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This invention relates to a new chemical element of 
atomic number 94, to novel isotopes, compounds and 
compositions thereof, and to methods for producing, sep 
arating, and purifying same. 
The term “element 94” is used throughout this speci 

fication to designate the element having atomic number 
94. Element 94 is also referred to in this specification 
as plutonium, symbol Pu. Likewise, element 93 means 
the element having atomic number 93, which is also re 
ferred to as neptunium, symbol Np. Reference herein 
to any of the elements is to be understood as denoting 
the element generically, whether in its free state, or in 
the form of a compound, unless otherwise indicated by 
the context. 
The apparent discovery of transuranic elements was 

first announced by Enrico Fermi in 1934. At that time, 
Fermi stated that the bombardment of uranium with neu 
trons gave beta activities which he attributed to trans 
uranic elements of atomic number 93 and possibly high 
er. From 1934 to 1938 other workers, notably Hahn 
and Curie extended this work. But in 1939, Hahn dis 
covered that the elements which he and others had be 
lieved to be transuranic elements were in fact radioactive 
elements of intermediate atomic weights produced by the 
fission of uranium. Hahns results were subsequently 
confirmed and a great many other fission products in 
addition to those first found by Hahn were discovered 
and identified. Such products were all of lower atomic 
Weight than uranium, generally of atomic number in the 
middle of the periodic system. 

So far as is known, prior to about June 1940, no 
positive evidence was found indicating the existence of 
any transuranic element. However, in June 1940, E. 
McMillan and P. Abelson published in the Physical Re 
view, 57, 1185 (1940) their discovery that a 2.3 day 
activity produced by the bombardment of uranium with 
neutrons was an isotope of element 93, probably 93239. 
Although it was assumed that the initial product of the 
beta decay of the 93 isotope of 2.3 day half-life would 
be a nucleus of atomic number 94, there was no proof 
that any such 94 nucleus could have more than an ephem 
eral existence before undergoing spontaneous disintegra 
tion. McMillan and Abelson found no evidence of the 
production of any daughter product from their 93 iso 
tope, and, in fact did not even obtain the 93 isotope it 
self in pure or useful form. 
The present invention relates to transuranic isotopes 

other than the 9323º isotope of McMillan and Abelson, 
and particularly to the various isotopes of a new ele 
ment 94. 
One aspect of the present invention relates to novel 

methods for the production of element 94. An object 
of this phase of the invention is to provide processes for 
the production of element 94 from uranium by nuclear 
reactions. A further object of this phase of the present 
invention is to provide processes for the production of 
various isotopes of element 94 by nuclear reactions ini 
tiated by the bombardment of natural uranium by sub 
atomic particles. The neptunium isotopes 93238 and 
93239 may be produced by the bombardment ofuranium 
with high energy deuterons. The uranium to be bom 
barded may be the pure isotope 92238 but is convenient 

O 

5 

20 

25 

30 

35 

40 

45 

60 

65 

70 

2 
ly natural uranium, which contains over 99 percent of 
this isotope. The uranium may be metallic uranium, 
an oxide such as UsO3, or any other desired uranium 
compound. The deuterons should have energies of at 
least 10 m. e.v. (milion electron volts), and preferably 
energies of 14-16 me.v. or higher. The isotopes 93238 
and 93°º are believed to be formed by the following 
nuclear reactions: 

928 -- 1d2 - 93238 -- 21 
92288 -- d2 ... -> 9323º -- 01 
92238-1d2 -> 92239 -- p1 

92239 -> 93238 
23 mil. 

In accordance with the present invention it has been 
discovered that the decay products of the short lived 
beta emiting isotopes of neptunium are long lived alpha 
emiting isotopes of plutonium. These decay reactions 
may be represented as follows: 

93238 - - 94238 --> U234 
2.0 days M50 yrs. 

& 
9323º --> 94239 ---> U235 

2.3 days r-24,000 yrs. 

Since the decay of neptunium to plutonium takes place 
both during and after bombardment of uranium with 
deuterons or neutrons, the percentage of plutonium in 
the transuranic fraction of the product can be controlled 
by varying the bombardment.time, the time of aging after 
bombardment, or both. Thus, in the deuteron bom 
bardment ofuranium, the transuranic fraction of isotopes 
of mass 238 will be predominantly plutonium after five 
days of bombardment or after one day of bombardment 
followed by two days aging. Similarly, in the neutron 
bombardment of uranium, the transuranic fraction of the 
product will be predominantly plutonium after six days 
of bombardment or after two days of bombardment fol 
lowed by two days aging. 

For the production and recovery of plutonium, it is 
preferred to employ a total time of bombardment plus 
aging such that at least 90 percent of the transuranic 
fraction of the product consists of plutonium. Examples 
of minimum bombardment and aging times to accomplish 
this end in the neutron bombardment of uranium are 
shown in the following table: 

TABLE II 

Days of bombardiment Days of aging 

7 
4 
2 
O 

Although the desired plutonium concentration in the 
transuranic fraction of the product may be obtained by 
suficient bombardment time alone, it will be evident that 
a finite aging time will necessarily ensue before the plu 
tonium can be separated from the bombarded product. 
In the present specification and claims, therefore, it is 
postulated that the bombarded product is always aged, 
and that the plutonium concentration in the transuranic 
fraction of the product is controlled by the total time of 
bombardment plus aging. 
The production of plutonium by deuteron bombard 

ment of uranium followed by aging of the bombarded 
product will be further ilustrated by the following ex 
amples: 

Example 1 
Uranium oxide, comprising predominantly U3Os with a 

minor amount of UO3, was subjected to 230 micro 
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ampere hours bombardment with 15m.e.v. deuterons from 
a cyclotron. Neptunium was separated from the bom 
barded mass by chemical means, using cerous fluoride 
carrier precipitations to obtain a product suitable for 
radioactive analysis for neptunium content. The amount 
of neptunium present at the end of the bombardment was 
then determined by analysis of the beta radiation decay 
of the product. The yield of neptunium was found to 
be approximately 28 curies per ampere hour of bombard 
ment. This neptunium was transformed into a substan 
tially equal mass, and equivalent number of curies, of 
plutonium after aging for 30 days. 

Example 2 
Uranium metal was subjected to a short bombardment 

with 15 m.e.v. deuterons, and the neptunium was separated 
from the bambarded material by chemical means to ob 
tain a product containing neptunium as the only beta 
emitting radioactive element. The quantities of the 2.0 
day isotope 93238 and the 2.3 day isotope 93289 present at 
the end of the bombardment were then determined by 
analysis of the radioactive decay of the total 93. The 
yields were found to be 36.2 micrograms of 93238 and 
320 micrograms of 9323º per ampere hour of bombard 
ment. After aging for 60 days, the yields of 94238 and 
94º derived from the separated neptunium were thus 
approximately 36.2 micrograms of 94238 and 320 micro 
grams of 94º per ampere hour of bombardment. 

Example 3 
Separate samples of uranium metal were subjected to 

short bombardments with deuterons of diferent energies, 
and then aged for suficienttime to permit decay of substan 
tially all of the 93238 and 93239 to 94238 and 94239. Ele 
ment 94 was then separated from the aged material by 
chemical precipitation methods to obtain products con 
taining no radioactive elements other than element 94, 
These products were then analyzed for alpha radiation. 
Since the decay rate of 9423º is negligible compared to 
the decay rate of94º, the total radioactivity was ascribed 
to 94º. The yields of 94238 determined in this manner 
were found to be as follows: 

Yield of 94238 (micro 
grams per ampere hour 
of bombardment) 

Deuteron Energy (milion electron volts) 

---------------------------------------------- 
12------- 
----------------------------------------------- 

29, 4 
4. 3 

<0.0003 

Plutonium has been successfully produced in accord 
ance with the present invention by the bombardment of 
uranium with an external source of neutrons, such as a 
deuteron-beryllium source, adjusting the bombardment 
and aging times to secure a product in which the trans 
uranic fraction is substantially all plutonium, and there 
after isolating the plutonium. Much higher production 
rates are obtainable, however, by the use of neutronic re 
actors of the type described in co-pending application 
Serial No. 568,904 of E. Fermi and L. Szillard, filed 
December 19, 1944, now U.S. Patent No. 2,708,656, 
granted on May 17, 1955. In such reactors a fissionable 
isotope, such as Uº in natural uranium, undergoes fis 
sion and releases fast neutrons in excess of the neutrons 
absorbed in the fission process. The fast neutrons are 
slowed down to approximately thermal energies by im 
pacts with a moderator such as graphite or deuterium 
oxide, and the resulting slow neutrons (energies of 0-0.3 
electron volt) are then absorbed by U235 to produce fur 
ther fission and by U238 to produce U239 which decays 
through 93299 to 94289. This self-sustaining chain reac 
tion releases tremendous amounts of energy, primarily 
in the form of kinetic energy of the fission fragments. 
With such reactors the maximum reaction rate for steady 
state operation is determined by the maximum rate at 75 anions of highly ionized acids. 
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4 
which the heat of reaction can be removed. The rate 
of production of plutonium in such reactors may thus be 
equated, approximately, to the power output of the re 
actor, and amounts to about 0.9 gram of 94º per mega 
watt day when operating with suficient bombardment 
and aging times to permit total decay of 93239 to 94º. 

It is to be understood, of course, that the above ex 
amples of methods for the production of 94º and 94º 
are merely illustrative and do not limit the scope of this 
phase of the present invention. Sources of high energy 
deuterons or low energy neutrons other than the par 
ticular sources of the examples may be employed, and 
various modifications of the operating procedures may 
also be used. Equivalent nuclear reactions may be uti 
lized, as for example, the bombardment of uranium 
with any sub-atomic particle of suitable energy to produce 
a beta-emitting neptunium isotope, with control of bom 
bardment and aging times to permit recovery of a trans 
uranic fraction comprising essentially plutonium. 

Further aspects of the present invention relate to meth 
ods for the separation and purification of plutonium, 
and especially to methods for the separation and decon 
tamination of the plutonium contained in masses of 
deuteron bombarded uranium or neutron bombarded 
uranium. 
One phase of the present invention which is especially 

useful in plutonium recovery processes relates to meth 
ods for the control of the state of oxidation of plutonium. 
An object of this phase of the invention is to provide 
means for attaining a plurality of oxidation states of 
plutonium. Another object of this phase of the inven 
tion is to provide methods for oxidizing plutonium from 
a lower to a higher valence state, and for reducing plu 
tonium from a higher to a lower valence state. A fur 
ther object is to provide means for stabilizing lower and 
higher oxidation states of plutonium in aqueous solu 
tions of plutonium ions. Additional objects and advan 
tages of this phase of the present invention will be evi 
dent from the following description. 

In accordance with the present invention it has been 
found that plutonium is chemically unlike osmium in 
many respects, and is probably a member of a second 
rare earth group, the actinide series. It has further been 
discovered that plutonium, unlike a number of other 
members of this series, possesses a plurality of valence 
states. Plutonium has at least four valence states, in 
cluding --3, --4, --5, and --6. In 0.5 M-1.0 M. aque 
ous hydrochloric acid the oxidation-reduction potentials 
are of the following magnitudes: 

As may be seem from the above couples, the stability of 
the higher oxidation states is dependent on the hydro 
gen ion concentration. In moderately acidic solutions 
the Putº ion is generally very unstable, and dispropor 
tionates to Pu+4 and Pu+6. The Pu+4 ion is capable of 
disproportionating to the Pu+3 ion and the PuO2+2 ion, 
and in dilute aqueous hydrochloric acid this dispropor 
tionation may take place to a considerable extent. The 
Putº disproportionation is opposed, however, by increase 
in hydrogen ion concentration and by the presence of 
ions which tend to complex or otherwise stabilize the 
Putº ion. The efect of additional ions in hydrochloric 
acid solutions is ilustrated by the following potentials 
for the Pu+3->Pu+4 couple: 
1º M. FC ------------------------------ -0.97 V. 
10 M. HCl-0.1 M. HPO4 ---------------- -0.80 V. 
10 M. HCl-1.0 M. HF ------------------- -0.53 v. 

