pu in the salt 

was insoluble ; only 10% of the Z3 8Pu in the salt could be accounted for in 
the analyses of filtered samples . The insoluble plutonium was probably in 
the form of suspended compounds such as PuC or PuS formed by reaction 
with impurities . In a production process , the total amount of plutonium lost 
by discarding salts of the compositions obtained in these experiments would 

be acceptable . 

TABLE VIII. Plutonium-238 Content of Sal t 
and Zn-Mg Alloy Wash Produc ts 

% of Plutonium Charged 

Experiment Phase Filtered Sample Bulk Sample 

11-22 

1-14 

Salt 0 . 049 0 . 49 
Zn-Mg wash alloy 8 . 3a 

Salt 
Zn-Mg wash alloy 

0 . 11 b 
4 . 5a 

1. 07 

aThe plutonium in the wash alloys would be recovered in an 
actual process by recycling the alloys. 

bcalculated using the distribution coefficient of 0 . 019 (wt% sol 
uble Pu in saltjwt% Pu in metal) obtained in Experiment 11 - 22 . 

5. 3.3 . 2 Removal of Impurities . In Experiment 1- 14, the impurity content of 
the metal product was considerably lower than that of the starting material 
(see Table IX). even though the salt-transport step was unsuccessful. The 
incorporation of a salt-transport step in which clean salt is substituted for 
the reduction salt should result in a metallic product of acceptable purity. 

The removal of light-element i mpurities in both experiments was ef
fective, as indicated by the reduced neutron activity of the products 



(see Table X). These results are consistent with the low concentrations of 
light - element impurities in the products from the experiments with Z39pu 

(see Table IV). 

TABLE IX. Plutonium and Impurity Contents of Starting 
238Pu02 and Metallic Product of Experiment 1-14 

