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SECTION III

THE CHEMISTRY OF PLUTONIUM

Many significant advances have been made in the chemistry of plutonium
since the publication of the most recent reviewl of the subject in 1957. Pri-
marily as a result of the Geneva Conferences, much of the classified literature
on plutonium chemistry has been declassified and made available to the general
scientific community. In addition, most of the current research, concerned
primarily with the kineties of plutonium reactions and the preparation and
determination of the properties of complexes and new solid compounds of plu-
tonium, is published in the open literature soon after completion. The result
has been an impressive addition to the fund of knowledge on plutonium chemistry
within the past few years.

The aim of the present review is to make this knowledge, both new and
old, available in a convenient and unified form to workers in the field of
plutonium chemistry. The emphasis is placed on experimental date and the con-
clusions drawn therefrom, although theory will be discussed in sufficient
detail to place the data in proper perspective. It is anticipated that the
final result will be a reliable, thorough, and up-to-date survey of plutonium

chemistry through 1961.
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CHAPTER 1
CHEMICAL PRINCIPLES

By Jesse M. Cleveland, Jr.

1-1 THE ACTINIDE THEORY

Although the existence of a second rare-earth-like series, in the
seventh row of the periodic table, had been suggested as early as 1925 ,2 it
was not until the discovery of the transuranium elements that this theory
gained wide acceptance. In 1945, Seaborg3 postulated that actinium and the
transactinides formed such a series, in which the 5f electron shell was being
completed in a manner anslogous to the filling of the Lf shell in the lan-
thanide series. This theory was initially attractive because of the pronounced
lack of chemical similarity between neptunium and rhenium and between plutonium
and osmium; it has since been supported by a preponderance of evidence.

Megnetic susceptibility measurements have provided support for the acti-
nide theory. Values for actinide ions in solution, though somewhat lower than
theoretical, varied in the same manner as those for the corresponding lanthanide
ions.h Molar magnetic susceptibilities of plutonium (III) and plutonium (IV)
ions in solution at 20°, 370 x 10~6 and 1610 x 107, respectively, can be in-

electron configurations

terpreted only on the basis of 5¢f 5 and th/for these ions. Susceptibilities
of plutonium trifluoride and trichloride were determined at temperatures from

0 to 600°, and provided further evidence for a r5 configuration for plu-
5

tonium (III).>
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Magnetic susceptibilities of plutonium tetrafluoride and plutonium di-
oxide have been measured from 90 to 450°K by Dawson.6 The tetrafluoride was
found to obey the Curie-Weiss law above 200°K, while the dioxide failed to
obey the law at any temperature. Data for the tetrafluoride in solid solution
in thorium tetrafluoride agree with a th configuration for plutonium (IV);
susceptibility data for the dioxide tend to support this configuration, but
also offer some evidence that the 6d levels are occupied. lewis and
Elliott7 measured the magnetic susceptibilities of Pu(S0Oy), + 4H30, Ro ), Pu(S0y, )), '
" 200, Pu(Cp0y)o - 6Hp0, [(CH3)N ], PuClg, and PuF), from 77 to 334°K; the

of these compounds
failure/to obey the Curie-Weiss law vas discussed in terms of the crystalline

field symmetry.

The magnetic susceptibility of sodium plutonyl acetape was determined
in the temperature range 90 -~ 3OOOK, and found to follow the Curie-Weiss law
exactly.8 The fact that the susceptibility agrees with the theoretical spin-
only value for two unpaired electrons is taken as evidence that the plutonyl
ion has a 642 electron configuration. This configuration is most unlikely,
and has been contradicted by other data. Thus the paramsgnetic resonance
absorption of the same compound at 49K, measured by Hutchinson and lewis,9
indicateg the presence of two 5f electrons in the plutonyl ion.

The ion exchange behavior of the trivalent actinides is closely com~
parable to that of the lanthanides. Since f~orbitals are shielded from their
environment more than the outer orbitals, the absorption spectra of the tri-
valent lanthanides contain sharper bands than those of other elements. The
spectra of the trivalent actinides display similarly sharp absorption bands.
The analogy between spectra of lanthanide and actinide elements is very
close for- the trivalent ions; for ions in other oxidation states, however,

only the actinides exhibit sharp absorption bands.lo
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Although the existence of this second rare-earth series has been gener-
ally accepted, there are several important differences betweén the lanthanide
and actinide elements. While the trivalent state is most stable for all of the
lanthanides, such is not the case for the early members of the actinide series.
Thus, for thorium, protodctinium, uranium, neptunium, and plutonium thé most
stable oxidation states are 4, 5, 6, 5, and b respectively. From americium
through the remainder of the series, the trivalent state is dominant, and the
resemblance to the lanthanides is more striking. The anomaly in the early mem-
bers of the series is due principally to the very small difference in energy
levels between 5f and 6d orbitals; since this energy difference is of the same
order of magnitude as chemical binding energies » the electron configurations
(a.nd consequently the oxidation states) of these elements are more sensitive
to chemical environment than is the case for the lanthanides, where there is
a greater energy difference between Lf and 54 orbitals.