Generally the anions of slightly ionized acids tend to 
complex the Putº ion to a much greater extent than the 

Thus, Pu+4 is only 
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slightly complexed by ClO , Cl, and NO3; it is com 
plexed to a much greater extent by SO4 º; and it is very 
strongly complexed by PO4 3, F, C2H8O2, and C2O4º. 

In addition to the complexing efect of the anions of 
the acids employed as solvents for plutonium, certain of 
these acids may also serve as oxidizing agents. How 
ever, at room temperatures, or moderately elevated tem 
peratures, and in the absence of oxidation catalysts, the 
rate of oxidation by the acid is often so low that this 
efect may be ignored. Thus, the Pu+4 ion is stable 
for considerable periods of time in perchloric acid, al 
though under proper conditions, the latter is capable 
of oxidizing Pu+4 to PuO2+2. It is therefore desirable 
to control the state of oxidation of the plutonium by the 
use of oxidizing agents and reducing agents which have 
rapid reaction rates under the conditions employed for 
processing the solutions. 
The Pu+4 ion may suitably be oxidized to the PuO2+2 

ion by the addition of an active oxidizing agent having 
an oxidation-reduction potential substantially more nega 
tive than the oxidation-reduction potential of the 
Pu+4->PuO2+2 couple in the particular solution employed. 
The following are representative potentials for this couple: 
10 M. HCl ----------------------------- -1.0 v. 
10 M. HNO3 ----------------------------- - 1.1 v. 
1.0 M. H2SO4 m m m a um m m m m - um -1.3 V. 

Oxidizing agents having adequate oxidation-reduction 
potentials for use in such solutions may be chosen by ref 
erence to tables such as the table of standard oxidation 
reduction potentials given in the Reference Book of In 
organic Chemistry by Latimer and Hildebrand (The 
MacMillan Company, New York, 1934). 

It is generally desirable to efect purification and con 
centration of plutonium in nitric acid solutions. Exam 
ples of oxidizing agents for use in such solutions are 
bromates, permanganates, dichromates, silver-catalyzed 
peroxydisulfates, and ceric compounds. To efect the 
oxidation, a quantity of oxidizing agent at least equiva 
lent to the amount of plutonium is added to the solu 
tion, and the resulting mixture is digested at a moder 
ately elevated temperature for a suficient period of time 
to insure complete oxidation of the plutonium. In most 
cases, this digestion may suitably be efected at 60-80° 
C. for 15-60 minutes. In order to maintain the plu 
tonium in the hexavalent state for considerable periods 
of time after oxidation, it is desirable to employ an ex 
cess of oxidizing agent to serve as a holding oxidant. 
This is especially true if an acid solution is to be proc 
essed in ferrous metal equipment, or under other condi 
tions permitting subsequent reduction of the plutonium. 
Neptunium may be oxidized by any of the oxidizing 

agents mentioned above, without the necessity of diges 
tion at an elevated temperature. This greater rapidity 
of oxidation of neptunium at low temperatures may be 
utilized to efect preferential oxidation of neptunium 
without substantial oxidation of plutonium. The pre 
ferred oxidizing agent for this purpose is the bromate 
ion. At temperatures of 15-25° C. neptunium may be 
substantially completely oxidized by alkali metal bromates 
in nitric acid solutions, which contain ions such as SO4 º 
ions to complex -- 4 plutonium, without appreciable oxi 
dation of plutonium to the hexavalent state. There is 
some evidence that bromate oxidation of plutonium may 
be catalyzed by cerium, and it is therefore desirable to 
efect the preferential oxidation of neptunium in cerium 
free solutions. 

For the reduction of plutonium, reducing agents of 
adequate potential may be selected by reference to tables 
of standard potentials such as the table previously re 
ferred to. The reduction may suitably be efected by 
digestion at room temperature or slightly elevated tem 
peratures. Digestion for 15 to 60 minutes at 15 to 
35° C. will generally be satisfactory. 
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6 
For the reduction of PuO2+2 or Pu+4 to Pu+3, the re 

ducing agent should have an oxidation-reduction poten 
tial substantially more positive than the oxidation-reduc 
tion potential of the Pu+3->Pu+4 couple in the solution 
employed. Thus, in 1.0 M. HCl an active reducing agent 
having a potential more positive than -0.97 v. will be 
required, and in 1.0 M. HNO3, a potential more positive 
than -0.92 v. will be necessary. In order to maintain 
the plutonium in the --3 valence state for appreciable 
periods of time, it is desirable to maintain an excess of 
the reducing agent in solution. 

In order to reduce PuO2+2 to Put without reducing 
Pufºto Putº, it is desirable to temploy an active reducing 
agent having an oxidation-reduction potential substan 
tially more positive than the oxidation-reduction poten 
tial of the Pu+4->PuO2+2 couple, and substantially more 
negative than the oxidation-reduction potential of the 
Putº->Pu+4 couple, in the solution used. A wider selec 
tion of reducing agents of the desired potential will be 
available for use in solutions containing ions which com 
plex the Putº ion than are available for use in solutions 
which are substantially free from complexing efects. 
Thus, in 1:0 M. HCl and 1.0 M. HCl-1.0 M. HF, the 
oxidation-reduction potentials are approximately: 

1.0 M. HCl, 1.0 MHCl 
V 1.0M.EIF, 

V. 

PU1-4-PuO2-2--- -1. 2 
Pul-3-PuI+4 -0,5 

It may be seen that in the solution containing fluoride 
ion reducing agents such as hydrogen peroxide and ferrous 
iron, which have oxidation-reduction potentials of -0.68 
v. and -0.74 v. respectively, will reduce PuO2+2 only to 
Put; whereas in the solution without fluoride ion to 
complex the Putº ion, these reducing agents will tend to 
reduce the plutonium to the 3 state. A reducing agent 
such as sulfur dioxide, having an oxidation-reduction po 
tential of -0.14 v. will tend to reduce the plutonium to 
the --3 state in either solution. 
When employing the preferred solutions of plutonium 

in aqueous nitric acid, the reduction of PuO2+2 to Pu+4 
is preferably effected in the presence of a complexing ion, 
employing reducing agents having oxidation-reduction po 
tentials of the same magnitude as hydrogen peroxide and 
ferrous iron. However, it is also possible to use stronger 
reducing agents such assulfur dioxide if any excess reduc 
ing agent is removed or destroyed after the initial reduc 
tion is efected. In any case, if Pu+4 is desired, the hy 
drogen ion concentration should be suficiently high to 
oppose the disproportionation of Pu+4 to Putº and 
PUO2+º. For this purpose, it is desirableto employ solu 
tions having a pH not substantially above 2, and prefer 
ably considerably below 1. In the case of aqueous nitric 
acid solution, it is generally desirable to maintain a free 
acid concentration of at least 1 M. 

It will be apparent that the considerations discussed 
above will also apply to the oxidation of Pu+3 to Pu+4, 
without oxidizing Pu+4 to PuO2+2, by the use of oxidiz 
ing agents having potentials intermediate the potentials 
of the two plutonium couples. 
The plutonium oxidation and reduction processes de 

scribed above may be employed, if desired, for the simul 
taneous oxidation or reduction of both neptunium and 
plutonium. Such simultaneous oxidation or reduction will 
be attained provided equilibrium is reached. As previously 
pointed out, however, diferential reaction rates may be 
utilized to attain one oxidation state forneptunium and 
another oxidation state for plutonium. 
The solutions of plutonium ions of the various valence 

states described above are useful for the electro-deposi 
tion of plutonium, for the precipitation of plutonium com 
pounds while leaving contaminating compounds in solu 
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concentration was about 139 mg, per liter. About 27% 
by volume of 48% aqueous hydrofluoric acid was then 
added to the solution and the resulting lanthanum fluoride 
precipitate was separated by centrifuging. Analyses for 
alpha radiation showed that the precipitate contained 
93% of the plutonium which was present in the original 
solution. 

Example 8 
A 0.07. N. sulfuric acid solution was prepared, com 

taining cerous sulfate in a concentration of about 64 mg. 
per liter and tetravalent plutonium ion in tracer concem 
tration. About 39% by volume of 48% aqueous hydro 
fluoric acid was then added and the resulting cerous fluo 
ride precipitate was separated by centrifuging. Analyses 
for alpha radiation showed that the precipitate contained 
92% of the plutonium which was present in the original 
solution. 

Example 9 
Lanthanum nitrate was added to a 10 N. HNO3-0.1 M. 

H3PO4 solution containing tetravalent plutonium to pro 
duce a lanthanum ion concentration of approximately 
0.15 g. per liter. The solution was then heated to 70° C. 
and was neutralized with sodium hydroxide until just 
alkaline to litmus. The resulting slurry was digested at 
room temperature for two hours, with agitation, and the 
lanthanum hydroxide precipitate was then separated by 
centrifuging. Radioactive analyses of the original solu 
tion and of the precipitate showed that 97% of the 
plutonium was carried by the lanthanum hydroxide. 

Example I0 
Thorium nitrate tetrahydrate was added to a 0,1 N. 

nitric acid solution containing tetravalent plutonium in 
tracer concentration to produce a thorium ion concentra 
tion of approximately 2 g. per liter. Hydrogen peroxide 
in the form of a 3% aqueous solution was then added in 
a concentration. Substantially in excess of the equivalent 
thorium concentration, and the resulting thorium peroxide 
precipitate (probably a basic peroxidic nitrate) was sep 
arated from the supernatant solution. Radioactive anal 
yses of the original solution and of the final supernatant 
solution showed that 99% of the plutonium was carried 
by the thorium peroxide precipitate. 
The use of a carrier precipitate to separate tetravalent 

plutonium from an aqueous solution, leaving hexavalent 
uranium in the supernatant liquid, is ilustrated by the 
following example. 

Example II 
Orthophosphoric acid was added to a nitric acid solu 

tion of uranyl nitrate containing lanthanum nitrate, zir 
conium nitrate, and tetravalent plutonium, to form a solu 
tion 3 N. with respect to nitric acid, 0.36 M. with respect 
to phosphoric acid, containing approximately 250 g. per 
liter of uranyl nitrate hexahydrate, and having a lantha 
num ion concentration of 0.1 g. per liter and a zirconium 
ion concentration of 0.2 g. per liter. The resulting zir 
conium phosphate precipitate was separated from the 
supernatant solution, and both were subjected to analysis 
for total alpha radiation. The total alpha radiation in 
each case was corrected for uranium alpha radiation on 
the basis of another precipitation from a solution which 
contained no plutonium. The results showed approxi 
mately 99% carrying of plutonium by the zirconium phos 
phate precipitate with negligible carrying of uranium. 
The use of a carrier precipitate to separate plutonium 

from an aqueous solution, leaving uranium fission prod 
ucts in the supernatant solution, is ilustrated by the 
following example. 

Example 12 
To an aqueous sulfuric acid-nitric acid-sodium iodate 

solution containing tetravalent plutonium and beta-active 
fission products in tracer concentrations thorium ion was 
added in a concentration of about 17 mg per liter. The 
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3 
mixture was heated for a short time at a temperature 
below the boiling point, cooled, allowed to stand at room 
temperature for one-half hour, and filtered to separate the 
thorium iodate precipitate. The filtrate was evaporated 
to about one-half its original volume and was then cooled 
and filtered to recover a second thorium iodate precipitate. 
Analyses for alpha and beta radiation showed that the 
combined thorium iodate precipitates contained all of the 
plutonium which was present in the original solution but 
only about 4% of the beta-active fission products. 
The use of a carrier precipitate to separate plutonium 

from an aqueous solution, leaving neptunium in a higher 
oxidation state in the supernatant liquid, is ilustrated 
by the following example. 

