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The verious problems of purification and recovery are discussed
under the headings of preparation of solution, conceatration of plutonium,
and pu;afication of plutoniumo The methods used in coﬁcentration {or
recovery) of the plutonium are shown to consist in all cases of one or more
of the following procedures: precipitation of hydroxide, exalate, trifluworide,
tetrafluoride, or io@ate; ethor extraction; and certein carrier methods. A&
modified purification schems is described in détailo Data ere given dealing
with the amounts of materisl handled and overall recovery efficiency. A
rosume is mede of phases rsturning material for recovery, type of materiel
returned and impurities present. A f{low sheot for the entlre recovery and
purification scheme is given showing impurity element removal by each step
ef the proucess.

The colors of various plutonium compounds and solutions as

observed on & one-to-tenm-gram 8cale are reported.
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CATION OF PLUTONIUM

INTRODUCTION

In the process of recovery and purification‘of plutonium, many
problems have presented themselves which deal with the separation of small
smounts of plutonium from %ery large amounts of many cof the other elements.
Sinoe most of the reported work on separations of this type hre been done
on a milligram scale, and since much of the work of others has dealt mainly
with the separation of the lest traces of impurities from the plutonium
rather than the recovery of smell amounts of plutonium from very large
amounts of impurities, it was thought that e roport of work done on e one-
to-ten~gram scale would be of value to others who might encounter these same
problems.o

Table I gives a summation of the varicus phases of work returning
material to be recovered. It also shows the form im which the plutonium

is present, and the types of substances present as impurities with the plu-

tonium.
The work in this laboratory may be divided into three gemneral

subheads: preparation of solution, concentration of plutonium {i.e- removal

of a major portion of the impurities), and purification of plutonium (i.0o

removal of last traces of the impurities). The following discussion will be
based on this subdivision.

PREPARATIOR OF SOLUTION

Examination of Table I shows that the answer to the problems of
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2 5 in pért..tnothe methods which are available for dissolving

HJ. [

this category i
plutonium metal, oxide, halides, carbides, oxslate, hydride, and peroxida,
Of these compounds all except the oxide and carbide are readily scluble in the
comnon mineral aclds, BCl being best suited for the metal and the hydride,
HNO? for the peroxide and hulides, and HNQ3? Hasoh for ths oxslate. When it
is neceseary to ronder the oxide or the carbide soluble, the most efficient
method is & fusion wlth K23207u In this fusion a ratio of K28207 to PuO
(or carbide) of about 8 to 1 is used. The fused mixture is heated until the
molten materiel turns solid. This gives a fused mass which is much more
readily disintegrated by water and HCl than ie possible if the heating is
stopped while the fusion 18 still liquid. The fusion mass is greenish while
8till hot, but on cooling it turns pinko. This pink color seems to be
characteristic of the plus four state in the presence of sulfats, since it
shows up when solutions are fumed with Bésoho

However, the problem of getting plutonium into sclution 1s not as
simple ag it might sesn from the solubility data just steted. It is
complicated by the fact that varying amounts of plutonium wanege to penstrate
ec deeply inte the refractories used in reduction and remelting that & mere
lesching with acide or acid fusions does not extract all of the plutonium
from the crucible materimls. This mocessitates the complets dissolution
of the refractorises, & procedurs which is disadvantageous for two reasons.
In the first place meny of the refractories resist disaolving to a remarksble
extent, requiring long tediocus treatment with various acids and with various
fusion mixtures. Many of the refractories are dissolved in HF and BNO5 when
other solvents failed. In a few cases howsver very drastlc measures have
been required, and it has been found that the Na202+'c spontaneous fusion
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is very satisfac,ogy for ﬁhdﬁb maﬁarialso The saecond disadvantage of

complete solution of the refractories lles in the fact that much greater
amounts of impurities are mixed with the plutonium than would be if a
leaching process were used, In order to overcome, to a certain extent, this
second disadvantage, the unground crucible meterials are always leached

thoroughly with HC1l, HNO,, and aque regia and the solutions thus obtained,

3
containing nearly all of the plutonium end only a fraction of the crucible
meterial (provided the crucible is insoluble in the leaching acids), are
treated separately. The main portion of the crucible material is then
dried, ground to approximately 1CO mesh und diseolved completely. This
solution contaings only a small amount of plutonium, and in general is sst
aside until other similar solutions have been obtained, at whieh time it is
worked up»

In these cases where the plutonium has had to be separated
from metal surfaces, acid washing or K 82 7 fusions (depending on the
form of the plutonium) will get the plutonium in solution; the metals are
not much affected by these treatments.