The uncertainty in electron configurations for the elements thorium-
Plutonium has led to some disagreement as to the parent element of the series.
Thus, Eaissinskyll feels that the differences in properties between thorium,
protoactinium, and uranium, as well as the similarities of these elements to
hafunium, tantalum, and tungsten, justifies transferring them back to groups
IVa, Va, and VIa, respectively. Da,wson12 goes a step further by suggesting
that a "uranide" series, consisting of uranium, neptunium, plutonium, and
americium, be placed in group VIa, and that tﬁe remaining transuranium ele-
ments (the "curides") be placed under actinium in group IITa. Villarl3 ac-
cepts, in general, the actinide hypothesis, but with a few modifications.

He places the actinides, as well as the lanthanides, between groups IIa and

IIYa, with lutecium and element 103 (the recently-discovered "lawrencium")

occupying group IIIa.
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While the actinide theory has met with almost universal acceptance, it
is worth noting, as Makarovlh points out, that in their higher oxidation states,
the early members of the actinide series (including plutonium) have similarities4
to the elements of groups IVa, Va, and VIa, particularly in their crystal
chemistry. The desirability of having each element occupy only one position
in the periodic table, however, dictates that even the early members of the
actinide series be placed in positions corresponding tc their lanthanide

analogs.
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1-2 ATCMIC AND IONIC SIZES

Just as there is a gradual contraction in atomic and ionic radii
frem lanthanum to lutetium (the "lantnanide contraction"' , so there is &n
"aétinide contraction". Such weuld be expected, and furnishes further
confirmaticn cf the presence cof 5f electrons in the actinide elements.
These size variations are impcortant in determining relative complex-forming
.zndencies and Ion-exchange adscrpticns, and are therefore cf significance
in cnemical separations processes. Table 1.1 gives radii for plutonium and
its nearest neignhbors in compounds having predominantly metallic lconic,

and covalent bponding.
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Table 1.1 - METALLIC, IONIC, AND COVALENT RADIT'?

Single-Bond
Metallic Radii*, A Ionic Radii, A Covalent Radii, A
Element Valence State Valence State Valence State
3 #h 15 6 x3 0 #3546 xh 35 #6
Uranium 1.92 1.7% 1.61 1.5% 1.03 0.95 0.87 0.83 1.62 1.50 Ll.k2
Neptunium 1.89 1.72 1.60 1.52 1.0 0.92 ©.88 0.82 1.60 1.%9 1.k
Plutonium 1.86 1.70 1.59 1.51 1.00 0.90 0.87 0.81 1.58 1.l8 1.4
Americium  1.84 1.69 1.58 1.50 0.99 0.89 0.86 ©.80 1.57 1.47 1.39

*0nly the values for uranyl (VI) and neptunyl (VI) were
determined experimentally; the remainder are interpolated or
extrapolated values. Data are for a ccordination number of 12.
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1-3 CHEMICAL PROFERTIES OF PLUTONIUM METAL
In the absence of surface oxidation, plutonium Is a silvery-white
metal resembling iron or nickel. I* is oxidized by air at a rate dependent
on relative humidity: at approximately zero per cent relative humidity
the rate is lower by a factor of 100 to 1000 than that at 50 per cent relative

pumidity .6

As surface oxidation proceeds, the metal acquires a bronze-
like interference color; further oxidation causes a gun-metal blue coler,
and finally the metal turns dull black or green due to the formation cf a
loose coating of oxide. The atmospheric oxidation of plutonium is discussed
in greater detail in Sec. II, Chap. k.

Because of its highly electropositive nature, plutonium metal is
soluble in a number of mineral acids. The affect of various solutions on
the metal is shown in Table 1.2.

Operating details for the dissolution of plutonium in various acids

are given in Sec, IV, Chap. 3. The corrosion of plutonium metal is dis-

cussed in Sec. II, Chap. L.
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Table 1.2 - REACTIVITY OF PLUTONIUM IN VARIOUS SOLUTIONSl6

Solutions Reactivity

Watzr Reacts very slowly at room temp., slightly faster
at the boiling point.

Nitric Acid No attack at any concentration because of passi-
vation; in the presence of 0.005 M HF, the boiling
concentrated acid will dissolve plutonium fairly

rapidly.
Hydrochloric and Very rapid dissolution by concentrated axnd moderately
Hydrobromic Acids dilute acids.
Hydrofluoric Acid Very slowly attacked. Briquets made by pressing

Pu metal tursings will often dissclve rapidly and
completely, forming inscluble PuFBa

Perchloric Acid Rapid Dissclution.
(72%)
Sulfuric Acid Concentrated acid forms protective coating on the

metal which causes initially slow reaction to stop.
Moderately dilute acid (54§) attacks the metal slowly:
occasionally impure samples of the metal may be
dissolved completely in 5 N acid.