Example l3 
A 4.3 M. sulfuric acid solution was prepared, contain 

ing lanthanum sulfate in a concentration of approximately 
430 mg. per liter and plutonium and neptunium in tracer 
concentrations. To this solution was added about 2.1 
times its volume of an aqueous solution 0.2 M. with 
respect to bromate ion and 0,2 M. with respect to bromine. 
The resulting solution, which had a lanthanum sulfate 
concentration of about 139 mg. per liter, and was about 
1.4 M. with respect to sulfuric acid, about 0.14 M. with 
respect to bromate ion, and about 0.14 M. with respect 
to bromine, was allowed to stand at room temperature for 
two hours to efect oxidation of the neptunium to the 
hexavalent state while leaving the plutonium in the tetra 
valent state. About 27% by volume of 48% aqueous 
hydrofluoric acid was then added to the solution, and the 
resulting lanthanum fluoride precipitate was separated by 
centrifuging. Analyses for alpha and beta radiation 
showed that the precipitate contained 99% of the pluto 
nium which was present in the original solution, but only 
0.74% of the neptunium. 
The following example ilustrates the use of a radio 

actively inert diluent or “hold-back carrier” to decrease 
the amount of a radioactive contaminant carried by a 
plutonium-carrying precipitate. 

Example 14 
A 10 N. HNO3-0.5 N. HF solution was prepared, con 

taining tracer concentrations of tetravalent plutonium and 
radioactive zirconium. Lanthanum nitrate hexahydrate 
was added to this solution in a concentration of approxi 
mately 390 mg. per liter. The resulting lanthanum fluo 
ride precipitate was separated and subjected to radio 
active analysis to determine its plutonium and zirconium 
content, 
To a second portion of the HNO3-HF solution of pluto 

nium and radioactive zirconium, inactive zirconium was 
added in a concentration of 1 g. per liter to serve as a 
diluent or “held-back carrier.” Lanthanum fluoride was 
then precipitated from the solution in the same concentra 
tion as before, and the precipitate was subjected to radio 
active analysis to determine its content of plutonium and 
radioactive zirconium. 

It was found that the lanthanum fluoride precipitate 
in each case contained approximately 98% of the original 
plutonium. The precipitate from the solution to which 
inactive zirconium had been added was found to con 
tain only %o as much radioactive zirconium as the pre 
cipitate from the other solution. 
The following example ilustrates the direct precipita 

tion of an insoluble plutonium compound, without a car 
rier, from a solution derived from a preceding carrier 
precipitate, 

Example 15 
A mixture of hydroxides comprising 88.2% by weight 

of lanthanum hydroxide, 9.9% plutonium hydroxide and 
1.9% potassium hydroxide, was dissolved in 2.03 times 
its weight of 16 N. nitric acid. Approximately 3.22% by 
weight of concentrated sulfuric acid (sp. gr. 1.84) was 
added to the resulting solution, which was then diluted 
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with water to form a solution 0.8 N. with respect to nitric 
acid and 0.2 N. with respect to sulfuric acid. The plu 
tonium concentration of this solution was 8.25 g. per 
liter. The solution was heated to 60° C. and 50% by 
volume of 30% aqueous hydrogen peroxide was added 
over a period of one hour. The resulting slurry was 
digested for an additional hour at room temperature, after 
which the plutonium peroxide (probably a basic peroxidic 
sulfate) was separated by filtration. The precipitate was 
then dissolved in 16 N. nitric acid, sulfuric acid was 
added, and the solution diluted to 0.8 N. HNO3-0.2 N. 
H2SO4. Plutonium peroxide was then reprecipitated and 
separated by filtration as before. The reprecipitated 
product, which was free from lanthanum, amounted to 
99% of the plutonium originally present in the lantha 
num hydroxide mixture. 

It should be understood, of course, that the above ex 
amples are merely illustrative, and do not limit the scope 
of this phase of the present invention. Other plutonium 
carriers and hold-back carriers of the classes previously 
defined may be substituted for the particular carriers used 
in the examples, and the procedures employed may be 
varied in numerous respects within the scope of the fore 
going description. 
Another aspect of the present invention relates to fur 

ther methods for the separation of plutonium from solu 
tions thereof. - 

An object of this phase of the invention is to provide 
electrolytic means for the separation of plutonium from 
solution. 

Another object of this aspect of the present invention 
is to provide suitable methods for the electrodeposition 
of plutonium from solutions in hydroxy solvents. 
A further object is to provide means for simultaneously 

electrodepositing plutonium and a carrier therefor from 
dilute solutions of plutonium in aqueous or other hydroxy 
Solvents. 

Additional objects and advantages of this phase of the 
present invention will be apparent from the following de 
Scription. 

Plutonium is a strongly electropositive metal, not far 
below the alkali metals in the electromotive series, and it 
is therefore difficult to efect electrodeposition of metallic 
plutonium. We have found, however, that plutonium 
may readily be electrodeposited as an oxygenated com 
pound by the electrolysis of suitable solutions of pluto 
nium in hydroxy solvents. If the plutonium is present in 
solution in very low concentration, it may be electro 
deposited simultaneously with the electrodeposition of a 
carrier. Electrodeposition may thus be used in place of 
or in conjunction with the precipitation methods or car 
rier precipitation methods for the separation of plutonium 
which have previously been described. 

Solutions from which plutonium may be electrodepos 
ited in accordance with the present invention preferably 
contain plutonium in the form of plutonyl ion, PuO2++, 
which may be reduced at the cathode to yield a hydrous 
oxide substantially insoluble under the conditions of elec 
trolysis, or in the form of a cation which will hydrolyze 
to an insoluble compound in the layer of solution of low 
hydrogen ion concentration immediately adjacent to the 
cathode. All of the common inorganic salts of plutonium 
are readily hydrolyzable and may suitably be employed 
in the present process. The plutonium in the electrolyte 
may initially be in any of its valence states or in an equi 
librium mixture of diferent valence states, and will be 
electrodeposited, either by anodic oxidation to PuO2++ 
with subsequent cathodic reduction, or by hydrolysis to a 
compound substantially insoluble in the solution of Iow 
hydrogen ion concentration in the immediate neighbor 
hood of the cathode. 
The solvent may suitably comprise any normally liquid 

hydroxy solvent, but is preferably an aqueous solventor 
a lower aliphatic monohydric alcohol. Aqueous alco 
holic solutions may be employed, if desired, but the al 
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20 
cohols are suitably used as anhydrous solvents. Anhy 
drous ethyl alcohol is the preferred solvent of the latter 
class. - 

When employing an anhydroussolvent, a desirably high 
conductivity may not be obtainable without providing an 
auxiliary solute. This is especially true in the case of a 
very dilute plutonium solution. Em such instances, a con 
venient way to increase the conductivity of the solution, 
and also to facilitate the subsequent handling of the elec 
trode deposit, is to incorporate into the solution a com 
pound of a carrier element which will electrodeposit 
simultaneously with the plutonium. Such compound may 
suitably be any metal compound which is not substantially 
less hydrolyzable than the plutonium compound in the 
solution. The codeposition of plutonium and a carrier 
may be combined with preceding or following carrier 
precipitation processes by the choice of a suitable carrier 
cation which may be either precipitated or electrodepos 
ited from the solutions in question. 
Aqueous solutions for the electrodeposition of plutoni 

um may suitably be acidified in order to provide adequate 
conductivity. If the desired plutonium concentration in 
the electrolyte exceeds the solubility concentration of plu 
tonium hydroxide, or of a basic plutonium salt of one of 
the anions in the solution, the pH should be lowered in 
order to prevent precipitation of the plutonium. Inor 
ganic acid solutions of about 0,1 N.-1.0 N. are generally 
satisfactory for this purpose. Considerably higher acid 
concentrations may cause the formation of negatively 
charged complex ions, with resulting anodic deposition. 
For deposition only at the cathode, it is preferred to em 
ploy solutions having acid concentrations not substantially 
greater than 1 N. 

Plutonium may be codeposited with a carrier from 
aqueous solutions in accordance with the principles dis 
cussed above with reference to anhydrous solutions. 
From either type of solution of a hydrolyzable plutoni 
um compound, plutonium will codeposit with an ele 
ment which is present in the solution in the form of a 
compound which is not substantially less hydrolyzable 
than said plutonium compound. Conversely, the pluto 
nium may be deposited with at least partial decontami 
nation with respect to less easily hydrolyzable compounds 
of contaminating elements. Additional decontamination 
may be secured by a predeposition of metallic deposits 
of the less electropositive contaminants at potentials be 
low the deposition potential for plutonium in the particu 
lar solution. 
Any of the common expedients employed in the electro 

deposition art may be applied to the electrodeposition of 
plutonium in accordance with the present invention. The 
electrodes may be constructed of any conducting material 
Which is inert with respect to its surrounding electrolyte 
under the deposition operating conditions. Although car 
bon or other non-metallic electrodes may be used, metal 
lic electrodes, and especially metallic electrodes having 
amorphous surfaces, are generally preferred. The elec 
trodes may be of any Suitable shape, and may be fixed, 
rotated, or otherwise moved in the electrolyte as desired. 
The operating potential and electrode spacing should be 

correlated, in conformity to the conductivity of the par 
ticular solution employed, to produce as high a current 
density as is compatible with satisfactory plutonium depo 
Sition. With anhydrous solutions the current density may 
Suitably range from 0.1 miliampere to 100 milliamperes 
or more per Sq. cm. of cathode surface; and with aqueous 
solutions the current density may range from 1.0 mili 
ampere to 1.0 ampere or more per sq. cm. of cathode 
Surface. 
The electrodeposition may be efected over a consider 

able range of temperature, from ordinary atmospheric 
temperatures to temperatures substantially below the boil 
ing point of the solution employed. Temperatures of 10 
60° C. Will generally be satisfactory, but we usually prefer 
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to efect the electrodeposition at a temperature of 
20-30° C. 
At the conclusion of the electrodeposition, the elec 

trodes should, of course, be removed promptly from the 
electrolyte to prevent re-solution of the deposit or attack 
of the electrodes by the electrolyte. The plutonium de 
posit, or the codeposit of plutonium and carrier, may then 
be removed from its electrode by any suitable means, such 
as by scraping or other mechanical means, or by the use 
of an acid or other solvent to form a solution for further 
processing. 
The following examples ilustrate the separation of plu 

tonium from aqueous and alcoholic solutions by electro 
deposition: 

Example 16 
A solution of tetravalent plutonium nitrate in 0.1 N 

nitric acid, having a plutonium concentration of approxi 
mately 100 grams per liter, was electrolyzed for one-half 
hour between platinum electrodes with a current density 
of 372 milliamperes per sq. cm. of cathode surface. 

Radioactive analyses of the cathode deposit and of the 
residual electrolyte indicated that approximately 50 per 
cent of the plutonium was plated out in one-half hour. 
The deposit was an oxygenated compound, probably a hy 
drated oxide ora hydrated basic nitrate. 

Example 17 
A solution of lanthanum chloride in absolute alcohol, 

having a lanthanum chloride concentration of about 120 
mg. per liter, and containing plutonium in tracer concen 
tration, was electrolyzed for a period of one hour at a 
potential of 50 volts, utilizing a platinum anode and a sil 
ver cathode. The initial cathode current density was 1.0 
miliampere per sq. cm. and the final current density was 
0.3 milliampere per sq. cm. of cathode surface. 
The lanthamum and plutonium plated out together on 

the cathode as oxygenated compounds, probably basic 
chlorides containing alcohol of solvation. Radioactive 
analysis of the plate and of the residual solution showed 
that all of the plutonium had been plated out. 

