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INTRODUCTION

The steps taken iu the conversion of plutonium from plutonium nitrate - aitric
acid solutions to plutonium metal are as follows:

1. Preparation of a plutonium solution having a composition suitadble for
further prouessizg;

2. Precipitation ¢f a plutonium halide (e.g., PuF3) or of & compound
which can be converted to a Lilide by dry chemical treatmant;

The drying of the precipitated halide or Adry-chemical conversion to
& halids;

Cad
.

L. The reduction of the plutonium halids by a more slectropositive motal
in a hermetically sealed dbomb.

It is the purpoes of this paper tc present data apd information vhich are pertinent
o thesé processes.

PLUTONI UM CHEMISTRY

The oxidation-reduction potentisls of plutoaium ioms in agquecus oolutiu(l) are
prasented {n Figure 1. It can be seen from Figure 1 that plutonium is & very
alectropositive metal, similar to0 ursnium and sirconium, and that very powerful
reducing agents are required to produce plutoniuw mstsl from its ralts or coe-
pofinds. It is also noted that the plus five oxidation stats of plutonium is
unstable vith respect to tha ¢ & axd § 6 lon. and, therefore, the £ 5 ion can
“requently be ected vhen comsidering the agueocus chemissry of plutonium.
furthar, tha Pu'® ion can 2lsc Alsporportionste aceording to the equilibrium

I 2 B0 =22 nufd fPugpff 4k F ke x107d.

Although the equilibrium contmt(a) for this reaction i{s small, mseasursdls
concentraticns of Puf3 and mo{f are frequently found in Pu(IV) sclutioma.

Although time§ does not permit a detailed discussion of the chemistry of the
various plutoaium species, it is advantageous at this point to mentiqn the
s}tilar}ty of the chemistry oﬁ 3 vith ;he # 3 rere earth ions; vith
UFh, 20f4, and Cefb; and PuOpff with UOp#f. Differences in the chemistry of
a specific plutonium ion end the amslogous ion mentioned above are, of course,
to be expacted and are frequently observed.

PROCESS - AQUEQUS

For purposes of discussior it +ill be assumed that the starting plutonium
sUlulivi {Gs which plutizlium metal i €2 be produced ‘e derived from a Redox
or Purex type solvent extraction process. In such a case as this, the {inal
product bearing stream is a dilute plutonium nitrate-nitric acid solution.
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Figure 1
OXINATION AND REDUCTION POTENTIALS OF PLUIONIUA

Acid Solution
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The :irst step in the metal reduction process is to concentrate the plutonium
pnitrate in the starting solution to 10 to 100 grsms of plutuniuos per liter. This
is lone to avoid significent precipitation losses in subse;ient steps and to
minimize the size of the processing eguipment. Several alterv.ate concentration
procedures can be employed, and for example, plutonium solutions have been
concentrated satisfactori.; by evaporation, by the use of ion exchenge resins,
and by solvent extrac:ion cycles.

Once the plutonium has beev concentrated, a varici; of plutonium compounds can be
precipitated which are suitable for direct reduction to the metal or which cen
sabsequently be converted to a satisfactory material for reduction. Figure 2 is
a schematic dilagram showing selected precipitates which may be prepared =and

the subseguent stets necessary Tor metal production. Tav¥le I shows some of

the more important chemical and physical properties of tiwe plutonium compounds
oi’ interest.

The firal selection of the process for metal preparation may best be made upon

consideration of the purity of the starting solution. the aase of which ths plutonium

can be recoversl from the waste streans, and the type and eize of process eguipment
vwhich is available or must be procured. A description of the prepsration of the
compounds shown in Figure 2 and the marits and boundary conditions for each of

the processes are presented in the subsequent portions of this paper.

Flutonium Peroxide Precipitation

A flowsheet for the precipitation of plutonium peroxide from a typical feed is
shown in Figure 3.