When the plutonium is already in solution, there are three
treatments that may be necessary befers this solutlon is in s condition
satisfactory for use of chemical procedures of concentration. If the
volume of the solution is so large that the plutonium concentration iz of
the same order of magnitude as the solubilities of the compounds to bs
precipitated, it must be evaporated. If the plutonium is in the hexavalent
stats, it must be reduced before the chemietry uwsed in concentration can bhe
successful. This reduction is best done by passing 302 into the acid

solution until the blue color of the trivalent plutonium becomes evident.
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The solution ia:"t!;g';x boilkd §t::? ;:émove the excess 50,, and Hl\!t.)3 is added to
rooxidize the trivaelent plutonium to tetravalent plutonium. In this re-
oxidation, ocare must be taken that the EN03 does not cause a large portion of
the plutonium to becoms hexavnl;nto It is probable, but not as yet proved,
that the addition of small amecunts of Hésqh before reoxidation will prevent
this. If organic matter is present, it must be removed before chemical
concentration can be accomplished. The volatile orgenic materlal is removed
by eveporation, and the non-volatile organic material is removed by
oxidation with HNO3 and-BéSOho

THE CHEMICAL CONCENTRATION OF PLUTONIDM

The three prerequisites of a good concentration method are:
1. The major portion of the impurity must be removed in one operation.
2. The amount of plutonium removed with the impurity must be small. 3. If
the operation depends upon & precipitation procedure, 1t should, if possible,
cause the plutcnium to be precipitated away from the impurity rather than the
impurity to bve precipitated away from the plutonium; All of the methods
described here exhibit the first two characteristics, and nearly all
exhiblit the third.

The exact procedurs which is %o be used for the separation of the
plutonium from other elements will naturally depend largely upon what
contaminating materiale are present, and to what extent. Thus, if a metal
button is returned for recovery, almost no pre-purification procedures are
neaded. If, on the other hand, the sample for recovery consists of dry
box sweepings, several separate concentration steps are required. However,
in all cases, the procedure for the concentration of plutonium will consist

of one or more of the following processes.
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The first process after the preparation of the solution always
involves the precipitation of plutonium hydroxide. This serves not only to
separate many impurity slements from the plutonlum, but also te give a com-
pound which when dissolved in acid leaves a solution of approximately known
acidity and plutonium ccncentration. For thls preclpitation, elther NaOH
or NQLOH may be used, and the choice of reagents depends upon‘the type of
impurities present in the solution. Thus, when Bs, A1, and other ampheterics
are preseat, an exosss KuOH is used to precipitate the pluténium hydrbxi&e@
leeving the impurities in solution. If Mg or other alkaline sarths, alkalles,
or eleomsnts which form smmonio complexes are prsssnt, NHLOH is useds; In the
ouse of alkaline earths NﬁhOH is added until the pH of the zolutiom is
botwson 5 and & as shown by indicator paper. This gives a basicity sufficient
to precipitate the plutonium hydroxide, but not to precipitats the sllmline
earth hydroxides. In those oases where olements which form ammonio com-
ploxes are present, the NELOH is added in exceas. Many times the elements of
all three classes (amphoteric, complex formers, and alkalire earths) are
present in the solution, and suitmble combinetions of reagents and conditions
are used. Whenever both NaOH and N 'QH are to be used in a series of
operations, MaOH is always used first, followed by NguOH et a pE 5 to 6,
and figally foliowed_by HHLOH in exces88. The precipitate from each operation
is washed thoroughly and dissolved in ecid before thg succeeding preciplta-
tion, By using these processes; & majot portion of all the slemonte present

is removed with the exception of Ce, la, Zr, Th, Ti, Fe, Si, Ta, and

Pt (of these Si and Ta are romoved more or less in the preparation of the
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°po§h ?T t&eée eﬁéments precipitate insoluble oxides from

solution sinceg
acld solutiong; Pt is removed by means of acid H,S in the rare cases when
it 18 present in solution).