It is to be understood, of course, that the above exam 
ples are only illustrative, and do not limit the scope of 
this phase of the present invention. Other solvents, plu 
tonium compounds, and carriers may be substituted for 
the particular materials employed in the examples, and 
the electrolyzing conditions may be otherwise varied in 
numerous respects within the scope of the foregoing 
description. 
A further aspect of the present invention relates to the 

separation of contaminating elements from plutonium and 
especially to the removal of radioactive uranium fission 
products from aqueous solutions of plutonium. 
An object of this phase of the invention is to provide 

a suitable procedure for the separation of contaminating 
elements from aqueous solutions of plutonium while main 
taining the plutonium in solution. 
Another object of this phase of the present invention 

is to provide precipitation methods for the separation of 
uranium fission products from aqueous solutions contain 
ing plutonium and uranium fission products, while main 
taining the plutonium in solution. 
A further object is to provide combination precipita 

tion methods whereby plutonium in aqueous solutions 
containing contaminating elements may be decontami 
nated by alternately precipitating contaminating elements 
while maintaining plutonium in solution and precipitating 
plutonium while maintaining contaminating elements in 
solution. 

Other objects and advantages of this aspect of the pres 
ent invention will be apparent from the following descrip- 70 
tion. 
When plutonium is removed from an aqueous solution 

by means of an insoluble carrier a certain proportion of 
the contaminating elements present in the solution will be 
carried along with the plutonium. 
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made by precipitation of a carrier from a solution con 
taining large amounts of radioactive uranium fission prod 
ucts, the precipitate may readily be suficiently radioactive 
as to require handling by remote control. Repeated re 
dissolving and re-precipitating will result in further puri 
fication, and the decontamination can be still further im 
proved by the use of hold-back carriers, as has previously 
been pointed out. The ultimate decontamination of plu 
tonium by such a process, however, is tedious and expen 
sive, and it is desirable to employ a more rapid and effi 
cient method. 

In accordance with the present invention, it has been 
found that relatively rapid decontamination may be ef 
fected by maintaining the plutonium in an aqueous solu 
tion in a non-carryable state, while contacting the solution 
with a carrier for one or more of the contaminating ele 
ments present in the solution. Preferably the plutonium 
is maintained in solution as an ion which forms a soluble 
compound with the anion of the carrier, whereas the car 
rier anion is capable of forming insoluble compounds with 
contaminating cations present in the solution. 

In the preferred modification of this phase of the 
presentinvention, the plutonium is maintained in solution 
in the hexavalent state while precipitating a carrier for 
the contaminating cations. The carrier for this procedure 
may suitably comprise a carrier for trivalent or tetravalent 
plutonium, and such a carrier is highly advantageous 
when employed alternatively as a carrier for reduced 
plutonium and as a carrier for contaminants from a so 
lution containing oxidized plutonium. Em such a com 
bination procedure, contaminants which were carried with 
reduced plutonium in one step of the process may be car 
ried away from oxidized plutonium in a succeeding step 
employing the same carrier. Conversey, contaminants 
which would be carried with reduced plutonium on a 
given carrier may first be carried, on that carrier, away 
from oxidized plutonium. 
The term “carrier,” as used herein with reference to 

the carrying of contaminants, is employed in the same 
sense previously used with reference to the carrying of 
plutonium. In both cases a carrier may be considered 
to be a substantially insoluble, solid, finely divided com 
pound capable of ionizing to yield at least one inorganic 
cation and to yield at least one anion which constitutes 
an ionic component of a compound which contains the ion 
to be carried, said atter compound being not substantial 
ly more soluble than said finely divided compound in 
the same solution. Taking lanthanum fuoride as an illus 
trative carrier, it may be seen that the fuoride anion con 
stitutes an ionic component of a soluble compound of 
hexavalent plutonium, piutonyl fiuoride, and an ionic 
component of insoluble compounds of various uranium 
fission products, e.g., fuorides of radioactive lanthanum 
and of yttrium, cerium, and other rare earths. Similar 
ly, the phosphate anion of a zirconium phosphate carrier 
constitutes an ionic component of a soluble compound 
of hexavalent plutonium, plutonyl phosphate, and an ionic 
component of insoluble compounds of various uranium 
fission products, e.g., phosphates of radioactive zirconium 
and of strontium, yttrium, etc. 
As has previously been pointed out, general decontam 

ination may be efected by the use of any of the carriers 
which are suitable for carrying trivalent or tetravalent plu 
tomium. Improved decontamination with respect to a 
specific contaminant however, may be efected by the 
choice of a carrier cation which is isotopic or isomorphic 
With the contaminating cation. In the case of a plurality 
of contaminants, such as the uranium fission products, a 
plurality of diferent carriers may be precipitated simulta 
neously or successively from the same solution of hexa 
valent plutonium. Such carriers may differ as to cation, 
as to anion, or as to both. When a plurality of carriers 
are precipitated simultaneously, a convenient method is to 
employ a plurality of cations which are precipitable by the 

Thus, the simultaneous precipitation of 
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A further object is to provide a process for the separa 
tion of plutonium from uranium fission products by a 
combination of plutonium carrier precipitations and fis 
sion product carrier precipitations, employing a plurality 
of plutonium carriers of diferent chemical composition, 
whereby the plutonium is decontaminated with respect to 
uranium fission products and concentrated with respect 
to its carrier. 

Additional objects and advantages of this aspect of the 
present invention will be evident from the following 
description. 

In accordance with one modification of this phase of 
the invention, plutonium is carried from an aqueous solu 
tion by means of a first plutonium carrier, the carrier 
and its associated plutonium are dissolved to form a sec 
ond aqueous solution, and plutonium is separated from 
the second solution by means of a second carrier which 
difers in chemical composition from the first carrier. 
In such a process successive plutonium carriers may be 
chosen which are non-carriers for diferent contaminating 
elements, thus improving the decontamination over that 
obtainable from the successive use of the same plutonium 
carrier. Thus, in the decontamination of plutonium with 
respect to uranium fission products, the use of a plurality 
of non-isomorphic plutonium carriers will permit a plu 
rality of diferent isomorphic series of fission products 
to be separated with the diferent supernatant solutions. 
The alternate use of diferent plutonium carriers also 

facilitates the concentration of plutonium with respect 
to its carrier. The ratio of carrier to plutonium may be 
successively decreased in each cycle of the process. Each 
carrier may be dissolved in a smaller volume of solution 
than that required for the preceding carrier; and a solu 
tion may finally be obtained from which a plutonium com 
pound may be precipitated without any carrier. Such con 
centration may be efected simultaneously with decon 
tamination, as in the recovery of plutonium from solu 
tions or precipitates containing uranium fission products. 
Alternatively, the concentration may be applied to pre 
viously decontaminated solutions or carrier precipitates, 
or for the recovery of plutonium from dilute waste solu 
tions, or the like. 
The successive carriers in the present process may difer 

in cations or in anions or in both, and the cations may 
difer as to their chemical elements or only with respect to 
the state of oxidation of the same element. In any case, 
however, the conditions for the precipitation of a subse 
quent carrier should be such that at least one of the ions 
of the preceding carrier remains in solution. Since reduc 
tion in carrier ratio in successive cycles is difficult in the 
case of common cations, or common cation elements, it is 
desirable to employ successive carriers having diferent 
cation metals, and we prefer to employ combinations of 
carriers which difer both in cations and in anions. 
Although the carriers may be employed as pre-formed 

finely divided solids, it is preferable to precipitate the 
carrier in situ since the latter procedure usually per 
mits a lower carrier ratio and results in more quantita 
tive carrying of plutonium. Substantially the same tech 
niques for carrier precipitation may be employed in our 
multiple carrier process as have previously been de 
scribed for single carrier procedures. In general, it is 
desirable to incorporate the carrier cation in the solution, 
agitate while adding the carrier anion, and digest the 
resulting mixture prior to separating the precipitate. 

Each precipitate is suitably dissolved in the minimum 
volume of solution from which the subsequent carrier may 
be precipitated substantially free from the preceding car 
rier. The use of diferent solvents in succeeding stages 
will facilitate volume reduction, but the same solvent may 
be used if the concentrations are suitably adjusted. We 
generally prefer to employ aqueous solvents and to modify 
their solvent power from stage to stage by adjustment of 
ionic concentrations. Thus, an aqueous solution of an 
inorganic acid or base may be used as the solvent in suc 
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cessive stages of our process and the pH may be adjusted 
to increase the solvent power from stage to stage. Also, 
precipitation of a carrier in the presence of a large excess 
of one of the carrier ions will permit redissolving in a 
smaller volume of the same solvent in the absence of such 
excession. Alternatively, an additional ion may be intro 
duced to form a soluble complex with the cation of the 
preceding carrier. Other equivalent procedures for re 
ducing the volume of solution from stage to stage and for 
precipitating a carrier free from preceding carrier will be 
evident to those skilled in the art. 
The ratio of carrier to plutonium in the present process 

may vary over a wide range depending on the plutonium 
concentration of the original solution and upon the 
efectiveness of the particular carrier employed. Ratios 
ranging from 10,000/1 or higher in the first stage of the 
process to 10/1 or lower in the final stage may be used. 
However, the ratio will generally fall within the range 
1,000/1 to 100/1. 
After one or more carrier precipitations in accordance 

with the present concentration procedure, a final precipi 
tation may be made with a suficiently low ratio of carrier 
to plutonium so that the precipitate may be dissolved in 
a small volume of solution and a plutonium compound 
may then be precipitated directly without a carrier. If 
an isomorphic carrier is employed in the final carrier 
stage of the process, it will be necessary to change the 
valence state of the plutonium, or of the carrier cation, in 
the final solution in order to make a final precipitation of 
a pultonium compound free from carrier. On the other 
hand, if the final carrier is non-isomorphic with plutonium 
it will only be necessary to select conditions for the final 
precipitation of the plutonium compound such that at 
least the cation of the carrier remains in solution. 

This modification of the presentinvention will be further 
ilustrated by the following specific examples: 

Example 22 
A cerous fluoride precipitate carrying plutonium as the 

only alpha-active component, and carrying beta-active 
contaminants, was analyzed for plutonium content by 
measuring its alpha radiation with a proportional counter, 
and Was analyzed for beta radiation by means of a cali 
brated electroscope. 
The precipitate was dissolved in a mixture of nitric and 

sulfuric acids by heating. Thorium ion and an excess 
of iodate ion were introduced into the hot solution. 
Thorium iodate precipitated from the mixture on cool 
ing and was separated by centrifuging. Additional tho 
rium was introduced into the supernatant liquid, and the 
resulting second thorium iodate precipitate was separated 
by filtration. The filtrate was then evaporated to one 
half its original volume and cooled to forma third thorium 
iodate precipitate which was then separated by filtration. 
The three thorium iodate precipitates were analyzed 

for alpha and beta radiation, and it was found that they 
contained 100 percent of the original alpha radiation, 
and only 5 percent of the original beta radiation. This 
change to a carrier difering from the original carrier in 
both anion and cation was then accomplished with quan 
titative recovery of plutonium and with a 20 to 1 decon 
tamination with respect to beta radiation. 