Phosphoric Acid Attacked fairly rapidly.
(85%)
Acetic Acid Unattacked by glacial acid, even when hot; slow

attack by dilute &acid.

Trichloroacetic Acid  Rapid dissolution by concentrated acid; slower
attack by dilute acid.




1.

10.

11.

12.

13.

k.

15.
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CHAPTER 2
COMPOUNDS OF PLUTONIUM

By Jesse M. Cleveland, Jr.

The compounds of plutonium have been intensively studied, and are
now quite well known. Plutonium (III) and (IV) form a number of stable
compounds; to date, however, only a few cowpounds of plutonium (V) and
(VI) are known, and they are less stable than the corresponding uranium
comipounds. Plutonium compounds tend to vary slightly in stoichiometry and
hydration depending on the method of preparation; careful control of condi-

tions is required, therefore, to prepare compounds suitable as primary

standards for plutonium.
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2-1 PIUTONIUM HYDRIDES

Plutonium hydrides of composition PuB2 and PuH3 have been prepared
by direct combination of the elements. Under the usual preparative condi-
tions, however, a nonstoichiometric material of intermediate composition
results; thus, if hydrogen is &llowed to react freely with piutonium at
150 - 2000, a product having the approximate composition P\:4H2.7 is obtained%
The reaction apparently proceeds by the initial formation of Pull,, which
then dissolves hydrogen in the interstices, with a decrease in lattice
parameter.,ai5 At a H/Pu ratio of about 2.75, hexagonal PuH3 begins to form;
this exists in solid solution with the cubic phase until a H/Pu ratio of
about 2.9 - 3.0 is reached, at which point only the hexagonal phase renains.
X-ray crystal structure data for the hydrides are given in Table 2.1.

Mulford and Sturdy2 studied the equilibrium between plutonium-hydrogen
and plutonium-deuterium systems from 400 to 800° and from these results
estimated the lower composition limits of plutonium dihydride at wvarious
teuperatures as shown in Table 2.2. They interpreted the nonstoichiometry
to be due to one of three possible causes:

(1) wvacant hydrogeP positions,

(2) presence of plutoniuﬁ atoms in some of the hydrogen positiong, or

(5) presence of interstitial plutonium.

The data do not allow a choice between those thrée possibilities.

The rate of attainment of equilibrium in the plutonium-hydrogen system
varies from less than an hour at T00° to 20 hours at 450°.

A plot of decomposition pressures versus temperature enabled Mulford

and Sturdy to calculate the heats of formation of PuHp gng PuDo:

-37.4

I+

1.2 kcal/mole

it

Pu + Hz(g) 2 Pul,y(s) OH

-

-35.5 + 0.7 kecal/mole,

i+
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Table 2.1 - CRYSTAL STRUCTURE DATA FOR PLUTONIUM HYDRIDES?

Space Lattice Parmmeters, Fermula Units Caleulated
Cemposition Symmetry  Group A » per Unit Cell Density, g/ e
8¢ o
Pully o - Face- Fm3m  Pullp g 2 5.359 * 0.00L b 10.%0
P centered o
2.7 Cubic P"‘HQQE s J.04 2 000

| I - i
PuH Hexupcaal Poz/mwme 3.78 6,76 2 G.c1
3 & 5 ; _
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Table 2.2 - LOWER COMPOSITION LIMITS FOR PLUTONIUM DIHYDRIDE®

Temp., OC H/Pu Ratio
500 1.88
600 1.86
650 1.86
700 1.85
750 1.80
800 1.75
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The following empirical eguations were cbtained for the decowposition
pressures of the dihydride and dideuteride:

Pul, : 1og10 P(mm Hg)= 10.01 + 0.32 - (8165 + 263),/7(°K)

PuDy: log P(zm Bg)= 9.71 + 0.19 - (7761 + 151)/T(°K)
These equations were uSed to calculate the values listed in Table 2.3,
Under one atmosphere pressure of hydrogen, plutonium dihydride is stable at
teuperatures as tigh as 1000°C."

Plutonium trihydride, a black solid, is much less stable than the

dihydride; at 250 it has a decomposition pressure of 350 mm cf mercuryo5
Plutonium hydrids of composition Pull,

appearing material.l It is inert toward cold water,6 but reacts slowly at

is a hard, black, metallic-

900, with gas evolution. The behavior of the hydride towards acids resenbles
that of the metal. Thus it does not react with nitric acid; but dissolves
readily with effervescence in 0.1 - 10 molar hydrochloric acid and more
slowly in 3 molar sulfuric acid, in both cases producing a plutoniwm (111)
sclution. The hydride is stable in air up to 150°.