Plutonium peroxide may be precipitated satisfactorily from feed solutions con-
taining 10 to 100 grams of plutonium per iiter, 1.5 to 6 M nitric acid end in 4hs

presence of large concevriraticus of Glher metallic ions. A separate valence adjust-

ment step is unnecessary as both hexavalent and trivalent uionium are converted
10 the tatravalent state by hydrogen peroxide.

The compoeition of the compound variee widely with precipitation conditions,

out it usually contains about three peroxide oxygen atoms per plutonium stom

and small but variable smounts of nitrats, sulfate, hydroxide, oxide and water.

The s0lid may precipitate in large easily filtered particles i< it is formed

in the presence of sulfate, a strike temperature above 30 C is used, or if
enough acid is present to give a slurry acidity of 2.5 molar or more. Generally,
8l1ce hydrogen peroxide is unstable and the use of a low temperature ig desirable

to reduce its decomposition rate, sulfate is added to glve the dwsirsd crystal
form.

A precipitation ylelding easily filterablas crystals is made by the slow addition
(one-half hour or longer' of encugn 30 to 50 percent hydrogen peroxide tc yield
3 Tipal slurry concentra:ion of 8 to 12 percent. For feeds containing more than
Jne gram per liter of irom, which catalyzes hydrogen peroxide Aerommecsiticn, a
3trike tempersture b low roum temperature is desiiable.

wmm  [ECLASSIFIED

4 NN L R AR PO 33 L DRI A R

5 s G e

g



BW-4g597

—
Lk
——
- —
I
or=
Loty Sl lnﬂﬂou
/ Sana= J—
G
_ punods) | ==
B rﬁ . . lempangnpr a worgwdioad
Lo uoT1oNpM _ cﬂ.wml_a IpLIONTA ( [II)0d
[
L TOT3IBYJ{1S 24d 20F3NY0S
O —— LA NS Rt Tc'l.
1 spIXOII; Ad RIITH
N WOINTd
e — T penodmo) | S
_H pwm “Got3onpen _a%m_ UOT3BUTIONTIONAE {smyuogntg f we3idioesy |
! ‘ PFYIOS feTexp (AI)™d
e |
I 5
S -
— e TN
i
ﬁ,; 2 anStg



DECLASSIFIED

Nane
Pul{IIl) Oxalate
Pu(IV) Oxalate
Pu(IV) Peroxide
Pu(ITI) Flueride

CaPu(Tv)
Fluorids

Pu(IV) Flucride

Pu(IV) Oxide

L0

TAKE 1

TROTERTIES OF SELECTED FRECIPITATES AND COMPOUNRDS

Bulk Density
!hdium*“ur‘d Solubi:%gu Pu/Liter ?ﬂtof%"%@

0.5 ¥ BpCp0y - 3 ¥ HNO3 0.01 0.6 - 0.8

0.1 M BaCa0y - b M HNOq 0.003 0.5 - 0.6

3 M Bp0p - 1 M HNO3 0.10 0.1 - 0.6

1ME -1ME 0.037 -

2 L BF - 4 X HRO; 0.06 c.9

2 K HF - 2 M HNOy 0.70 0.6 - 1.0
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Figure 3
TYPICAL FLOVSHEET FOR PRECIPITATION OF PLUTONIUM PEROXIDE

Pu Tl 50 g/1 (2) 30% H,0;
B4 IM 0.5 hour Volume
LCN afw b Q) | Addition
50" 0.2 R Time
Volume 10
- (3)
Slure
Pu0 L2 g/1
A ?(IV.' 0.3 g/1
Precipitation - 2.5 M
Voasel NO3 2.5 M
504~ 0.13 M
Ha02 2.8 M
Volume 15
Digest 1l nr
(k)
r Wash
&% ROy (5} A _
Volume 5 \L [ ¥
Cake
PuQy, 314 g/1
LIt Ll Pu 248 g/1
\ Filter Voluze 2.0
- Waste
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Final slurry uwcidities tetveen one and three molar are optimum. At lower acidities
the precipitaie particle size tends to be small, and separation of certain elements
such as verad:ium, uranium, thorium, and zirconium is less elficient. At higher
acidities, ths solubility of plutonium peroxide increases rapidly and is more or
less incomplete above 6 molar.