238Pu, a Tota l Pu,b Impurity Content, 
Materia l wto/o wt o/o wto/o 

Starting 238Pu02 c 55 . 5 69.0 21. 7d 

Metallic product 76.4 95 . 0 5.0 

~~~t!~:~;.-;:y =a~;s;;~/80.41. 
cMixture designated ORNL No. 12 . 
dAssuming oxygen atoms/ plutonium atom 2.0. 

TABLE X. Neutron Activity of Feed and Product Materials 

Experiment 11 - 22 
Oxide feed 
Metal product 

Experiment l-14b 
Oxide feed 
Metal product 

Neutron Activitya 

n/(sec)(g 238Pu) 

4.25 X 104 

2.93 X 103 

8.93 X 104 

3.98 X 103 

n/ (sec)(g Pu) 

3.42 X 104 

2.36 X 103 

7 . 18 X 10 4 

3.20 X 103 

aBased on an isotopic composition of 80.41 wt o/o 
238

Pu. 
bBased on analyses in Table IX. 

Although the work with 238Pu was terminated when only a few experi
ments had been performed, these experiments demonstrated that the chemi
cal behavior of 238Pu and 239Pu is the same at the high temperatures at which 

pyrochemical processes are carried out. 

6. FULL-SCALE EQUIPMENT CONCEPTS 

The experimental work was carried out in equipment of simple de
sign requiring manual manipulations. These equipment concepts would be 
unsuitable for full- scale processes. Components suitable for full - scale 
isotope - recovery processes, developed at Argo nne in the course of work on 
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. ent items may 
pyrochemical fuel reprocessing, are described below . Equlpm f . te -

nents o an ln 
be used for reduction and salt-transport steps and as compo ) 

· · ss (see Fig. 5 · grated process1ng un1t for the scrap-recovery proce 

6. 1 Reduction 

. to all flowsheets 
Oxide reduction is a process operatlon common . 

considered in Section 4. In the processing of high-fired oxides, Vlgorous 
. . . t atmosphere cover gas, agitation, the proper metal- salt comb1nat10n, an 1ner -

and a temperature of 700 - 900°C are required. 

d . · · d 1 mental experiments, tilt -To provide the proper con 1tlons 1n eve op 

( · ) d H t· 1 ments are outside the pour furnaces see F1g. 12 were use . ea 1ng e e 
furnace ve ssel. Molten samples of 

STAINLESS 
STEEL SHAFT 

GRAPHITE 
SECONDARY 
CRUCIBLE 

STAINLESS 
STEEL SHELL 

the salt and metal phases can be re 
moved from the furnace crucible 
through the sampling ports. A gas 
lock is usually provided above the 
sample ports t o prevent contamina
tion of the furnace gas with atmos 
pheric gases. The samples are 
usually taken by pressurizing the 
metal or salt into a 1/ 4 - in. tantalum 
sample tube fitted with a tantalum 
filter. 30 After completion of the re
duction, the salt and metal are poured 
into the mo l d in the side - arm of the 
furnace by tilting the entire apparatus. 

Equipment of this type has been used 
at Argonne for reduction of UOz and 
PuOz on a scale of up to 200 g of oxide. 
The expected scale of operations for 
PuOz scrap-recovery operations is 
between 150 and 200 g. 

For larger - scale operations Fig. 12. Tilt -Pour Furnace . ANL 
Neg. No. 108 -8528 Rev. 2. or processes where reduction is to be 

followed by salt- metal extraction steps 
such as sal t transport, reduction woul d be carried out in a stationary fu r
nace . The heating elements can either be located outside the furnace vessel 
as in the tilt-pour furnace or inside the vessel. if a bell-jar type furnace en
c losure is used. Either the metal or the salt phase could be removed inde 
pendently from a stationary furnace through a heated metal transfer line, 
thereby providing a means of separating the phases . A schematic diagram 
of a heated transfer line is shown in Fig. 13. The use of such lines for 
pyrochemical operations is discussed in Ref. 31. 

The most satisfactory crucible material for long-term use with 
molten zinc solutions containing plutonium or uranium is tungsten. 32 



Pressed-and-sintered tungsten crucibles up to 12 in. in diameter and 26 in. 
high have been used in reduction experiments with zinc alloys and molten 
salts. 33 The most satisfactory material for agitators and transfer lines, 
based on current data, is Mo-30 wt% W. 33 

Mo-30 wt% W 
Protective Cup 

•,...!.+--- Mo-30 wt % W 
Joint 

I --,----
Mo-30 wt % W _ __ ""'.,., i 
Ferrule Seal 

I 
i 

I 
~-l-_./ 

Fig. 13. Heated Transfer Line. ANL Neg. No. 308 -1017 Rev. 2. 

6.2 Salt Transport 

The salt-transport operation can be carried out in two stationary 
vessels (of the type used for reduction) connected by a transfer line. This 
type of apparatus (shown in Fig. 14) has been used for transporting 
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Fig . 14. Salt-transport Appatatus Employing 
6 -in. -ID Vessels. ANL Neg. No . 308 -139. 

. lt a scale of 