Plutonium hydrides are formed during atmospheric corrosion of plu-
tonivm metal; larger quantitles result waen corrosion takes place in tae

absence of oxygen.
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Table 2.3 - DECOMPOSITION PRESSURES OF Puli, AND PuD22

Decomposition Pressure

Temperature, °C mm Hg

Puil, PuD,
koo 0.008 -
450 0.052 -
500 0.278 -
550 1.23 -
€00 4,58 6.61
650 1k,7 20.0
700 L.z 53.6
750 105.9 131.0
800 251.2 297.0




2-2 PLUTONIUM OXIDES

Because of their promising potentisl use as reactor fuels, plutonium
oxides are receiving considerable study, and t.eir cerawic properties are
described in detail in Sec. II, Chap. 6. The present discussion will be
limited to topics primarily of chemical interest, namely the formation and
cuerical properties of the oxides.

Plutoniuw nas a strong (sometimes pyrophoric) affinity for oxygen,
forming two sesquioxides and the dioxide, the latter being the most stable
and toe one formed under most conditions. In addition, X-ray Debye patterns
of surface oxide films have been ascribed to plutonium monoxide, but efforts
to prepare ip appear to have been unsuccessful.7 Its existence must therefore
be regarded witin doubt until there is more conclusive evidence.

2-2.1 Plutonium Dioxide. Plutonium dioxide is formed wuen plutonium or

its compzuids (except tie phosphates) are ignited in alr  and often results
when oxygen-containing compounds are heated in vacuo or in &an inert atmosphere
to 1000° . Holley and coworker57 have made the dioxide by the ignition of
plutonium (III) or (IV) oxalate; or plutonium (IV) peroxide. It is important
that the starting compound be precipitated in a crystalline form. Gelatinous
precipitates tend to produce black, impure oxides on ignition.‘

Plutonium dioxide may be prepared in a pure, crystalliine form by
heating plutonium (III) or (IV) oxalate to 1000° in air. To avoid rapid
decomposition the heating rate must be slow up to about TOOO, after which the
temperature is raised (more rapidly) to 1000° to remove the last traces of
carbon. The peroxide is ignited in & similar manner, except £nat it must be
heated especially slowly to about 200° to prevent spattering dué to rapid

decomposition. Heating to TOOO will remove sulfate. Once again, heating to

1000° is recommended to insure & product of high purity.
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Drummond and WElchB studied the stoichicmetry of the dioxide as a
function of its preparative history. They fourd that the OfPu ratio of
diokide produced by ignition at 870° depended on the source material, as
shown in Table 2.4. Upon ignition to 12000} however, the
oxides approached stoichiometry, with O/Pu ratios of 2.002 #+ 0.008. Using
more precise equipment, Waterbury et al.9 have found that plutonium (IV)
sulfate and oxalate must be ignited tc temperatures above 1250O in order to
form stoichiometric plutonium dioxide; at lower temperastures a slight excess
of oxygen is present. (For an unknown reason, ignition of plutonium (1v)
nitrate at 12500 produces plutonium dioxide that is oxygen-deficient; it
would therefore appear that stoichiometric dioxide cannot conveniently be
produced by ignition of the nitrate.) Thus the preparative methods described
above should be revised to include ignition to temperatures above 12500 if
the stoichiometric dioxide is regquired.

Plutonium dioxide is normally green, but the color, being & function
cf purity and particle size, varies with the method of preparation. Thus
Drummond and Welch8 prepared plutonium dicoxide by igniting a number of different
plutonium compounds at 8700; the coler of the dioxide resulting from various
source compounds is shown in Table 2.5. All of these =amples turned to a
darker, khaki color upon ignitior at 120009

Plutonium has a great affinity for oxygen, as evidenced by the Iact
that oxide has been observed to form on the metal even in evacuated systems
at pressures of less than one micron~lo The heat of formation of plutonium
dioxide has been accurately determined by burning the metal in a bomb
calorimeter. Popov and Ivanovll ob?ained a value of AH°298 = 252,400 *
1,00 cal/mole, while Holley and coworkers7 found AH0298 = -252,870 + 380

12
cal/mole. Using their value for 28° 98 and Coughlin's  estimates for

2
A50298 (-42.0 cal/degree/mole) and £Cp (1.5 cal/degree), both of which seem



Table 2.4 - O/Pu RATIO OF PLUTONIUM DIOXIDE IGNITED AT 870°8

I11-2-9

Source 0/Pu Ratio
Plutonium Metal 2.015
Sulfate 2.089
Nitrate 2.046




Table

Scurce
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2.5 - QUALITATIVE CHARACTERISTICS OF PLUTONIUM g
DIOXIDE ¥ROM VARTOUS SOURCES IGNITED AT 870°

. .
Lo

Sulfate
Nitrate
Chloride
Fluoride
Oxalate
Todate
Hydroxide

Yellow-green to green
Dull yellow
Dull yellow
Kheki with black traces
Yellow-buff
Buff
Black with yellow traces

e nt—— ke

aAp

Bulky powder

Bulky solid

Powder

Granules

Bulky powder

Very bulky

Dense shiny particles
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reasonable, Holley et al. calculated the heat and free energy of formation of
plutonium dioxide at various temperatures. Table 2.6 lists their results.