Most common cal.icric impurities, excluding ursnium, have little effect on plutonium
peroxide preciyizations up to male ratios of impurities to plutonium of about five;
however, an imlec impurity wvhich forms strong plutonium complexes, such as fluoride,
phosphate, ar:i oxalate (wxcept sulfate) increase solubilities and give poorly
formed precip.tates.

The bulk dens'ty of plutonium peroxide filter cakes vhen freshly precipitated
varies from 0.1 to 0.6 grams of plutonium per cubic centimeter. The coarser
precipitates (au e retained by alntersd filterad msdis of 60 micron aversge
yore size, vhile 30 micron pore size media are necessary for the finely divided
yrecipitatea.

Plutonium(IV) Oxalete

A typical {lowsheet fur the precipitetion of plutopium(IV) cxalate is shown ir
Figure b,

Tha compound may de precipitated satisfactorily from solutions containing from

1 to 300 grams per liter plutonium and enough acid to make the final alurry 1.5

to 4.5 N nitric acid. At acidities below 1.5 molar, co-precipitation of impurities
is favored, and the precipitate is too finely divided for rapid settling or
filtration. At slurry aciditics adove 4.5 molar, the pluton:um(IV) oxalate
sclubility is high, and the precipitate ia taixotropic.

fydrogen peroxide is added for valence adjustment, either before or during the
oxalic acid addition, and at a rate governed by the extent to which foaming
vccurs. The saleance sdfustment, which mmy produce plutonium(IIT) as an inter-
mediate, i3 rapid at 50 C, but at lower temperatures it may be prohibitively
slov for solutions which contain less than 30 grams per liter plutonium and are

devoid of impurities which catalyze the Gecompositian of hydrogen peroxide.

Equilibrium solubilities of pluvnium(IV) oxalate ars much lower than those
obtained in the usual quick preciypitation. The 8¢..:bilicy of pl\et?nium( IV) oxalate
in 0.75 M nitric acid - axalic acid solutioms have been reported(3) and may ve
expressed by the following equation

- 2 -4
Solubility (M)  3:11 x 10-5(mf) . -5 4 T.5% x 10 c
u y (M) Tol,0%) £ 3.0x105 4 2

From a practical point of view the best range for the free o alic acid concentration

is between 0.05 to 0.15 molar, depending upon the purity of -he solution. The
8olubility is also a function of the slurry temperature; the best precipitations
appear to occus at & temperature of 50 to 60 C, with the oxslic acid addition
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Figure 4

TYPICAL PLUTONIUM(IV) OXALATE FLOWSHEET

Feed ‘ Of f-Gas
'—gog.# 100 G/L{100% _ >4 05 150 Vol
5 M (1} PP, )
N0y~ 5.8 M
Volume 10
Surry
0.5 G/L
Pu{Co0i )2 0.2 M
Strike Solutium B 3.0 ¥
50% B0 0.5 val. p——(2) s 2.8 ¥
1} HpCp0y 10.5 Vol. Volme ol -
Dig. Time 1 Hr.
Dig. Temp. 55 ¢
vV
Precipitaiion
\Vessel
%
- e
fsn I ,
T zH (i) FulC,04 )2 ° Ha0
Ezcg c.05 M -3 (Pu 39%)
Jolu 5 RN 8 M
M
Volume 2 -
> Waste
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spread over a time of 10 to 60 minutes, depending upon the sgitation and slurry
volume. Too rapid an addition or too low a tempersture may produce s finely
divided, hard-to-filter precipitate. Temperatures above 60 C have been found to
produce thivotropic precipitates.