Example 23 
Orthophosphoric acid was added to a nitric acid soiu 

tion of neutron bombarded uranyl nitrate hexahydrate 
containing lathanum nitrate and zirconium nitrate to form 
a solution 3 N with respect to nitric acid, 0.06 M with 
respect to phosphoric acid, containing approximately 
114.5 g. of uranyl nitrate hexahydrate per liter, and hav 
ing a lanthanum concentration of 0.03 g. per liter and a 
zirconium concentration of 0.1 g. per liter. The result 
ing Zirconium phosphate precipitate was separated and 
Washed with 3 N HNO3-0.05 M H3PO4. The precipi 
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tate was then dissolved in concentrated nitric acid, lan 
thanum nitrate and concentrated hydrofluoric acid were 
introduced and suficient water was added to form a solu 
tion 1.05 N with respect to nitric acid, 4.76 N with re 
spect to hydrofluoric acid, and having a zirconium con 
centration of 0.066 g. per liter and a lanthanum con 
centration of 0.02 g. per liter. The resulting lanthanum 
fluoride precipitate was then separated from the super 
natant solution and washed with dilute hydrofluoric acid. 
The plutonium concentrations of the initial solution 

and of the final precipitate were determined by alpha 
radiation measurements and it was found that at least. 
86 percent of the initial plutonium was recovered in the 
final precipitate. The ratio of weight of plutonium 
to weight of carrier in the final precipitate was increased 
by a concentration factor of 6.6 over the ratio in the 
first carrier precipitate. 
The degree of decontamination with respect to gamma 

active uranium fission products was determined by meas 
uring the total gamma radiation of the initial, interme 
diate, and final materials. The distribution of the gamma 
radiation was found to be as follows: 

Fraction: Percent of total gamma radiation 
Original solution ------------------------ 100.0 
First Supermatant solution ---------------- 64.3 
Final supernatant solution ---------------- 33. O 
Final precipitate ------------------------ 27 
Total ------------------------------- 100.0 
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tion in a concentration of about 90 mg. per liter, and 
excess aqueous hydrofluoric acid was added to precipi 
tate lanthanum fluoride. The precipitate was then sepa 
rated and washed with dilute aqueous hydrofluoric acid. 
The recovery of plutonium through the above three 

stage carrier precipitation process was found to be 92 
percent of that obtainable in a single stage process 
employing lanthanum fluoride as the carrier. The decon 
tamination with respect to gamma-active uranium fission 
products obtained in the three stage process was deter 
mined by measuring the total gamma radiation of vari 
ous fractions throughout the process. The distribution 
of the gamma radiation was found to be as follows: 

Fraction: Percent of total gamma radiation 
Original solution ------------------------ 100.0 
First Supernatant solution --------------- 44.5 
Second supernatant solution -------------- 8.5 
Final supernatant solution ---------------- 40.0 
Final precipitate ------------------------ 7.0 

Total ------------------------------- 100.O 

The above results ilustrate the ineficiency of decon 
tamination by repeated use of the same carrier as com 
pared to the alternate use of carrires of diferent chem 
ical composition. 
-- Additional examples of suitable alternate carrier com 
binations are shown in the following table: 

Preceding solution Carrier precipitate 

TABLE 8 

Subsequent Solution Subsequent carrier Final solution 
precipitate 

. NHO3------------ (ZrO)3(PO4)2--------- Aq. EIC 

. HNO3-- UO4.xH2O Aq. HNO3 
HNO3 La(OH)3- Aq. HNO3 

U(103)4--- Aq. HCl 
Ce(103)4-- EC 

EC 
. HCl 
. HNO3 
. HNO3 
. HNO3 
. HNO3 
. HNO3 
. HNO3 
. HNO3 
. ENO3 

. HNO3 

. ZrO(NO3)2-.- 

. HNO3------------ 

. NaOH -- 

. HNO3---- 

. NH4OH 

. HNO3* 
EC* 

. HNO3 

HCl 

*Followed by reduction of PuO2+2 to Pu+4. 

Example 24 
An aqueous solution, about 0.36 N with respect to hy 

drogen peroxide and about 0.45 N with respect to am 
monium ion, was prepared from neutron irradiated ura 
nyl nitrate hexahydrate. The uranium concentration was 
approximately 47.4 g. per liter (100 g. of hexahydrate per, 
liter), and the solution contained Laº, Baº, and ZrOtº 
as “hold-back carriers” in concentrations of 0.2 g. per 
liter. The pH of the solution was adjusted to 2.6 by 
means of ammonium hydroxide, and the resulting urani 
um peroxide precipitate (probably a basic peroxidicura 
nium nitrate) was separated from the supernatant solu 
tion and washed with dilute aqueous hydrogen peroxide. 
The precipitate was then dissolved in concentrated ni 

tric acid, and the resulting solution was partially neu 
tralized with ammonium hydroxide and diluted with wa 
ter to form a solution having a uranium concentration of 
47.4 g. per liter and a pH of 2.6. The resulting precipi 
tate was separated from the supermatant solution, and 
dissolved in concentrated nitric acid. 
The concentrated nitric acid solution was diluted to 

a nitric acid concentration of about 0.6 N and a urani 
um concentration of about 50.7 g. per liter. Lanthanum 
nitrate hexahydrate was then incorporated in the solu 
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The decontamination obtainable in the alternate carrier 
process described above may be substantially improved 
by the use of one or more contaminant carrying steps be 
tween successive plutonium carrying steps of the cycle. 
Thus, in decontaminating plutonium with respect to ura 
nium fission products, a plutonium carrier is suitably 
precipitated from a dilute solution of plutonium and fis 
sion products; the precipitate is redissolved to form a sec 
ond solution; at least one fission product carrier is pre 
cipitated and separated from this solution; and a second 
plutonium carrier, difering in chemical composition from 
the first plutonium carrier, is then precipitated and sepa 
rated from the solution. Simultaneous concentration of 
plutonium may be secured in this process in the same man 
ner as in the process employing no intervening contami 
nant carriers, i.e. by successively reducing carrier ratios 
and solution volumes. 

In this modification of the present process, the interven 
ing fission product carriers may be the same as one or 
both of the plutonium carriers, or may be chemically 
distinct from both of the plutonium carriers. From the 
standpoint of decontamination, it is generally desirable 
to follow a plutonium carrier with the same carrier, or 
one isomorphic therewith, as a fission product carrier. 
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Conversely, more complete decontamination may be 
secured in the final plutonium-carrying precipitation of the 
cycle if the plutonium carrier is isomorphic with the plu 
tonium compound to be carried but is not isomorphic 

32 
was evolved. The resulting solution which had a thorium 
concentration of about 1 g. per liter, was diluted with 
about 30 times its volume of water, and potassium peroxy 
disulfate and a trace of silver nitrate were added, together 

with the preceding fission product carrier. However, if 5 with lanthanum ion to a concentration of about 32 mg. 
two intervening fission product carriers are employed, it is per liter. The solution was then warmed and digested for 
generally more convenient to use the same carriers as the one-half hour to efect oxidation of the plutonium to the 
preceding and subsequent plutonium carriers. hexavalent state. Hydrofluoric acid in excess of the 

In order to employ the same compound successively as equivalent lanthanum concentration was then added and 
a plutonium carrier and as a fission product carrier, condi- 10 the resulting lanthanum fluoride precipitate, with its as 
tions must be employed which prevent the carrying of sociated fission products, was separated by centrifuging. 
plutonium in the fission-product-carrying precipitation. The centrifugate was heated for one hour below the 
This may conveniently be accomplished by changing the boiling point and was then evaporated until sulfur trioxide 
state of oxidation of the plutonium in the manner previ- fumes were evolved thus efecting reduction of the hexa 
ously described for oxidation-reduction cycles with a single 15 valent plutonium. The resulting solution was cooled and 
plutonium carrier. diluted with water, and lanthanum ion was introduced in 

In the preferred process of this phase of the present in- an amount equal to that employed in the preceding pre 
vention, the plutonium is carried in the --4 valence state cipitation. Hydrofluoric acid in excess of the equivalent 
and is maintained in solution in the --6 valence state lanthanum concentration was then added, and the lan 
while carrying fission products. In accordance with one 20 thanum fluoride precipitate, with its associated plutonium 
modification of this process, an operating cycle com- was separated by centrifuging. 
prises the precipitation of a carrier for -- 4 plutonium, . Radioactive analyses of the initial and subsequent pre 
solution of the precipitate, oxidation of the plutonium to cipitates showed that the lanthanum fluoride precipitate 
the --6 state, precipitation of a fission product carrier from the oxidized plutonium solution contained less than 
which may be the same as, or diferent from, the preced- 25 3 percent of the plutonium which was present in the ini 
in carri d ti f the pl to nep to th. tial thorium iodate precipitate, whereas the final plu 

P tat , e gº 1Oil O d C onium to the tonium-carrying lanthanum fluoride precipitate contained 
+4 state, precipitation of a second plutonium carrier less than 14 percent of the beta-active fission products 
chemically distinct from the first plutonium carrier, and which were present in the original thorium iodate pre 
solution of the Second precipitate to forma Smaller volume 30 cipitate. 
of solution than that resulting from the dissolution of the Additional carrier combinations which are suitable for 
first precipitate. a cycle including a single fission product carrier precipi 

This modification of the presentinvention will be further tation between precipitations of diferent plutonium car 
ilustrated by the following specific example. riers are set forth in Table 9: 

TABLE 9 

Preceding solution First plutonium Metathesizing agent Subsequent solution Oxidizing agent 
carrier precipitate 

Aq. HNO3- LaF3-- NaOH KMnO4 
Aq. HCl--- LaFa-- NaOEI K2Cr2O7 
Aq. HNO3- LaF------------------------- Ce(NO3): 
Aq. HNO3- LaF3-- NaOE. K2Cr2O7 
Aq. HNO3- LaF--------------------------- K2S2O3--AgNO3 
Aq. ElCl.--- aºO------------------------- IK2Cr2O7 
Aq. EINO3- LaPO4-- H2C2O4 
Aq. HNO3- 9º!--------------------------- Ce(NO3): 
Aq. HCl--- CeF3---- NaOH K2Cr2O7 
Aq. HINO3- CePO4----------------------- KMnO4 
Aq. EINO3- Th(CaO)2-------------------- K2Cr2O7 
Aq. HNO3- hF------ NaOH . . K2S2O3--AgNO3 

. HCl U(C2O)2--------------------- . HNO3--K2Cr2O K2Cr2O7 
(ZrO)3(PO4)2----------------- . HNO3--EIF-- K2Cr2O 
(ZrO)3(PO4)2 NaOE . HNO3-------- K2S2O8--AgNO3 

--Oct-O---- 

Preceding solution Fission product Reducing agent | Second plutonium Metathesizing Final Soliltion 
carrier precipitate carlier precipitate agent 

HNO3----------------- (ZrO)3(PO4)2-.----- H2O2-------------- (ZrO)3(PO4)2-------------------------- Aq. HNO3 
LaF3--------- --- H2C2O U(C2O4)2-------------------- - Aq. HNO3 
LaF3--CeF------- SO2-.-- CeF3----- - Aq. HCl 
La2(C2O4)3---------------- La(OH)3-------------------- - Aq. HNO3 
LaF3--------- --- H2O2-.- ThOxH2O - Aq. HCl 
Th(IO3)4----- --- H2O2-.- Th(IO3)4.--- Aq. HCl 
La2(C2O4)3-------------------- La(OH)3--- Aq. HNO3 
Ce(IO3)4.----- - NaNO2-.-- Ce(O3)4.-- Aq. HCl 
Cºº!-------------------------- UO4.XH2O.------------------ Aq. HCl 
CeF4 --- H2O2------ LaF3------- 

Example 25 
A thorium iodate precipitate carrying plutonium as the 

only alpha-active component, and carrying beta-active 
fission products, was dissolved in concentrated hydro 
chloric acid. Concentrated sulfuric acid was added and 
the solution was evaporated until sulfur trioxide fumes 
were evolved. Concentrated nitric acid was then added 
and the solution was again evaporated until sulfur trioxide 

70 

75 

In the preferred modification of this phase of the pres 
ent invention two or more fission product carriers of 
diferent chemical composition are employed between the 
first and second plutonium carriers of the cycle. In this 
manner maximum decontamination as well as maximum 
concentration may be accomplished in a single cycle of the 
process. Suitable carrier combinations for two fission 
product carrier precipitations between the first and second 
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plutonium carrier precipitations of a cycle are set forth tion of a suitable peroxide, preferably hydrogen peroxide. 
in Table 10: The resulting hydrated precipitates are commonly mixtures 