Oxalate Mathod

The selution conteining the tetravalent plutonium nitrate is
heatod to convert all urenium to the hexavalent state. To this is added
encugh solid XI to give three mols of iodide per mol of plutonium, eand the
solution allowed to stand for thirty minutes with occasional stirring. After
this enough 1M HI‘?CEOLL solution is added to give 1.5 mols of oxalate ion per
mol of plutonium and to mauke the final solution 0.2 M in excess oxalic
acid. The volume is then adjusted until the plutonium concentration, based
on total emount present, is 0.2 M. This mixture is allowed to stand for
30 to 60 minutes, after which the pgreen oxalete precipitate is centrifuged
and washed with water until the supermatant is free of I; golors The
precipitate is fumed with HNO3 and EéSOL to canplotely desompose the
oxalato, and the red sulfate thus formed is dissolved 1n water and HC1.
Plutonium hydroxide is precipitated from this solution with NHLOHS and ths
precipitate is washed free of asulfate.

An alternate treatment of the precipiteted ozxalate may be used if
no further concentration procesees are nscessary. The solld oxalate is
treated with enough 1M HaBrO5 soluvtion to give 1.8 mols of bromte per
mol of plutonium, and enough 16N HNO3 to give 9.2 mols of H' per mol of
plutonium. The volume of the solution is then adjueted so that the
plutonium concentration in the final solution will be 0.2 M, and the mixture
is heated for Iy to 6 hours et 85°Cov This method of dissolution of the

¥

oxalate yields a aclubion of the hexavelent nitrate of plutonium.
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The oxalate procedure separatos urupiq; (if nQF:Efﬁzgnt in large
amounts) some alkaline earths, (Zr, Th), Ti, Fe, Be, Cr, and the alkalies.
It has no valus as a method for separating Ce and la. The precipitation
ie almays used as the last step prior to purification, and in many cases it

iz used previously to clean up solutionse.

Trifiuoride Method

A golution of the tetravalent plubtonium nitrate in IM HNO3 is
reduced by passing S0, into the ice-cold solution for about 20 to 30 minutes.
" (Reduction mey also be made by mcans of KI as described in the previous sestion.;
Twenty-seven normal EF is added to this blue solution until the amocunt added
is three mols per mol of plutenium and enough excess to make the solution
1 to 2 Min ' The mixture is allowed to stand for 30 minutes and the
purple trifluoride ie centrifuged, weshed, and fumed with HNO3 and Bésoh to
remove all fluoride. The sulfate thus formed is dissolved in water; the
hydroxide is predipitated with NHQOH and vashed free of sulfate-

This method accomplishes the separation of ‘uranium to about the
same extent as the oxalate., It has the advantagee that the plutonium
fluoride is less soluble than the oxalate, and if large smounts of uranium
ure present the separation is s%ill successful. It has the disadvantages
that Th and Zr are not saparated from the plutonium, that the precipitete is
more difficult to dissolve, and that handling of large emounts of H¥

solutions involves certain difficultiecs.

Tatrafluoride Method

A solution containing the tetravelent nitrate of plutonium in
1M HNO3 i8 heated to oxidizs all uranium to the hoxevalent stats, and

solid KHO5 is added until there are two mols of K per mol of plutonium and
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L d
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give six mols of HP per mol of plutonium and to wmske tho sclution 1 to 2

Twenty -seyés mr‘\al EE‘ 3ies

< \... '

the solution is 3 molar in excedg.

molar in excess. After 30 minutes the grey potassium plutonium fluoride

1a centrifuged, washed, and fumed with Hésoh to remove HF, and the sulflate

thus formed ie dissolved in water. From this solution the hydroxide is

precipitated and washed free of sulfate.