Decontamination factors have been measured for plutemium(IV) oxalate precipitaticas
as follows; 3 to 6 for sirconium-niobium, 12 for ruthenium, 1 for americius, 1 for
UXy (thorium). Seperation factors for bulk contaminmnts (300,000 parts impurity

per million parts Plutonium) average about 100 for sluminum, coromium, and nickel,
and about 60 for uranium.

Plutonium(III) Oxalate Precipitatiom

Plutopium{III) oxalate is a blue-green solid with a lov solubility and the
desirable property that it settles rapidly and iz £33y 1o {ilter. The solubility

hY

of Puteniu={III) oxalate may be expressed by the following equatiom:

»g/1 Pu = 3.24 (w)3 (3202ou)'3/ 2

The compound may be precipitated at room temperature from any acid plutonium{IIT)
solution containing one or more grams of plutonium per liter and not more than
four molar acid. Oxalic acid mey be added as either a solution or a solid, as
rapidly as desired and with a digestion period of about one-hulf hour. Reducing

agents wnich may be used for the preperation of plutonium{III) include hydriodic
acid and hydroxylawsmonium ion.

?reci_p_itation of Calcium Plutonium Flucrides

A typical Tlowsheet for the precipitatirm of calcium plutonium(IV) fluoride is

shown in Figure 5. The resul:ing solid after drying in argon or nitrogen can be
reduced satisfactorily to plutonium metal.

Research and desvelopment studies have indicated the folloving steps should be
employed to insure control of the precipitate compogition and ease of filterability:
1) the feed should contain equal mole concentrations of plutomium and calcium,

snd 2) the feed should be added slowiy to hydroflucric acid which is 6 molar or less.
The precipitation is found to give little or no separationm from zlumsinuwe, iron,

chromium, nickel, or lagthatum; however, separation factors of 80 to 200 have
been observed for zirconium-niobium.

Plutonium{III) Fluoride Precipitation

Most attempts to precipitate the simple plutonium flucrides (PuF3 and PuFl)
have given precipitates wvhich were difficult to wash without peptizing and
vhich wers dirficult to separste from the supernates. It has been shown, how-
ever, that plutonium(III) fluorides can be precipitated in an easily filtered
crystal form from relstively pure plutonium solutions. Precin'tation of the
trirluoride has two attractive advantages: 1) it can be readily dried and
reduced to the metal vithout a high tempersture fluorination step; and 2) under

o ECLASSIFED
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Figure 5
TYPICAL FLOWSHEET "OR PRECIPITAI IO QOF CaPuPg

Faed
54.3 g/1 Pu(1V) (2)
k.5 M HNOy
9.1 g/l Cass
31.05 Yolumes

81

é'imr%
5.6 ¥ BF {1) (3) Hgg%g%
4,98 Volumas 0.3 g/1 Pu

16.03 Volumes

vy
Precipitation
!“ Vessel
{éash Solution N \ y
}a Volumes
{
rhsh Solution Product
Fp0 (5) | Ny
Volumes l ‘ 0.67 Volumes
v v
Filtar
\1 P
)- Waste
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ti.e right conditions, the solubility is very low. On the other hand, the
precipitstion doew aot give very good separstion fram soms impurities, such as
aluminum.

Tvo procedures havs been developed for precipitating plutonium trifluoride from
pure plutonium nitrate solution. In one case, 2.7 M HF 1 added over a 30

minute period to an equal volume of plutonium solution st a temperature of 40 ¢

or higher. In the second method, equal volumes of 2.7 M EF and plutonium solutiocm
at 25 C s1# added simultanecusly over a 30 minute period to one-half volums of

S.1 M HROy. Vigorous agitation is quite importent. Both mmthods are followed

by a 30 mlnute Jigestion and yleld readily f{lterable precipitates, although

the second method results in larger crystal size. After filtration, the precipitate
is washed with 0.8 M HF to prevent plutonium oxidatiom, and two alcohcl washes
(optional) and aspiration at room temperature are employed to dry the cake. The
precipitate can be m:3e anhydrous by pessing helium at 200 C over the cake for
several nours or drying at 600 C for one~half hour. The later procedure results.
in & material with iess than 0.2 percent water.