The free energy equation for the temperature renge 25 - 1200° is:

AF° (cal/mole) = -253,480-3.452 log T + 52.L8T

X-ray crystallographic data for the plutonium oxides are given in Table 207,5

Plutonium dioxide, particularly that prepared at high temperatures, is
a very refractory material, difficult to dissolve by normal techniques.
Holley et al.,7 recommend the following solvents, listed in order of decreasing
effectiveness: 85 - 100 per cent phosphoric acid at 2000, 10 molar nitric
acid= -0.05 molar hydrofluoric acid, and 5 molar hydriodic acid. The ability
of boiling nitric-hydrofluoric écids to dissolve plutonium dioxide is often
cited; in point of fact, the high-temperature oxide dissolves only very slowly
in this acid mixture. The rate of dissolution is much greater in boiling
hydrobromig acid, whose effectiveness is apparently due to the fact that it
is both a strong acid and a reducing a.gent.l5

Often it is'possible to dissolve plutonium dioxide by fusion techniques.
Methods have béen reported based on fusion in sodium bisulfa.te,8 potassium

15

1
pyrosulfate, and ammonium bifluoride.
' dioxide
Plutonium/may be fluorinated to the trifluoride or the tetrafluoride,
but once again the reaction proceeds extremely slowly with the high~temperature
oxide .

The decreased reactivity of PuO,. prepared by ignition at higher tempera-

2
tures appears to be due to perfection of the crystal lattice. Bjorklund and

, 6 '

Staritzkyl found that the refractive index of the dioxide prepared from Pu(IV)
oxalate increased from 1.9 to 2.4 as the ignition temperature was increased

from 150 to 1000°. (Oxide prepared by ignition of the metal at 170° had a

refractive index of 2.40, and was unchanged at higher temperatures.)
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Table 2.6 - HEAT AND FREE EVFRGY OF FORMATION OF PLUTONTIZ! DIOXIDE'

O

T, K -7 (0 friene) ~&F (col/mole)
298.16 252,900 (£500) 240,400 (#800)
383 (a)* 252,800 236,800
383 (B )* 253,700 236,800
400 253,700 236,100
500 253,500 231,900
593 (v )* 253,400 228,000
593(¢g)* 254100 228,000
500 254,100 227,700
700 253,900 223,600
800 253,800 219,500
900 253,600 215,400
913 (e )* 253,500 21k 900
913(11q.) 254,100 214,900
1000 254,000 211,400
1100 253,800 207,300
1200 253,700 203,300
1300 253,500 199,200
1400 253,400 195,200
1500 253,200 191,200

*Greek letters in parenthesis refer to allotropic modifications
of plutonium and are given at transition temperatures.
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Table 2.7 - X-RAY CRYSTALLOGRAPHIC DATA FOR PLUTONIUM OXIDES?

Lattice Powrnmetors Formula Calculatued
Space A Units per :
Composition Symmetry Group ag Co Unit Cell
Puo( 7) Face- Fm3m 4.96$0.01 i 13.9
centered
cubic _
1='11203 Hexagonal Fml 3.84140.006  5.95820.005 1 11.k7
Pu,05- Body- Ia3  11.04+0.02 16 10.2
centered
Puh07 cubic
Pu0, Face- Fm3m  5.3960+0.0003 L 11.46
centered

cubic
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The X-ray diffraction pattern changed from weak, diffuse lines for the lSOO
oxide to sharp lines for the 1000° material. Also, the rate of dissolution in
hydrochloric acid-potassium icdide decreased markedly as the ignition temperature
was raised. All of these factors indicate that perfection of the originally
highly-distorted (and nonstoichiometric) plutonium dioxide lattice 1s respon-
sible for the refractive nature of the high-temperature oxide. These results,
considered in the light of the discussion above regarding the nonstoichiometry
of low-temperature oxides, suggest the possibility that the lattice distortions,
and hence the reactivity, of these maferials nay be due at least in part to the
presence of interstitial oxygen.
By means of a modified Knudsen effusion method, Phipps, Sears, and
SimpsonlY have obtained vapor pressure data for plutonium dioxide. From 1320
to lSQOO, thermal reduction of PuO, appears to take place, with the formation
of oxides in the Pu,*O7 region. As reduction proceeds, the partial pressure of
the oxide present in tue vapor phase gradually increases. When the partial
pressure of this volatile oxide reaches a value some four or five times that
characterislic of plutonium dioxide, a steady state is reached, above which
reproducible vapor pressures uay be obtained. Thus in the 1520 - 17900
temperature range, the vapor pressure was found to follow the equation

log P (mm Hg) = 11.010 - 27,910/T (°k).
The steady- state oxide may be reoxidized to the dioxide by heating in a low-

pressure oxygen atmosphere.