This mothod has the same disadvantages and advantages as the
trifluoride method, and may be used interchangeably with 1t. It is
probadly the best method for separating large amounts of uranium from
plutoniun: Since this dess not reguire reduction of the plutonivm 1t isa
somewhat faster. However, the trifluoride is a neater, more clean-cub
reastion. |

Todate Method

Procipitation of Pu(I0;)4 from e soluticn which is 2 M in
P4

Eﬂ03 with a 0.2 molar oxcess of KIO3 or HIO3 serves to separate the
piutonivm from uranium in the nexavalent stateo

It 13 not nearly as

eatizfectory as the previously described methods for ureniwa separatione

However, it does show promise as o methed for sspareting cerium, which

resiste most othser separations when present in large emounts. The lodaote

of trivalent cerium is soluble and zhould remain in solution when the

plutonivm is precipitated. The preliminary attempts at this separatlon

have indicated that 1% will be useful, but the data are too irncomplets

at this time to state definitely that the method is successfulo The most

satisfactory method of solution of the iodate depends upon thq use of

0

ACl and § % This reduces the iodate to iodide and the plutonium to the
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trivalent state, The completion of the reducti;mdtf'notbd“by the faot that

all the 12 liberated from the 1lcdate by SOé is redissclved and the solution
turne blue due to trivalent plutonium. The plutonium ie precipitated from
this solution as Pu(OH)5 by means of N§LOHO It is not possible to reoxidize
the plutonium to the tetravalent state before precipitation of the hydroxide
because the iodide which is present prevents oxidation of the trivalent

states

Other mothods for separation of cerium

All other methods which are used for the separation of cerlum from
plutonium involve an oxidation of.tha plutoniu@ to the hexavalent state.
This oxidatlon is echieved by means of NaBr05 in HHO3 solution. Since
hexavalent plutonium does not precipitate as a fluoride, the cerium can be
precipitated from the oxidized solutionm by the addition of HF., By repeating
this process, fairly complete separation can be brought abouto The procedure
ms the disadvantage that the impurities are precipitated rether than the
plutonium. A second treatment of the oxidized solution consists of ether
extraction of the plutoniumo. This is perhaps the most efficlent method
of separation of plutonium from cerium, but it is alsc more time-consuning.
If only small amounts of cerium are present, no special precautions need

be teken since the regular purifiocation scheme will effect its removal,

Carrier Procedurea

All supermatants from precipitation of hydroxides were gtored until
about 380 litera were om hand. Assey of these solutiona showed a much
higher plutonium content than would be aocounted for by theisolubility of

Pu(OH)h in basic solutions, The probable sxplamation of this is the fact

l
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that tetravalent plutonium in dilute HNO; comyerés %o ?.51.9 ext:—ex;t of about
50 to 60 per cent to hexavalent states This is either a straight oxidation
or a disproportionation of the tetravalent to the hexavalent and the trivealent
stetes. Repgardless of mechanism, the presence of the hexuvalent plutonium
in solutisns from which the hydroxidz is to be precipitated would cause unduse
loss in the supernstant sicce the hexavalent hydrozide is guite solubles
Since there was cousidsruble amsunt of plutonium tied up in these sélutiona
an effort was made %o recover this.

These superneztants were obtuined from hydroxide precipitationa
using both NaOH and NghOHD end when they were mixed, precipitates férmed dus
to the nature of tho elements in the basic solution. Thus magnesium, in
solutiun in the NﬁhOH supernatant, was precipitated by the more basic
NaQH supernutant, and beryllium, in solutlon in the KeOH supernatunt, wes
precipitated by the less basic NQLOH supernatant. This precipitation of
hydroxides from the supernatant sclutions acted as a carrier, and most of the
plutonium was found to be in the precipitate. lowever; the concentration of
the plutonium in this precipitate is so low &5 to make the usual preciplita~
tion methods untemable. For this reeson laF, carrier methodé were used. A