PPOCESS - DRY CHEMICAL

In the foregoing portviuns of this paper we have considered the steps necessary

to produce: 1) plutcoium halides vhich can be reduced directly to the metal,

and 2) plutonium compounds which csn be converted readily to s halide for the
subsequent reducticn step. In the latter case, plutonium(III) oxalate, plutonium(IV)
oxalate, and plutcaium peroxide cannot be reduced to the metal and, therefore, must
be treated by dry chemical methods .0 produce an anhydrous plutonium h~lide.
Although for purp<ees of discussion we will consider only the conversion of these
three compounds o platoniuva fluoride, other halides can and have been used for
metal preparatios:. Since plutonium oxide may appesr as an intermediate compound

in each of these processes, Lhe conversion of plutonium oxide Lo plutonium fluoride
will also be included in the discussions. An abbreviated flovsheat for the
converuéon of the above compounds to plutonium(IV) fluoride is pr-santed in

Figure 6.

Plutonium{IV) f.uoride can be preparec by -:eating plutonium(III) or (IV)

oxzlate, plutonium peroxide, or plutonium oxide with a mixture of anhydrous hydrc.
fluoric scid and oxygen. Oxygen is used i prevent the formation of plutonium(IIT)
fluoride vhich might otherwise result from the hydrogen which is frequently fouad
in commercial hydrogen fiuoride. Plutonium trifluoride can, of course, be reduced
to plutcaium setal, but the reduction conditions ars somevhat more stringent.

If plutonium{IIl) fluoride is formed, i: may be converted to the tetrafluoride
upon treatment with hydrogen fluoride tnd oxygen at & temperature at leest equal
to the original hydrofluorination temperature.

The hydrofluorination reaction is exothermic, and witl: some compounds, plutor .um
peroxide, for example, the reaction will astart at ambient temperatures. However,
to obtain an enhydrous product, the reaction temperature should be at least 400 C -
temperatures of 400 to 600 C are commonly used.
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If a distinct calcination step is carried cut (see Figure 6), the maximunm temperature
should be kept below 480 C, ahd the hydrofluoripation temperature should &t least
equal the calcination tempsrature. Flutonjum oxides which are prepared at high
temperaturas become rfractory and are difficult to hydrofluorinate.

The hydrorluorination process is best carried out in two steps, a lov temperature
hydrofluorinstion perisd at about 180 C and a high temperature period at 500 to

600 C. Rydrcfluorinatior is nearly complete &vring the lov temperature operation.
In the case of plutonium peroxide, it is important thet the peroxide not be allowed
to decompcse appreciably prior to hydrofluorination because the decomposition
product is not readily converted to the fluoride.

METAT, REDUCTION

Plutonium metal may be prepared in the massive state by reducing ainy of the seversl
plutonium halides with an gppropriste alkall or alkall earth metal. Table II she 4
& selected listing of plutonium reduction reactions, the hest of reaction at 201K,
and the melting points of the reaction slag. The cholce of the system to be
smployed for metal reduction can only be made upin consideration of many factors.
For example, it is desirable that the plutonium halide and reductant be relatively
stable with respect to aumid air for ease of handling, that heai of reaction be
suff{ciently great to raize the Lemperature of the reacting materiels to above the
meltirg point of the elag, and that the melting point of the slag be low such that it
stays molten for & sufficiently long period of time teo permit metel coalescence.

It can be seen from Tetle 2 that the fivst two reactioms produce high melting slags,
and, in fact, successful reductions of plutonium oxide have not been made fir this
reason. BReduction of plutonium(IV) fluoride with lithium is possible, but the
reductant is difficult to handle safely. PFlutonium chloride, bromide, end icdide
are very hydroscopic, and care must be exercised to enaure the absence of moisture
prior to or during pregarati~n for the btomb reccetion operation.