TABLE 10 

Preceding First plutonium Metathesizing First fission 
Solution - - carrier precipitate agent Subsequent solution Oxidizing agent product carrier 

- precipitate 

LaF-------------- NaOH------------ Aq. HNO3---------------- KMnO4--------------- LaF3 
LaF3--- ---- NaOH---- Aq. LaFa 
LaF---------------------------- LaFa 
LaPO4------------ (NH)2C2O4------- Aq. (NH)2C2O4----------------------------------- La2(C2O4)3 
LaPO4------------------------ LaPO4 
CePO4. CeF4 
CePO4. Ce3(PO4)4 
Ce2(C2O4)3 Ce3(PO4)4 
Th(IO3)4. Th(IO3)4 
Th(IO3)4-------------------- Th(O3)4 
ThF-------- FK2S2O3--. AgNO3-- - ThF4 
U(C2O)2--------------------- K2Cr2O7---------- - (ZrO)3(PO4)2 
(ZrO)3(PO4)2 KMnO4--- - (ZrO)3(PO4)2 
ZrO(O3)2- q. HCl---------- - K2Cr2O7---------- -- ZrO(IO3)2 
ZrO(O3)2----------------------------- Aq. HNO3--HIF---------- EK2S2O8--AgNO3------- LaF3 

Preceding Second fission product Reducing agent Second plutonium Metathesizing Final Solution 
solution carrier precipitate carrier precipitate agent 

(ZrO)3(PO4)2---------- H2O3------------------ (ZrO3(PO4)2------------------------------ Aq. HNO3 
CeF4---------- Ce2(C2O4)3--------------- Aq. HNO3 
ThE4 ThO4.xH2O Aq. HCl 
SrC2O4-- La(OEI)3-- Aq. HNO3 
Th(O2) Th(IO3)4. Aq. HCl 
Ce(IO3) UO4.XH2O Aq. HNO3 
ThF4 ThFA------ Aq. HNO3 
Th(IO3).------- Th(C2O4)2--------------------- Aq. HCl 
(ZrO)3(PO4)2-.-- La2(C2O4)3-------------------- Aq, EINO3 
LaPO4------- LaPO4------ Aq. HNO3 
Ce(O3)4. CeCIO3)4---------------------- Aq. BICl 
CeF3---- CeF3--- Aq. HNO3 
LaF3. LaF3--- Aq. HNO3 
CeF3- CeF3------------------------ Aq. HNO3 

EIC----------- LaPO4---------------- H2O3------------------ UO4xH2O-------------------------------- Aq. HNO3 

It is to be understood, of course, that the above ex 
amples are not to be construed as limiting the scope of 
this phase of the present invention. Other equivalent 
carriers and operating procedures may be substituted for 
the particular carriers and procedures of the examples, in 
accordance with foregoing general description. 
A further aspect of the present invention relates to new 

compositions of matter and methods of preparing same. 
This phase of the invention contemplates all inorganic 

compositions of plutonium, and methods for their prepara 

40 

of compounds having diferent ratios of oxygroups, peroxy 
groups, and acid anions, with the result that the over-all 
ratios are generally non-integral. Representative products 
of this class are shown below: 

Pu (O) 3.15 (NO3)0.33 (O=)0.26-2.68HO 
Pu (O)2.70 (SO) 0.31 (O=)0.34.228H2O 
Pu(O-)2.54 (Cl-)0.45 (O=)0.48.2.97HO 
Pu(O)2.61 (SO)0.14 (NO3)0.19 (OF)0.46.1.65H2O 
Such products may contain hydrated compounds of the 

tion. 4º following types: 
An object of this aspect of the invention is to provide O O O O-O NO3 

oxygenated plutonium compounds, particularly oxy, hy- \Pá DP YPá 
droxy, and peroxy compounds of plutonium, and suitable / N / s1 N 
procedures for their preparation. 50: O O O NO3 
Another object is to provide plutonium salts of inor- O NO O o-o 

3 ganic acids and methods for preparing such salts. N. Y. N / \ 
A further object is to provide elemental metallic plu- F F Pu: -SO4 

tonium and suitable methods for its production. O NO3 O N Y 
Additional objects of this phase of the presentinvention O X 

will be evident from the following description. O O O-O O 
In the recovery of plutonium from neutron irradiated - Pu=so, Drá YPá 

uranium by the decontamination and concentration pro- b^ ^ Ss 61 N 
cedures previously described, a precipitate may finally be 4 
obtained which consists of a single carrier and a substan- 60 N o-o /? /? 
tially pure plutonium compound having the same anion Pl Pul PI-O-O-Pul . 
as the º carrier. Such a precipitate desirably has a low ^ so1 \, d^No Ndo 
carrier-to-plutonium ratio, e.g. 100/1 or lower. When a 
precipitate of this character is dissolved in a minimum 
quantity of an aqueous inorganic acid, substantially pure 
oxygenated compounds of plutonium may be precipitated 
from the resulting solution. 
The term “oxygenated compound of plutonium,” as 

used herein and in the appended claims, signifies a com 
pound having at least one oxygen atom directly bonded 
to a plutonium atom. Plutonium peroxide and the various 
basic peroxidic salts of tetravalent plutonium are examples 
of plutonium compounds having directly bound oxygen. 
These compounds may be precipitated from acidic solu 

70 

The following example ilustrates the preparation of a 
basic peroxidic plutonium nitrate-sulfate: 

Example 26 
A lanthanum fluoride-plutonium fluoride precipitate 

containing about 25% by weight of plutonium tetrafluoride 
is fumed with concentrated sulfuric acid until no further 
hydrogen fluoride is evolved. The material is then dis 
solved in aqueous nitric acid to form a solution 1.0 N. 
with respect to nitric acid and 0.1 M. with respect to. 
Sulfuric acid, having a lanthanum concentration of about 
37.1 g. per liter, and a plutonium concentration of about 

tions of tetravalent or hexavalent plutonium by the addi- 75 132 g. per liter. Aqueous hydrogen peroxide (30% H2O2, 
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by weight) is then added over a period of one hour, at 
20° C., in an amount such that the final solution contains 
10% H2O2 by weight. The slurry is then digested for one 
hour at 20° C. and filtered. The product thus obtained is 
a blue-green solid corresponding to an empirical formula 
Pu (O") (NO2)y (SO4)(O)y-zH2O. It is readily soluble 
in acids and is useful for the prepartion of other plu 
tonium compounds. 

Plutonium hydroxides and the various basic salts of 
tetravalent plutonium are additional examples of pluto 
nium compounds having directly bound oxygen. Com 
pounds of this class may be precipitated by neutralizing 
acidic solutions of trivalent or tetravalent plutonium. The 
resulting products are obtained as hydrated precipitates 
comprising mixtures of diferent compounds such that the 
over-all ratio of hydroxide ion to acid anion is usually 
non-integral. Such mixtures may be represented by em 
pirical formulas such as Pu(OH)(NO3) and 

Pu(OH)(SOA) 
If such precipitates are dried without washing, partial de 
hydration of the hydroxide, or transformation to a hy 
drated oxide Structure may occur, and the mixtures may 
then be represented by empirical formulas such as 

PuO2 (NO3) y H2O and PuO2(SO4) y H2O 
where x and y may be but usually will not be integers. 
Such products derived from tetravalent plutonium may 
contain compounds of the following types: 

If an initial precipitate of the type described above is 
thoroughly washed or digested in alkali, substantially pure 
hydroxide is obtained. Ondrying the resulting hydroxide, 
even at moderately elevated temperatures, it is trans 
formed at least partially to the hydrated oxide. The fol 
lowing example ilustrates a suitable procedure for the 
prepartion of this compound: 

Example 27 

A basic peroxidic plutonium nitrate-sulfate precipitate, 
prepared as in Example 26, is dissolved in 16 N. nitric 
acid and diluted with water to form a solution having a 
nitric acid concentration of about 1.0 N. and a plutonium 
concentration of about 23 g. per liter. Aqueous ammo 
nium hydroxide is then added slowly, with agitation. 
Precipitation starts at a pH of about 2.5 and is substan 
tially complete at a pH of about 3.5. The precipitate is 
washed with 5 N. aqueous ammonium hydroxide until 
the wash solution shows no decrease in alkalinity, and 
is then thoroughly washed with water and dried in a 
vacuum at 70° C. The resulting material is an olive 
green solid which corresponds, on analysis, to the em 
pirical formula PuO2xH2O. This compound is soluble 
in aqueous solutions having a pH of at least 7.0 to the 
extent of less than 2 mg. of plutonium per liter. It is 
readily soluble in strong acids and is useful for the 
preparation of other plutonium compounds. 
The procedure of the above example may be modified 

by saturating the solution with sulfur dioxide prior to 
neutralizing with ammonium hydroxide. In such case 
the product obtained is the trivalent plutonium hydrox 
ide. This compound is a blue solid which is readily solu 
ble in acids and soluble in 5 N. ammonium hydroxide to 
the extent of about 0.09 g. of plutonium per liter. This 
compound, as well as the tetravalent hydroxide is par 
ticularly useful to the production of other plutonium 
compounds. 

Ignition of the hydrated oxides of plutonium results 
in complete dehydration to the corresponding oxides. 
Partial dehydration takes place at temperatures only 
slightly above room temperature, but it is desirable to 
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36 
heat the material to a temperature in the range 500 
1000° C. to efect complete dehydration. The following 
example ilustrates the production of plutonium dioxide. 

Example 28 

Tetravalent plutonium hydroxide prepared as in Ex 
ample 26, is ignited to constant weight in a muffle fur 
nace at about 850° C. The resulting compound, PuO2, 
is a crystaline solid appearing green by reflected light 
and yellow by transmitted light. It is soluble in strong 
mineral acids. The crystalline structure is face-centered 
cubic, with four molecules per unit cell and a lattice 
constant of 5.386--0.002 A. The calculated density is 
11.44. 

Plutonium dioxide may also be prepared by the igni 
tion of the plutonium nitrates or the basic peroxidic plu 
tonium nitrates at temperatures above 300° C., and pref 
erably at a temperature in the range 500-1000° C. 
The various soluble salts of plutonium may be pre 

pared by dissolving plutonium hydroxide in the acid hav 
ing the desired cation, adjusting the oxidation state of 
the plutonium in the resulting solution, and evaporating 
to crystalize out the desired compound. The insoluble 
salts may be prepared in a similar manner by dissolving 
plutonium hydroxide in an acid which forms a soluble 
salt, adjusting the oxidation state of the plutonium, in 
corporating the cation of the desired insoluble salt, and 
separating the resulting precipitate. The following ex 
amples ilustrate the preparation of representative plu 
tonium salts: 

Example 29 
Tetravalent plutonium hydroxide is dissolved in 16 N. 

nitric acid and the resulting solution is evaporated until 
the tetranitrate crystalizes out. The product is obtained 
as a highly hydrated lemon yellow crystaline material 
corresponding to the formulta Pu(NO3)4.xH2O. This 
compound is very soluble in water and in dilute acids. 
A concentration as high as 2.5 M. in 1.7 N. nitric acid 
is obtainable, although this solution may be somewhat 
SuperSaturated at room temperature. 

Example 30 
Tetravalent plutonium hydroxide is dissolved in 16 N. 

nitric acid, diluted to 1 N. nitric acid, and heated to 75 
100° C. until spectrophotometric analysis indicates com 
plete oxidation of the plutonium to the hexavalent state. 
The solution is then cooled and concentrated by evapo 
ration under high vacuum until plutonyi nitrate crystal 
lizes out. The product is yellow to orange in color, with 
a pink tinge, and corresponds to the formula 

It is extremely soluble in water (ca. 500 g. Pu per liter). 
Treatment With various organic solvents results in solu 
tion of PuO2(NO3)2 in the organic phase. 