2.2.2 Plutonium Sesquioxide. There are two forms of Pu203, one

7 The

hexagonal and one cubic, both of which can be prepared from the dioxide.
more common hexagonal form is made by reducing plutonium dioxide with an

excess of finely-divided plutoniuwm metal or hydride in a closed tantalum

crucible for three hours at 15000. If the hydride is used, heating must be
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slow until the hydrogen is driven off. The black, sintered PupQ3 thus produced
contains metallic plutonium, which may be removed by evaporation in an open
crucible at 1800 - 19000 in vacuo. The oxide tends to be pyrophoric if ground,
but is stable toward air oxidation for several days if not disturbed. A
crystalline PuEOB may be produced by performing the reduction at a higher
temperature. The heat of formation of Pu205 has been estimated by Roberts:
AH0298 = -393,000 % 10,000 cal/mole

The abnormal cublc PuQO3 nay be made by heating the dioxide in vacuo

19

at 1650 - 1800°. It is semi-metallic in nature and apparently of variable

20
composition, the upper-limit possibly being Puu07o

y 2l .
2-2.% Higher Oxides of Plutonium. Brewer's  prediction that solid

plutonium oxides higher than Pu0O, would not be thermodynamically stable has so

2

far been sustained. Efforts to produce a higher oxide by reacting PuO::_> with

ozone at 800 and lOOOO,19 70 atmospheres pressure of oxygen at hOOO,22 atomic

oxygenj22 and NO2 at 500023 were unsuccessful, although, as discussed above,
plutonium dioxide with O/Pu ratios greater than 2.00 often results from low-
temperature ignition of plutonium compounds. Oxygen-rich PuO2 can also be
produced by heating cubic Pu205 in oxygen at 1000°. The PuO2 thus formed has
reduced lattice parameters,i.e. 5.3820 A as compared to 5,3960 A for the
stolchiometric plutonium dioxide. The excess oxygen is apparently accommo-
dated in the interstices of the plutonium diocxide lattice, and the resulting

compound is not at all analogous to the higher oxides produced by the oxidation

of uranium dioxide.
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2-3 PLUTONIUM PEROXIDE AND HYDROXIDES
Because of its process importance, plutonium peroxide has been
inves:igated in great detail. Even if it were not of current utility, the
uniqueness of the peroxide would make it an interesting compound for study.

2.%.1 Plutonium Peroxide. Plutonium peroxide is formed by precipi-

tation fiow agueous solution with hydrogen peroxide (usually of 30 per cent
concentration). The precipitation is best done at reduced temperature
(10 - 150) and from a solution no more than Y norial in acid concentration
in order to avoid decomposition of the peroxide. First the hydrogen peroxide
converts all plutonium ions to the IV state; normally about one hour should
te allowed for this reaction to be completed in the absence of a significant
concentration of plutonium (IV). Further addition of hydrogen peroxide
produces a brown complex, consisting of two plutonium atoms, two peroxy-
oxygen atoms, and one hydroxide group;2 this is con%erted to a red complex
containing two plutonium atoms and four peroxy-oxygen atoms as more peroxide
is added. (Peroxide complexes of plutonium are discussed in Sec.
3-3%.2.7.) Addition of still more hydrogen peroxide causes precipitation of
green plutonium peroxide, which is digested at reduced temperature for about
30 minutes and then filtered through a medium-porosity sintered platinum
filter.25 The filtrate, which contains about 10 per cent excess hydrogen
peroxide, may be decomposed in a controlled manner by allowing it to drip
into a vessel containing sodium hydroxide pellets. The precipitate is then
washed several times with O per cent hydrogen peroxide, then with absolute
ethanol, and finally dried by pulling air through it.

The reduction of plutonyl (VI) to plutonium (IV) is very slow at the
precipitation temperature;25 if appreciable plutonyl (VI) is present in the

solution, the digestion time wmust be increased (sometimes to several days) in
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crder to prevent high plutoniuw losses in the filtrate. Usually it is preferable
to reduce the plutonium (VI) to the (IV) state with another reducing agent
(but wot F¢++) before peroxide is added.

A high concentration of iron, which catalyzes the decomposition of
peroxide, an cause an increase in filtrate losses of plutonium and also result
in undesirable heat evolut%on during the precipitation.Eh Table 2.8 gives an
indication of the effectfgron concentration on filtrate losses; presumably
other ions that decompose peroxide, such as copper and manganese, would have
a similar effect.

The peroxide is soluble in concentrated nitric acid, but dissolution must
be undertaken carefully to prevent excessive foaming due to the large quantities
of gas evolved. It is preferable to add the peroxide to the acid in small
increments.

The chemical composition, as well as the crystal structure, of plutonium
peroxide varies with the method of preparation. Hamaker and Kbch2 found
that the peroxide always incorporated anions frow the solution. Compositions
obtained by précibitations from various acids are given in Table 2.9..

It will be noted that all of the p{ecipitates contain sulfate, which is
present as an impurity in the hydrogen p'eroxide and is held tenaciously by the
precipitate.

Plutonium peroxide exists in two crystalline formws, as shown in Table 2.10.
Although both the hexagonai and cubic forms are compounds of plutonium (1v),
they have different O /Pu ratios. The hexagonal precipitate has an average O /Pu
ratio of 3.37 when wet and 3.02 + 0.07 after drying; the cubic form O /Pu ratio
averages 5.05 + 0.0b, regardless of whether the precipitate is wet or dry.