plutonium- beanng sa on f 

. b tch One o 200 g of plutomum per a · 
the vessels can be used both for t~e 

. d f the donor s1de reduction step an or 
of the salt-transport process. On 
completion of reduction, the. salt 
would be forced by differential pres
sure from the reduction- donor vesse l 
to the other vesse l (containing the 

acceptor alloy). 

Continuous-flow mixer
settlers have been considered at 
Argonne for separating plutonium 
from fission products in the process
ing of fast-reactor fuels by pyre
chemical methods. 34 Such mixer
settlers may be adaptable to the 
salt- transport step in the processing 
of 238Pu02 scrap. The two metal 
phases would be contacted continu
ous l y with salt in a transport system. 

The donor a lloy stream wou ld contain impurities , and the acceptor alloy (for 
reto rting) wou ld contain greater than 99% of the plutonium fed to the process. 
Such a process would probably have low labor costs and produce a very pure 
plutonium product. 

6.3 Inte g rated Equipment for Scrap-recovery Process 

During the wo r k, the equipment concepts for a production- scale 
scrap- recovery process were cons idered. Construction of a full- scale fa
cility for that purpose is not recommended, because the process chemistry 
and the details of the equipment design have not been fully tested for this 
application. However , the conceptual designs may aid in assessing the cost 
of pyrochemical processing facilities and the operating requirements for 
any future applications of complete pyrochemical processes to isotope 
purification. 

A schematic equipment diagram that includes the associated waste 
salt and metal r eceive r and retorting ve ssel is shown in Fig. 15. The pro
cess steps for a 238 Pu02 scrap recovery process also are described in 
Fig. 1 5. Reuse of the salt for several batches of Pu02 is possible if only a 
moderate level of impurities ( 1-2 wt %) is present in the feed material. 

The quantities and properties of materials for processing 200 g of 
scrap 238Pu02 are given in Table XI. In this process, the 238 Pu02 is reduced 
by a two-phase system of molten a lloy (Mg - 30 wt o/o Cd) and salt (MgClz-
42 wt% CaC12 ). The sa l t and the reduction alloy are also used for the salt
transport separation. The vessel (ve ssel II in Fig. 15) use.d for reduction is 



TRANSFER 
LINE\._ 

u -
SALT AND METAL 

WASTE 

BELL-JAR 
ENCLOSURE 

'---' 
___E._ 

REDUCTION 
AND DONOR 

BELL-JAR 
{ENCLOSURE 

"a 
~ 

ACCEPTOR 

t-------., 

u -
Pu- ALLOY 
RECEIVER 

METAL 
EVAPORATOR 

Operating Sequence for Four Batches 1800 g 238puJ 

1. Load 238puo2 scrap, reduction salt, and 
donor metal in 1I and load acceptor metal 
alloy in III. 

2. Carry out reduction at 725oc in II. 

3. Transfer back and forth between II and ill 
at 725°C. 

4. Lower temperature in ill to 6000C, and 
freeze the salt. 

5. Transfer acceptor alloy to receiver cruci
ble in Ill. 

6. Transfer receiver crucible from Til to Y, 
and evaporate solvent metal to recover 
238Pu. 

7. Load another batch of Pu02 in ][ and 
acceptor alloy in DL 

8. Repeat Steps 2-7 twice. Then repeat 
Steps 2-6. 

9. Load the cleanup alloy llow-Mg alloy! 
in m. 

10. Repeat Steps 3-6, Step 9, and then 
Steps 3-6 again. 

11. Transfer the reduction salt and donor 
alloy to I. 

Fig. 15, Schematic Diagram of Plutonium Scrap-recovery Equipment 

TABLE XI. Properties of Processing Materials for Scrap - recovery Process 

(Amounts requir e d for 200 g of Z3
8Pu02 shown in parentheses) 

Reduction and Transport Salt (3000 g) 
MgC12 -42 wt % CaClz 
Melting point: 615°C 
Density: -I. 7 g/ cc 
MgO loading after f our batches: 7.4 wt % 

Reduction- Donor Alloy ( 1500 g) 
Mg-30 wt% Cd 
Distribution coefficient at 725°C: 0.2 wt % Pu in salt per 1.0 wt% Pu in metal 
Density at 72 5°C: 2. I gj cc 

Acceptor Alloy (2 500 g) 
Zn-25 wt % Mg 
Distribution coefficient at 725°C: 0.01 wt% Pu in salt per 1.0 wt% Pu in metal 
Density at 725°C: 4.0 g/ cc 
Pu solubility at 600°C (transfer temp) : - IO wt % 
Pu loading : - 6 wt % 

Clean-up Alloy (3000 g) 
Zn-10 wt% Mg 
Distribution coefficient at 725°C: 0.004 wt% Pu in salt per 1.0 wt% Pu in metal 

Density at 725°C: 5.2 g/ cc 
Pu solubility at 600°C (transfer temp): - 3 wt% 
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t When reduction also used as the donor side of the salt-transpor process. . 
· 1 e from the reductlOn-is complete , the salt is forced by differentia pressur . ll 

Th tor vessel contains an a oy 
donor vessel to the acceptor vessel. e a~ce~ . . . d a hi h 
(Zn - 25 wt o/o Mg) that has a low plutonium distnbutlOn coefficient an g 