Example 31 
Trivalent plutonium hydroxide is dissolved in concen 

trated hydrochloric acid and the resulting solution is 
evaporated in a stream of hydrogen chloride until 
PuCl3.6H2O crystalizes out as a blue solid. This com 
pound is deliquescent and melts at 94-96° C. It may 
be dehydrated in vacuo (less than 1 mm. Hg pressure) 
at room temperature to the monohydrate, PuCl3.H.O. 
The monohydrate may be slowly transformed to anhy 
drous PuOl3 at 70° C. in a high vacuum (10-5 mm. H2O 
pressure). The anhydrous trichloride is more conveni 
ently prepared, however, by heating the hexahydrate 
Slowly to 250° C. in a stream of hydrogen chloride. 

PuCl3 is a blue-green colored solid which is readily 
Soluble in Water to form purple colored solutions. The 
solid is stable with respect to air oxidation at room tem 
perature but is converted to PuO2 on heating in air to 
400° C. The crystaline structure of the trichloride is 

75 hexagonal with two molecules per unit cell. The lattice 
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constants are a=7.380+0.001 A. and a3=4238+0.001 
A, and the calculated density is 5.70. The experimental 
ly determined melting point is 742° C. 

Example32 
The procedure of Example 31 is modified by substitut 

ing hydrobromic acid for hydrochloric acid and substi 
tuting hydrogen bromide for hydrogen chloride in the 
drying operation. The final product, anhydrous plutoni 
um tribromide, is a blue-green crystalline compound hav 
ing the following properties: 
Melting point-654° C.-4° 
Crystalline structure: 

Orthorhombic 
Four molecules peruit cell. 
Lattice constants: 

a1=12.57-0.5A. 
a2-4.110.03.A. 
a3=9.130.04A. 

Calculated density-6.69. 
Example33 

Tetravalent plutonium hydroxide is dissolved in con 
centrated hydrochloric acid and diluted to 0.5 N. HCl. 
Concentrated aqueous hydrofluoric acid is then added 
until the solution is 1 N. with respect to HF. The result 
ing precipitate is separated from the supermatant solu 

O 

20 

tion and dried in vacuo at room temperature. The result 
ing product is a green colored solid corresponding to the 
formula PuF42.5H2O, which has been found to be iso 
morphic with UF4.2.5H2O. The crystalline structure is 
orthorhombic, with eight molecules per unit cell. The 
lattice constants are: 

a=1263-0.05 A. 
a2=11.01.0.05 A. 
a3=6.98-0.05 A. 

The calculated density is 4.89. 
The hydrated tetrafluoride may be dehydrated at 350° 

C. in a stream of hydrogen fluoride to yield the anhy 
drous compound. PuF4 is a yellow to pale brown crys 
taline compound which is soluble in hot concentrated 
sulfuric acid or nitric acid. The crystaline structure is 
monoclinic with 12 molecules per unit cell. The lattice 
COnStantS are: 

a=12.60.1 A. 
a2=10.60.1 A. 
a3-8.30.1 A. 
o2=126°+1° 

The calculated density is 7.0. 
Example34 

The procedure of Example 33 is modified by saturating 
the hydrochloric acid solution with sulfur dioxide prior . 
to incorporating the hydrofluoric acid. The resulting pre 
cipitate is plutonium trifluoride, which is separated from 
the supermatant solution and dried at 300° C. in a stream 
of hydrogen fluoride. The resulting product is anhydrous 
PuF3, a crystalline solid of purple to black color having 
a melting point of 1141° C.+7°. The crystaline struc 
ture is hexagonal with two molecules per unit cell. The 
lattice constants are: 

a=4.087+0.001 A. 
a3=7.240-0.001 A. 

The calculated density is 9.32. 
Plutonium trifluoride may be dissolved by fuming with 

sulfuric acid, and may be converted to plutonium dioxide 
by heating above 300° C. in the presence of moist air. 

Example 35 
Tetravalent piutonium hydroxide is dissolved in 16 N. 

nitric acid and the resulting solution is diluted to about 
2NHNO3. Potassium nitrate is then added in excess of 
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33 
the equivalent plutonium nitrate concentration and a 
potassium-plutonium double fluoride is precipitated by 
the addition of hydrofluoric acid. The composition of 
the final solution from which the precipitation is made 
is approximately 1.8 N. HNO3-0.5 N. KNO3-3.0 N. HF. 
The precipitate is a pale greem material corresponding to 
the empirical formula KPuF5xH2O. After drying in 
vacuo at room temperature the product is obtained as an 
anhydrous crystalline compound conforming to the for 
mula KPuF5. The crystalline structure is rhombohedral 
with six molecules per unit cell. The lattice constants 
36. 

a 9.33--0.02 A. 
oz-- 105° 59' 

Other double fluorides may be prepared by substituting 
other alkali metals or ammonia for the potassium in the 
above example. 

Example 36 
Tetravalent plutonium hydroxide is dissolved in 16 N. 

nitric acid and the resulting solution is diluted to 1.0 N. 
HNO3. Potassium iodate is then added in suficient quan 
tity to make the solution 0.1 N. im KiO3, and the result 
ing precipitate is separated from the supernatant solution 

5 and dried. The product is a white solid, tinged with pink. 
Analysis shows it to be anhydrous, conforming to the 
empirical formula Pu (IO3)4. Its solubility in 1.0 N. 
HNO3-0.1 N. KiOs solution is approximately 14.6 mg. 
per liter. 

Example 37 
Tetravalent plutonium hydroxide is dissolved in 16 N. 

nitric acid and the resulting solution is diluted nearly to 
1.0 M. HNO3. Orthophosphoric acid is then added in an 
amount suficient to produce a 0.6 M. H3PO4-1.0 M. 
HNO3 solution. The resulting white precipitate after 
drying in vacuo at room temperature conforms to the 
emipirical formula Pus(PO4)4xH2O. This compound is 
isomorphic with the corresponding ceric and thorium 
phosphates. It is soluble im 0.6 M. HPO4-1.0 M. HNO3 
to the extent of about 19 mg. Pu per liter. 

Example 38 
The procedure of Example 37 is modified by saturating 

the nitric acid solution with sulfur dioxide prior to in 
corporating the phosphoric acid. In this case the dried 
precipitate is a violet colored crystalline compound which 
conforms to the empirical formula PuPO4xH2O. It is 
soluble in 0.6 M. HPO4-1.0 M. HNO3 solution to the 
extent of about 28 mg. Pu per liter. The crystalline 
Structure of this compound is hexagonal, with three mole 
cules per unit cell. The lattice constants are: 

a=6.985-0.010 A. 
a3=6.475-0.010 A. 

The calculated density is 6.04. 
Example 39 

ietravalent plutonium hydroxide is dissolved in aqueous 
sulfuric acid to form a solution approximately 2 M. with 
respect to H2SO4 and approximately 0.4 M. with respect 
to Pu (SO4)2. About 40 percent by volume of methyl 
alcohol is added to the sulfuric acid solution and the 
mixture is allowed to stand for 16 hours. Approximately 
7 percent by volume of concentrated sulfuric acid is then 
added, with agitation, and the precipitate is separated from 
the supernatant solution. The product is a light reddish 
pink crystalline solid which conforms on analysis to the 
formula Pu(SO4)2. 4H2O. 

Metallic plutonium may be produced by reduction of 
any of the plutonium halides with active metals such as 
the alkali and alkaline earth metals. Although a trihalide 
is desirable from the standpoint of requiring less reducing 
agent, a tetrahalide is advantageous from the standpoint 
of producing greater heat of reaction. The preferred 
compounds for reduction to metal are the trichloride, the 
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trifluoride, and the tetrafluoride. Suitable metallic reduc 
ing agents comprise the class of metals having reduction 
potentials of at least. --2 volts in the table of standard 
oxidation-reduction potentials of Latimer and Hildebrand 
(Reference Book of Inorganic Chemistry, Revised Edi 
tion, 1940, p. 474). 
A suitable procedure for producing metallic plutonium 

comprises heating a plutonium halide with at least a 
Stoichiometric quantity of reducing metal in an inert 
crucible until reaction is initiated. If heat loss is pre 
vented, the heat of reaction will usually be suficient 
to complete the reduction. However, external heating 
may suitably be continued during the reaction to insure 
a suficiently high temperature to permit separation of 
moltem metal and molten slag phases. The maximum 
reaction temperature may vary over a considerable range, 
e.g., 700-1300 C., but is preferably within the range 
850-1150° C. 

If the reactants are non-volatile at the reaction tem 
perature, an open crucible may be employed. When 
sodium, potassium, cesium, or rubidium is used as the 
reducing agent, a closed bomb is desirable to prevent 
loss of the alkali metal vapor before reduction of the 
plutonium halide is efected. Even when non-volatile 
reactants are employed it is convenient to use a closed 
bomb to prevent access of oxygen to the reaction mass. 
Preferably the bomb is evacuated after charging, and the 
air is replaced with an inert gas. 
The bomb liners or crucibles may be formed of any 

suitable inert refractory such as calcium oxide or beryl 
lium oxide. Such liners or crucibles are preferably de 
gassed at high temperatures prior to use. If the refrac 
tory employed is quite porous, an excess of reducing 
metal up to 200 percent or 300 percent may be required 
to allow for soakage into the crucible or bomb liner. 
With vitrified refractories, on the other hand, the reducing 
metal may suitably be used in an amount about 25 percent 
in excess of the stoichiometric quantity. 

After the reduction is completed and the product has 
cooled, the crucible or bomb liner is removed from the 
reaction mass, usually by breaking the refractory, and the 
bulk of the slag is mechanically separated from the metal 
ingot. Residual excess reducing agent and soluble slag 
may be removed by leaching with water and with glacial 
acetic acid. Further purification of the metal is obtained 
by vacuum remelting and casting. 
The following examples further ilustrate the produc 

tion of metallic plutonium: 
Example 40 

Plutonium trichloride was placed in a beryllium oxide 
crucible and covered with metallic sodium in an amount 
considerably in excess of the stoichiometric quantity. The 
crucible was then placed in an electric resistance furnace. 
The furnace was evacuated and the charge was heated 
to 800-850 C. the total heating time being tem minutes. 
The excess sodium distilled off during and after the reac 
tion, and the sodium chloride slag was absorbed in the 
pores of the crucible. After cooling, about half of the 
plutonium was found in a single mass of metal, the re 
mainder being scattered around the crucible in small 
globules. 

Example 41 
Plutonium trifuoride and 22 percent by weight of 

metallic lithium, based on the weight of the plutonium 
trifluoride, were placed in a beryllium oxide crucible. A 
tantalum cover was sealed on the crucible in an inert 
atmosphere, using fused barium chloride to efect the 
seal. The sealed crucible was then placed in a stainless 
Steel bomb which was heated to 1100° C. in five minutes 
in an induction furnace, On cooling, the plutonium metal 
was found to be in a single mass, adhering to the crucible 
wall. The weight of the product amounted to 94.5 per 
cent of the theoretical yield of metal from the charge of 
trifuoride. 
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Pure plutonium metal has a melting point of 627 

C.-5°. It has a bright metallic appearance, and can be 
distinguished from metallic appearing lower oxides by 
its ability to form plutonium hydride. It is more electro 
positive than thorium and uranium and less electropositive 
than magnesium. In spite of its strongly electropositive 
nature, it may be exposed to the atmosphere at room tem 
peratures and moderate humidities for long periods with 
out appreciable corrosion. The corrosion rate increases 
however, at high temperatures or at high humidities. 
The metal is vigorously attacked by hydrochloric acid in 
all concentrations. There is no visible attack by nitric 
acid, in any concentration, over a period of hours, and 
a metal specimen will remain bright in nitric acid for at 
east 15 minutes. Concentrated sulfuric acid initially at 
tacks plutonium, but gas evolution ceases in a few minutes. 
The metal dissolves in dilute sulfuric acid at a moderate 
rate. 