The cubic precipitate is colloidal in nature and not suitable for process

applications; therefore, conditions necessary for the preparation of the
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PEROXIDE
Table 2.8 - EFFECT OF IRON CONCENTRATION ON/FILTRATE LOSSES®?

Iron Concentration in Feed Solution, M  Plutonium Concentration in Filtrate, mg/1iter

<107° 49
8.3 x 107% 65
.1 x 1073 112
8.3 x 1073 160

8.3 x 10°° 205
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Table 2.9 - COMPOSITIONS OF PLUTONIUM PEROXIDE

PRECIPITATED FROM VARIOUS ACID SOLUTION826

Acid

Peroxide Composition

Sulfuric Acid

Nitric Acid

Hydrociloric Acid

Pu(0-)2,68-2.85(50k)0.32-0.35 (M03)9.00-0.04(0 )o.2k-0.34
* (2.06-2.068)H,0
Pu(0 )2 ,01-3. 52(5()@0 .05-0 .1l+(N05 )o .06-0 .35(0_)0 .06-0.46
* (1.65-2.68)H,0

(507

-\ % - =
Pu(07) h)o.oe(C; )o.hS—o.hY(O )0.18-0.63

2.2k-2.54
* (3.0-3.1)H,0

*¥Peroxide oxygen in tanls compound may be low due to
possible decoumposition.
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Table 2.10 - CRYSTAL STRUCTURE DATA FOR PLUTONIUM PEROXIDE

Lattice gonstant, Temp Density,25 Particle Density,25
Structure At g/cm’ g/cm
Hexagonal a = 4,00 0.17 3.43

Face-Centered Cubic a =16.5 0.70 3,71
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preferred hexagonal form have been determined. The acidity of the solution hes

a definite influence on the structure: in general, the cubic precipitate results
when precipitation occurs from solutions with less than two molar acidity. Table
2.11 lists data on thevariation ~f structure with acidity for nitriec, hydro-
chloric, perchloric, and sulfuric acid solutions.

The structure ol the precipitate apparently is independent of sulfate
concentration, and of concentration of hydrogen peroxide between one and three
molar, but seems to be influenced by the perchlorate concentration. Thus, at
constant acidity, increasing the perchlorate concentration from 0.25 to 4.0
molar caused the structure to change from cubic to hexagonal; no perchlorate
icn was detected in the precipltates, however.

Processes employing plutonium peroxide are discussed in Sec. IV, Chap. 2,
Sec. 2-1.1.

2-3.2 Plutonium Hydroxides. The hydroxides (or probably more accurately,

the hydrous oxides) of plutonium are gelatinous materials of variable and some-
what uncertain composition. The formulas given for them below should be
considered as only approximate. Plutonium hydrolysis and polymer formation
are discussed in Chap. 3, Sec. 3-2.

2-3.2.1 Plutonium (III) Hydroxide. Plutonium (III) hydroxide,

Pu(OH)q X HEO’ apparently precipitates from alkaline solutions of plutonium
-) .
(o]
(I11).%Y The blue precipitate is repidly oxidized by air to plutonium (IV)
2
hydroxide. Its solubility product has been extimated as 2 x 10-20C, T

2-3.2.2 Plutonium (IV) Hydroxide. Addition of hydroxide to a plutonium

(IV) solution produces a green gelatinous precipitate of plutonium (IV) hydroxide,
Pu(OH)), ° x Hy0, that is difficult to filter. It may be dried by gentle heating

at 70 - 100°; at higher temperatures it is converted to the dioxide.



Table 2.11 - EFFECT OF ACIDITY ON CRYSTAL STRUCTURE
OF PLUTONIUM PEROXIDE PRECIPITATEZ>
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Concentration, moles/liter

Structure

2u Hy0, Ht C10y~

0.003 3.00 0.45 3.0 0.25 Cubic
0.033 3.00 1.0 3.0 0.25 Mixture
0.033 3.00 2.0 3.0 0.25 Hex.
0.033% %.00 3.2 3.0 0.25 Hex.
0.053 1.00 0.51 3.0 Cubic
0.053 1.00 2.8 3.0 Cubic
0.053 1.00 3.6 3.8 Hex.
0.176 %.30 1.10 1.60 Cubic
0.229 1.35 1.44 2.12 Cubic
0.26k 0.25 k.10 4,63 Hex.
0.176 3.30 4.10 4.63 Hex.
0.033 1.00 0.55 0.3 Cubic
0.033 %.00 k.0 2.0 Hex.
0.176 3.00 h.2 0.53 2.0 Hex.
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Plutonium (IV) hydroxide is soluble in dilute acids, although at least
four equivalents of hydrogen ion must be used per mcle of plutonium to prevent
formation of an acid-insoluble polymer.28

Because of the nonselectivity of hydroxide precipitations, this compound
has no utility as a means of plutonium purification; it has been used extensively,

nowever, to remove plutonium from waste solutions because of its extremely
low solubility product: [Pu'*JfoE™J* = 7x10750 29
Purther discussion of the formation of plutonium hydroxides and

polymers will be Tound in Chap. 5, dec. 3-2.
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2-4 PLUTONIUM FLUORIDES
Plutoniun Jorus fluorides in tue (ITI), (IV), and (VI) oxidation states;
there are at present no kaown plutopium (V) fluorides. Thermodynamic and X-ray
data for the Iluorides are given in Table 2.12. All of the [luorides are of
great interest acd will be discussed in detall.