Pluvonium(IV) fluoriis i{s often used, principally becauss it is ncuhydrosccpic.

The reduction of plut nior terraflucride is generally carried out in a refractery.
lined, sesled container b.'l* to withstand yressurss of 50 to 400 psig and iemperitares -
up to 1600 7. A scuemmti: Flowsheet for the metal reduction process is preserted

in Figure 7.

Calciym metal, about 125 percent of the stoichiometric requirement, is uszd zs the
reductant, giving the reaction

PuFy 4 2 Ca —) Pu # 2 CaFp A4 H = -157.6 Keal

Iodine, slong with en eyuivalent amourt of calcium, may be added to provide
additional heat and to favorably alter the properties of the slag.

The "booster -atio" (moles I,/mole PuFy) required to give high yields of plutonium
metal Zepends upon the size 07 the reduction charge. Smell scale reductions require

s [ECLASSIFIED
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TABLE 11

POSSIELE REACTIONS FOR THE
PREPARATION OF PLUTONIUM METAL

AX at 2919 K Melting Point

Reaction Keal/wol Fu of Slag, °C
Pulp £ 2 Ca — Pu f 2 Cad -52.4 2572

Pulp £ 2 Mg - Pu £ 2 MgO -bo.5 2500 - 2300
PuFL £ 4 11 — Pu f§ I LIF ~159 7 870
PuF), # 2 Ca —> Pu £ 2 CaFyp -149.5 1330
PuPy / 3/2 Ca—3 Pu # 3/2 CaFp -5¢ .8 1330
PuCly # 3/2 ca— Pu £ 3/2 CaClp -56.0 172
PuBr3 ¢ 3/2 Ca—Pu £ 3/2 CaBr, -55.5 705

Puly 4 3/2 Ca —Pu £ 3/2 Calz -59.9 575
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Powder ChLarge |___Reducing Agent . Booster
Calcium Jodine
Pury, 25% mole cxceas 0.1-0.5 Mol I.z/bbl
PuF)
\ /
V/ N ! ,/
f Berustically
Inert gas Sealed Sy Heat
purge
Bcmb
Pu metal Slag ard Crucitle
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a greater "booster ra-io” to cumpensete £ relatively larger heat losses. The
cptimm ratioc of iodine to plutonium tetrafluoride ss a function of charge size
is given in Tadle III. For reductione of about one kilogram or wmore of plutonium,
the sunplementsl heat provided by a "booster” is less significeant. However, the
uge of ag little as C.05 moles of lodine per mole of plutonium has been fownd to

slightly improve reduction yields and to facnito.te the separation of mstal rnsnlul
from the slag and refractory.

Metal reduction yields of 97 to 99 percent amy be obtained in this process. Oxygen
has a deleterious effect on the metal yield; however, reasonsbly good yields may

be obtained from plutonium(IV) fluoride containing up to fen percent plutonium
oxide.

The pressure vessel may be heated either by induction or by a resistance furnace.
The "booster reaction” starts at about 400 C, while a temperature of over 600 C
is necessary to ini _ate the caleium~plutonium fluoride reactiom.

After the reduction reaction has taken place and the pressure vessel cooled %o
near ambient temperalure, the plutonium regulus may be separsted r'rom the reduction
slag. The reguluu is frejuenily washed with concentrated nitric acid to remove any

adhering slag or calcium metal. The resulting product is generally free of inclmlioui{
and voids. :

TABLE 111

OPTIMUM RATIO OF IODINE TO PLUTONIUM TETPAFLUORIDE
IN VARIOUS NOMINAL CHARGE SIZES FOR REDUCTIOK BY CALCIUM

Scale “Booster Racio"
(Grams of Pu) (Moles Io/mole .uF))
5 0.50
50 0.35
500 0.30
1000 0.15
1500 0.10

KM Harmon:WH Reas:rd
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