Metallic plutonium exists in a plurality of allotropic 
forms. The alpha phase, which has a transformation 
temperature of 115° C., has an orthorhombic structure 
and is hard and rather brittle. its density at 25° C. is 
19.8+0.5. Higher temperature allotropic phases are 
softer and more maleable than the alpha phase, and 
have considerably lower densities. Reverse transforma 
tions occur with supercooling, and will take place slow 
ly at room temperature if the metal is quenched after high 
temperature annealling. Small amounts of impurities ap 
pear to stabilize the high temperature phases when 
quenched to room temperature. The density of such 
quenched metal ranges from about 15.8 to about 16.5, 
depending on the annealing temperature. 

Metallic plutonium and the various plutonium com 
pounds which have been described above are extremely 
useful for the production of atomic energy. Puº in the 
metallic state, or in the form of any of the compounds 
previously described, can undergo nuclear fission in a 
self-sustaining neutronic chain reaction. The critical size 
of a single mass of plutonium metal for self-sustaining 
chain reaction is of the order of 10 kg. The critical size 
of a single mass of fused plutonium trichloride is of the 
order of 25 kg, and the critical sizes for the other com 
pounds described above will lie between that of the metal 
and that of the trichloride. When the plutonium or plu 
tonium compound is dispersed in a neutron-slowing ma 
terial, termed a “moderator,” the critical mass for self 
sustaining chain reaction becomes very much less than 
for the pure material. Under optimum conditions, the 
critical mass of plutonium may be as low as 200 grams. 
This quantity of plutonium in a single mass of material 
should not be exceeded without providing adequate neu 
tron-absorbing safety devices. 

Plutonium or mixtures of plutonium and other fission 
able isotopes may be utilized for the production of atomic 
energy in neutronic reactors in accordance with the dis 
closure of co-pending application Serial No. 634,311, of 
Emilio Segre, Joseph W. Kennedy, and Glenn T. Seaborg 
filed on December 11, 1945 and patented on October 13, 
1959 as U.S. Patent No. 2,908,621. In such utilization, 
metallic plutonium may be dispersed in a solid moderator 
such as graphite in a lattice structure, or any of the plu 
tonium compounds described above may be employed as 
solutions or dispersions in a liquid moderator such as 
deuterium oxide. 

Metallic Puº and Pu 28º and all of the compounds of 
these isotopes are also useful as sources of alpha radia 
tion. In conjunction with c-n reacting elements such as 
beryllium, they may also be employed as neutron sources. 

It is to be understood that this aspect of the present 
invention is not limited to the specific compounds and 
methods of preparation which have been described above 
by Way of illustration. Other analogous compounds and 
equivalent methods of preparation are included in the 
scope of this phase of the invention. 
A further phase of the present invention relates to 
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combination processes for the production and recovery 
of plutonium. 
An object of this aspect of the invention is to provide 

processes for the production of plutonium from uranium 
and for the recovery of the resulting plutonium substan 
tially free from uranium and other contaminating ele 
mentS. 
Another object of this phase of the invention is to pro 

vide suitable combinations of the procedures of the pre 
viously described phases of our invention, adapted for 
the production of plutonium from natural uranium by 
neutron irradiation and the recovery of the resulting plu 
tonium substantially free from unreacted uranium and 
from radioactive uranium fission products. 

Other objects and advantages of this aspect of the 
present invention will be apparent from the following 
description. 

In accordance with this phase of the invention, natural 
uranium is subjected to neutron or deuteron bombard 
ment, the bombarded material is aged for a time such 
that the combined time of bombardment and aging is 
suficient to produce a total transuranic fraction com 
prising at least 90 percent plutonium, the plutonium and 
radioactive uranium fission products are separated from 
the unconverted uranium, the plutonium is decontami 
nated with respect to fission products by a suitable com 
bination of carrier precipitations, and a decontaminated 
carrier-free plutonium composition is recovered after the 
final carrier precipitation. 
When uranium has been subjected to neutron irradia 

tion for 100 days in a neutronic reactor operated at a 
power level of 2500 kilowatts per ton of uranium, the 
radiation associated with a ton of metal immediately after 
removal from the reactor is about 10º curies. The mag 
nitude of this value may be realized from the fact that 
it requires more than a hundred tons of radium to pro 
duce 108 curies of radiation. If the bombarded uranium 
is allowed to age for 60 days prior to processing, the radia 
tion will have decayed to about 10º curies perton. A ton 
of such metal will contain about 250 g. of plutonium and 
a roughly equivalent weight of uranium fission products. 
The recovery problem is to separate the 250 g. of plu 
tonium from the ton ofuranium and to free the plutonium 
from fission products to an extent suficient to reduce the 
radiation associated with it to 10 milicuries or less (10 
milicuries is about the maximum amount of radiation 
with which operating personnel can work routinely, with 
some lead shielding and other precautions). A radiation 
decontamination factor of 10 must thus be achieved in 
the recovery of the plutonium in this particular instance. 
The factor will vary with the time and power level of 
irradiation and time of aging. It may be estimated in any 
case, however. by measuring the radiation from amaliquot 
of the material to be processed and determining the ratio 
of the total radiation to the desired final radiation, e.g. 
10 milicuries. The required decontamination factors 
will generally range from 10° to 10º. 

It will be evident that the decontamination factor re 
quired in any given case may be attained by various com 
binations of carrier oxidation-reduction cycles, scavenger 
precipitations, alternate carrier cycles, or carrier cross 
over cycles. An estimate of the over-all decontamination 
which can be achieved by any proposed combination of 
carrier operations may be made on the basis of the fol 
lowing decontamination factors for individual steps of the 
procesS: 

Decontamination 
factor 

Oxidation-reduction cycle with single carrier --- 50 
Use of scavengers in contaminant carrying 

Step ----------------------------------- 10 
Change to diferent carrier ------------------ 10. 

Proposed operation: 

5 

10 

20 

25 

30 

3 5 

40 

50 

55 

60 

65 

70 
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uct of all of the individual decontamination factors for 
the proposed operations. On this basis, a process com 
prising four oxidation-reduction cycles with the same car 
rier, employing scavengers in one of the cycles, would 
have an estimated over-all decontamination factor of 
6.25 X 10º. Similarly, a process comprising two oxida 
tion-reduction cycles with the same carrier, using scaven 
gers in one cycie, followed by an oxidation-reduction 
cycle with a diferent carrier, would have an estimated 
over-all decontamination factor of 1.25 X 107. The over 
all factors for numerous other combinations of carrier op 
erations may readily be estimated in a similar manner. 
Such estimates will serve as a first approximation in de 
signing a suitable over-all process, but it is to be under 
stood that such factors are not exact, and that modifica 
tions of any proposed over-all process may be required 
after preliminary test operation. The extent and direction 
of any process changes indicated by a preliminary test run 
will be evident to those skilled in the art in view of the 
general discussion and the numerous specific examples of 
the present application. 
Two representative over-all processes for the produc 

tion and recovery of plutonium are set forth in the form 
of flow diagrams in FIGS. 1-2 and in FIGS. 3-4 of the 
accompanying drawings. These flow diagrams are self 
explanatory in view of the detailed captions and in the 
light of the foregoing description of the individual process 
steps involved. It is to be understood, of course, that 
these particular over-all processes are merely illustrative, 
and do not limit the scope of the present invention. 

In general, it may be said that all of the specific com 
positions and processes disclosed in the present application 
are ilustrative, rather than limiting in scope, and that all 
of the numerous equivalents and modifications which 
Would naturally occur to those skilled in the art are in 
cluded in the scope of the present invention. Only such 
limitations as are indicated in the appended claims should 
be imposed on the scope of this invention. 
What is claimed is: 
1. A process for the production of plutonium which 

comprises subjecting a mixture of U238 and a fissionable 
isotope to a self-sustaining neutronic chain reaction, aging 
the reacted material, the combined time of reaction and 
aging being suficient to produce a total transuranic frac 
tion comprising at least 90 percent plutonium, and sepa 
rating plutonium from the aged reacted material. 

2. A process for the production of plutonium which 
comprises subjecting a mixture of uranium isotopes U235 
and Uº to a self-sustaining neutronic chain reaction, 
aging the reacted material for a time such that the com 
bined time of reaction and aging is suficient to produce a 
total transuranic fraction comprising at least 90 percent 
plutonium, separating unreacted uranium from the aged 
reacted material separating uranium fission products from 
the resultinguranium-free material and recovering a sub 
stantially pure plutonium compound from the residual 
material. 

3. A process for the production of plutonium which 
comprises subjecting a mixture of uranium isotopes U235 
and Uº to a self-sustaining neutronic chain reaction, 
aging the reacted material for a time such that the com 
bined time of reaction and aging is suficient to produce 
a total transuranic fraction comprising at least 90 percent 
plutonium, separating uranium fission products and plu 
tonium from the unreacted uranium in the aged reacted 
material, efecting a plurality of carrier precipitations 
from aqueous inorganic acid solutions containing said 
plutonium and uranium fission products, precipitating a 
substantially pure plutonium compound from the resulting 
solution, and separating said plutonium compound from 
the supernatant solution. 

4. A process for the production of plutonium which 
The estimated over-all decontamination factor is the prod- 75 comprises subjecting a mixture of uranium isotopes Uº 
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and U238 to a self-sustaining neutronic chain reaction, 
aging the reacted material for a time sucin that the com 
bined time of reaction and aging is suficient to produce 
a total transuranic fraction comprising at least 90 percent 
plutonium, separating uranium fission products and plu 
tonium from the unreacted uranium in the aged reacted 
material, efecting a plurality of precipitations of carriers 
of diferent chemical composition from aqueous inorganic 
acid solutions containing said uranium fission products 
and said plutonium in the hexavalent state, whereby plu 
tonium solutions of decreased fission product concentra 
tions are obtained, effecting a plurality of precipitations 
of carriers of diferent chemical composition from aque 
ous inorganic acid solutions containing said uranium fis 
sion products and said plutonium in a valence state not 
greater than -- 4 whereby plutonium-containing precipi 
tates of decreased fission product content are obtained, re 
peating said carrier precipitations With decreasing quanti 
ties of carriers for a suficient number of time to obtain 
plutonium solution substantially free from fission products 
precipitating a substantially pure plutonium compound 
from said solution, and separating said plutonium com 
pound from the Supernatant solution. 

5 

5 

20 

44 
References Cited py the Examiner 
UNITED STATES PATENTS 

2,206,634 7/40 Fermi et al. ------------ 176-11 
2,708,656 5/55 Fermi et al. ------------ 176-41. 
2,785,951 3/57 Thompson et al. ------- 23-14.5 
2,990,242 6/61. Seaborg -------------- 23-14.5 
2,992,888 7/61 Balthis --------------- 23-14.5 

OTHER REFERENCES 
Anderson et al.: Physical Review, vol. 55, pp. 511-12 

(1939). 
McMillan et al.: Physical Review, vol. 57, pp. 1185-6 

(1940). 
Pollard et al.: Applied Nuclear Physics, pp. 187-199 

(1942); published by John Wiley & Sons, Inc., N.Y. 
Seaborg: Chemical & Engineering News, vol. 23, pp. 

2190-3 (1945). 
Peppard et al.: Journal of the American Chemical So 

ciety, vol. 73, pp. 2529-31 (June 1951). 

CARL D. QUARFORTH, Primary Examiner. 
REUBEN EPSTEIN, WILLIAM G. WILES, 

Examiners. 