· · · · 1 db t een v essels II and III for plutonmm solubility. The salt IS eye e e w 
· 1 35m of the plutonium to the 10 cycles to attain transfer of approximate Y 7 0 

· · f the salt and metal phases acceptor alloy. Only a few minutes of stnnng o 
· · f many as five cycles can be IS requned before each transfer; there ore, as 

d d lloy could be used to process completed per hour. The same salt an onor a . 
four 200-g batches of z38Pu0z . After the plutonium in each batch of PuOz lS 

h t alloy is removed for distil -transferred to the acceptor alloy, t e accep or . 
lation. Before the salt and the donor metal (which contain most of the lm
purities) are discharged, one or two additional salt - transport steps are 
carried out to transfer residual p l utonium from these streams to a c l eanup 
alloy. A fresh Zn - 1 0 wt "/0 Mg alloy would be the cleanup a lloy, and no 
z38Pu0z would be added to the donor alloy in the cleanup steps. 

A conceptual de sign was prepared for a facility to contain the process 
ing equipment for processing 0.2 to 1.0 kg z38Pu per week by the procedure 
described above. A computer calculation of the neutron-production rates for 

the process so l utions and a lloys to be 
used in the scrap - recovery process in
dicated that shielding equivalent to ap 
proximately 10 - 15 in. of water would 
be needed. The equipment, therefore, 
would be remotely operated, and ma
nipulators would be needed. The ar 
rangement of the conceptual enclosure, 
associated glove box, and process 
equipment is shown in Fig. 16. 

The enclosure woul d contain 
a high-purity argon atmosphere. It 

Fig.16. Conceptual 238 Puo2 scrap-recoveryFacility would be permanently shielded at the 
front and at the ends (probably by water 

tanks); sliding shielding doors would be provided in a maintenance corridor 
behind the facility . The process equipment, consisting of the five units (as 
shown in Fig. 15), can be repaired or maintained by operators using the gl ove
ports when the shielding doors are open. Mound Laboratory is now using such 
maintenance corridors and sliding doors in their new z38Pu0z production fa 
cility . The process equipment would be operated by remote- control equipment 
located outside the enclosure and by Model - J manipulators. Model-J manipu 
lators hav e an unusual! y long reach and could cover the entire 6 - by 8-ft floor 
area in the proposed facility. For repair of a manipulator, a shelf lowered 
over the top of the process equipment would provide space for repairs that 
could be performed through the gloveports at the back of the enclosure. 

The Model-J manipulators can be sealed to the enclosure with gas
tight 0- ring seals. In contrast, standard manipulators must depend on 



plastic boots at the lower portion of the slave arms to maintain gas-tight 
seals. The tighter seal obtainable with the Model-J manipulator is believed 
necessary to maintain the high-purity atmosphere required for handling 
metallic plutonium without oxidation. 

A traveling crane would be provided for the installation and removal 
of equipment and for removal of manipulators. Similar manipulator and 
crane installations in inert-atmosphere caves have been demonstrated at 
Argonne. 

Two vacuum locks would be provided between the air-atmosphere 
glove box and the argon- atmosphere shielded enclosure. A large lock would 
accommodate the largest equipment items to be installed in the cave. This 
lock would be provided with a sliding platform and motor-driven doors to 
accommodate loading and unloading. Drawings of vacuum locks of the de
sired types were prepared in designing another facility and are available. 

The gas-purification system for the enclosure would probably con
sist of a catalytic reactor (using slow hydrogen addition) to convert oxygen 
to water, a Molecular Sieve bed to absorb water, and a blower to circulate 
the gas. It has been demonstrated in facilities at Argonne that this type of 
purification system can maintain the oxygen and water-vapor contents of 
the glovebox atmosphere at less than 5 ppm each. Pressure control and 
impurity-monitoring equipment would also be provided. The purification 
and recirculation equipment could be located outside the facility. 

In the material- storage section, sufficient water cooling would be 
provided to allow storage of a total of 2 kg of z38Pu0z scrap and recovered 
z38Pu metal. 

7. RECOMMENDATIONS 

The work on pyrochemical processing of z38 Pu at Argonne was ter
minated before the purification processes were sufficiently developed for 
use in production. However, an evaluation of the results obtained in this 