2
solution of the tetravalent plutonium nitrate in 1M KNG, was treated with

3

802 untilAthe solution was seturated. Lanthanum was added in the form‘of
La(N03)5°63209 and encugh HF to precipitate the LaF3 and to make the
solution 1 0 2 molar in excess. The IAF5 was centrifuged, washed; fumed
with Hésohg and the Ia was separated {rom the plutonium by one of the
methods previously described. The basic superpatants after this treatment

still conteained encupgh plutonium te warrant its recovery, hencs further

carrier procedures are being used at the present time. Ferric nitrate

ciimin e UNCLASSIEIED
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is added to the solution and the ferrie hydroxide thues formed ia allowed to

settle through the solution. HResults of this experiment are not known yet.

PURIFICATION

’

asfter one or more of the concentration procedures just described
heve given a product which is 80 to 100 per cent plutonium, the processes
of purification are carried out. The procedure used for this purification
is based, with modifications, on those described in & previous reportl).
However, since there are certain mejor chaenges in procedure, the new method
w1ll be described in some deteil. As has been previously stated, the inal
procedure of concentration is an oxalate precipitation in nearly all cases,
and this is dissolved and oxidized according to the method described wnder
oxaiate procedure, The solution thus oxidlzed is treated with solid sodium
acotate until the precipitation of the sodium plutonyl acetete is complete,
and an excess of one third has been addedo The pink N&PuOEAc3 is centrifuged
and washed twice with acetate wash solution (5M Na' 0,28 Ac™, 0.35M Hie).
The washed acefate is dissolved in the smallest emount of 16N HNO3 that will
give a nclear solution, and the volume of tnis solution is reduced by
oveporation until NaNO3 begins to crystellize. This solution - about 1 to
2 ce per gram of plutonium - is then extracted with di-=ethyl ether in a
modified Soxhlet extractor having a design similar te that described in
(1), but being of greater capaclty. The hexevalent nitrate obtained from
the sther extrsction is diluted somewhat and trented with enough TN HI to
give 9 mols of I° per mol of plutonium. This mixture is aliowed to stand

30 to 60 minutes, and 1 molar oxalic acid is added in sufficient amounts to

1) Mastick, Pittman; and Wal Jc,;é;wéne: e o,
T % es s et 5 oe,
. W NCLASSIFIED
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give 1.5 mols of oxalate per mol of plutonium, and to make the final
solution 0:2 M in excess. The volume of the solution is then adjusted so
that the plutonium concentration (total) ies 0.2 ¥, This mixture is allowed
te stand for an hour or so, end the green oxalata'washed free of I;o Thie
slurry is turned over to the "dry" chemist for conversion intc compounde
sulteble for metallurgical reductione

During the purificetion pgrocesses, various sclid residues are
obtained. These are always removed from the solution before the succeeding
procedure is carried oute.

CONCLUSIONS AND DISCUSGION

£Xthough nons of the procedures described in this paper can be
termed as completely quantitative, e continuous recycling of all residucs
end supermctants oan be said to achieve gquantitetiveness to & large decsree.
Fer example during the past eight months about 250 individual samples have
been turned in for rscovery. Theoze totaled 117, 936 mgo.or an averags of
epproximetely L50 mg per sample. Of this smount 109,639 mg of essentinlly
pure plutonyl nitrote and plutonium oxalate have been turned over to the
"dry” chemistss About one gram is in the verious supernatants and residues
which will be worked up over a period of timee The apparent loss of 7.3
grams 18 most probably due to errors in estimations of am-unts turned in
for recovery, since no assays are made on anyrof the incoming materiels,
wihereas all outgoing samples are assayed either by weight or by rediocsctive
Heansdo -

Outliine I may be considered to be o composite eof all recovery and

purification work done in tnis laboratery. Naturally, the entire procedure

APPROVED FOR PUBLI C RELEASE
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is not followed for each individual recovery‘;ﬂgilqmg dht onty tnose portions

which are necessary to remove the particular eloments present. It is only

in case all possible impurities are present at one time that the complets

schemo is followed.