work has indicated that some of the processes or parts of the processes 
may be ready for use. Other pyrochemical techniques may require refine
ments that could be developed during production operations. 

7.1 Preparation of Metallic Plutonium-238 

If the need arises to prepare several kilograms of z
38

Pu metal from 
PuOz. consideration should be g~ven to the relatively simple process shown 
in Fig. 4. If a Ca-Zn reduction alloy is used, only minimal shielding (e.g., 
4 in. of Plexiglas) would be required for processing batches of several hun
dred grams. After experience is gained, it should be possible to produce a 
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. 1 f 1 derate purity 
product of low neutron count from feed matena o on Y mo t 
[ /( )( ) J A f" 1 eutron coun 
1-2o/o total impurities, 20,000 to 60,000 n sec g · ma n . t 

of 2930 n/(sec)(g 238Pu) [2360 n/(sec)(g Pu)] was obtained in an exp.enmen 

( 
Z38p 0 f d matenal that 

Experiment ll-22, Table X) with about 12 g of u z ee 
had an initial neutron count of 4.25 x 104 n/ (sec)(g 

238
Pu). 

The major equipment items required for this process are a tilt

pour furnace and distillation apparatus. 

7 . 2 Reprocessing of Pu02-Molybdenum Cermets 

Although the pyrochemical process for Pu02-molybdenum cermets 
(as shown in Fig. 6) is not yet well enough developed for production work, 
the initial dissolution step may be a desirable head-end step for an aqueous 
process. In experiments at Argonne (discussed in Section 5 . 2.2), quarter 
sections of a 1-in.-diam. 1/ 2-in.-thick compact of 

239
Pu02- molybdenum 

cermet (10 . 44 g ZJ9Pu) were dissolved or disintegrated in less than 30 min 
by a salt consisting typically of 125 g of MgC12- 21.9 wt% NaCl-18.6 wt% 

KCl and 40 g of CuC12. 

The chloride salt resulting from this process could be dissolved 
directly in an aqueous solution for further processing. An alternative that 
would avoid the corrosion problem associated with aqueous chloride solu 
tions would be to reduce the plutonium (contained in the anhydrous salt) with 
a Zn-5 wt% Mg alloy. Essentially all the plutonium would be reduced and 
transferred to the metal phase. The salt could b e separat e d and discarded 
and the metal dissolved in acid for further processing. 

Whether or not the plutonium is reduced to metal after dissolution 
of the Pu02 c ompact in the salt, this head-end step would require only a tilt
pour furna c e such as that suggested above for reduction of Pu02. 

7 . 3 Dissolution of High-fired Oxides Containing Plutonium-238 

High-fired Pu02 or mixed oxides such as Pu02-Zr02, which may be 
difficult to dis solve in aqueous solutions, could be reduced by molten salt
liquid metal media. Although there is no difficulty in reducing Pu02 in 
Zn-Mg or Zn- Ca alloys in contact with a salt such as the MgCl2-CaCl2 eu
te c tic, Pu02-Zr02 is more difficult to reduce than Pu02 microspheres (see 
Section 5.2 . 3). However, vigorously stirring a Cu-20 wt% Mg-5 wt% Ca 
alloy with a CaC12-18 wt % CaF2 salt at 900°C might accomplish the reduc 
tion. In another program, these conditions were sufficient for reducing 
sintered U02, which is also difficult to reduce. 

The metal solutions produced in reduction processes such as the one 
described above could be dissolved directly in acid solutions for further 
processing. 



7.4 Equipment Recommendations 

Most of the above operations can be carried out with a simple tilt
pour furnace of the type shown in Fig. 12. This type of furnace is equipped 
with an agitator and a means of taking samples of the salt and metal phases. 
After the completion of a run, the molten salt and metal are poured into a 
mold in the side-arm of the furnace . The crucible is then essentially 
emptied and ready for the next batch. Furnaces of this type. which are 
capable of handling 100 - 200 g of plutonium in the type of proc esses dis
cussed above, have been operated routinely. 

Because many of the salts required for pyrochemical processing are 
hygroscopic, it is necessary to carry out the work in a dry-atmosphere 
glovebox. In experimentation at Argonne , the work with z39Pu was carried 
out in a glovebox with a nitrogen atmosphere ("once-through" flow). The 
z38Pu experiments were carried out in a helium-atmosphere glovebox in 
which the atmosphere was recirculated at about 20 cfm through a purifica
tion system. However, a nitrogen atmosphere glovebox with "once-through" 
gas flow may be suitable for production- scale pyrochemical operations. 
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