COLORS OF SOLUTIONS AND PRECIPITATES

Since the colors of the various precipitates and solutions have

been reported by different people as being entirely different, and since our
work has dealt with large amounts of quite pure compouads, a report is made
of colors of precipitetes and solutions. Tablse II gives the colors as

observed in this laboratoryo.
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TABLE I - MATERIAL RETURNED FOR RECOVERY

Form in which Pu
is present

Oxide, siag, meotal

Oxide, metal, trichloride

Oxlde, metal

Oxide, motal
Oxjde, metel, hycdride

Oxido, metal, ocarbide

Solutions (tri- & tetravalent)
Oxide, metal, trihalidse

Oxide, metal, halides

’ L) 3' é:l

Form of Impurity

Mg0, Ca0, BeO, A12059 Ce2839 UN, Ca, Pt, Cu,

N1, Co, Zn, Fe, HalOgens

BaClas XCi, HaCl, C, Zn, Ni, Cr, W, glass, organic

Ce Sz, 4rN, G, Be0, Ni, BaS, MgO, Ca0, UN, ThH,

4rC,”TiC, ThS,, Ta, 8i, Mo, T}

29

Fe, quartz, glass, orgenic, abrasive

- BeO

UR, U0, Z2:N, ThO,, TiN, Thi, CeES s ThSs, CaO».:.'

Be0O, TeC, Ta, Mo, W, 3i, C, WC
H3P0h3 organiec

None

Xleenex, rags; wood, Ta029 Cr, BeQ, Mg0, Fe,
F820 » Tag Cu, ZrO29 ZrN, C62559 brush hair
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TABLE I - MATERIAL RETURMED FOR RECOVERY (CONTINULD)

Form of Impurity

Form in which Pu

FPhase of work:
is present

returning material

CHEMISTRY
"Wot" chemistry Solutions (tri-, tetra~, hexa- Organics Cr(),:

valent)
:.'":' ::::I.:'.' "Dry" chemistry Oxide, metal, trihalide Pt alloy, Uy Ia, Co
eonuee Y .
s iee sedses Asgay Solutions (tri=, tetra-, hexa= Any element shown above

valent)

‘:. E.:.:. Analysis Oxide, metal, peroxide, oxalate, U, Mo, W, orgenilc, c
S leeest gallate, cupferride . e eaes
e 3 et Apparatus wash Trihalides None eueat :::::.
Dry Box Sweepings Trihalides, oxide Brush hair Ut Lttt
. PHYSICS Motal, oxido ' None :....E Ecooo.
= PROJECT X Totra-nitrate and peroxide Zr, la CR R
z :::::.:. ‘e
ﬁ . L X ] [ ]
— .. Ny =
b~ ) ﬁ'_
Lo ]
L ) =
— L
- [N
e o
» -r
L~ 7 —
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TABLE II - COLOR OF PRECIPITATES AND SBLOTICNS ** oo

PP

®% o090 000 os
.
* o - :'0 LX)

. 5_. . q,gl‘,lﬂ:!)“"fc

-
° o o hd

Name of Compound

pulV hydroxide

pullX hydroxide

Pu't hydroxide

Sodium Pu'l uootate
Palll fiucride
Potassium Pul’ fluoride
Pulll oxalate

PuIV iodate

PuIV sulfate

' PuIII chloride solution
PuIV chloride solution

PutV

. uitret» in con. HNO3

PulV nitrate in dil. HNO3

PuVI solutions in Héo or ether

Formula® Golor
Pu(OH)h Dark green
Pu(mi)is Light Blue
PuOE(OH)e (7 Brown
NaPuOQAc3 Pink
PuF Purple
KZPuFé Grey
Pue(CEOL&)3 Brilliant green
Pu(IO;)h Light pink
Pu(SOb)E (?) Pink

Blue

Brown

Greon

Brown '

Brown

#Water of hydration is nst included or excluded by the formuls.
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