2-4.1 Plutonium (ITT) Fluoride. Plutonium trifluoride may be prepared

by several methods:

1. Anhydrous plutonium trifluoride results from the treatment of plu-
tonium (IV) nitrate, oxide, hydroxide, peroxide, fluoride, oxalate, plutonium
(ITI) oxalate, or plutonyl (VI) nitrate with anhydrous hydrogen fluoride at
550 - 6OO°¢38 Reaction time varies; for the (IIL) oxalate it is about four  hours .32
Although commercial hydrogen fluoride contains small amounts of reducing
impurities that favor Tormaticn of the trifluoride, it is advisable to add a
small quantity fapproximately one percent) of hydrogen to assure that none of
the tetrafluoride will be formed. 'The reaction may be carried ocut in equipnent
such as Lhat illustrated in Fig. TII.1. Although fluorination of plutonium (IV)
oxalate can proceed directly without formation of an oxide intermediate, Myersho
recommends calcining at 480° to the dioxide, which is then fluorinated. The
latter reaction takes place according to the equation:

PuO, + 3HF + 1/2H, —3 PuFz + 20

2. Reaction of dichlorodiflucromethane with plutonium (III) or (IV)
oxalate produces the trifluoride.kl The oxide may also be used as starting
material, iu which case the reactlon proceeds as 'E‘ollows:l‘2

2PuO, + 5CC1pF, —y 2Pufy + COp + 2C0C1p + Clp,

When the oxalate is used, 1t 1s decomposed to the dioxide, which then

reacts according to the above equaticn. This procedure produces trifluoride
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with a higher bulk density than that obtsined by . .fluorination; it has the
further advantage of using relatively noncorrosive materiais.hl

3, Addition of aqueous hydrofluoric acid to & solution of plutonium (
(III) (prepared by reducing ions of higher valence with hydroxylamine or

’é.scoi"bic acid) in nitric or hydrochloric acids precipitates the trifluoride,

‘which may then be Piltered, washed with dilute hydrofluoric acid and acetone,

and dried by pulling asir through the cake. The resulting plutonium trifluoride
is not anhydrous, as shown below. ,

vDa,waon and Elliott%"have mede a thermogravimetric study of plutonium
trifluoride samples prepared under various conditions. From the weight change
obgerved in each case when the sample was ignited ‘t‘o, plutonium dioxide, they
wvere able to calculate the molecular weight (andv therefore the degree of
hydration) of the original trifluoride. Also from the shapgs of the weight-
versus-temperature c;urves it was possible tb determine the temperatures‘
necessary to dehydrate trifluoride samples of each particular preparative
history. The thermogravimetric curves they obtained are"reproducgd in |
Fig. III.2.3 |

The curve for plutonium trifluoride produced by fluorination of the
dioxide [cbtained by calcining plutonium (IV) oxalate (Pig. ‘III.a)jsreveals
that this trifluoride is anby&rous. It is stable in air up to about 300°;
at that point it begins to react with moisture in the air. Conversion to
plut‘onium ‘dioxide 18 not coﬁplete\"until a temperature of approximﬁ.tely 65.0o
is reached. The trough observed at 500 - 600° on this and the subséquenﬁ
curves ié thought to be due to & region of ipparent stability of an oxide |
with an 0/Pu ratio less then 2.0 (1.86-1.91). Efforts to isolate this

43

material were unsuccessful.,
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Plutonium trifluoride made by fluorination and exposed to air for 12
days produced the thermogravimetric curve shown in Fig. III.3. The weight
change indicates that 0.61 per cemt moisture was adsorbed, but that it was
removed by heating to about 100°.‘ Conversion of this material to the dioxide
occurrs at a temperature approximately 100° lower than that for the dry
plutonium trifluoride repiesented in Fig. III.2.

Plutonium trifluoride precipitated from aqueous solution is hydrated.
It cannot be dehydrated by heating in air, as is evident in Fig. III.4; raising
the temperature merely causes a gradusl and fairly linesr weight loss until
conversion to plutonium dioxide is complete at about 550°. The weight loss
indicaetes that the precipltated trifluoride has approximately the composition
YPuFy * 38,0. The X-ray diffraction pattern, although diffuse, appeared to
be the same as that of the anhydrous compound, thus mwaking it seem unlikely
that the water is incorporated intoc the lattice. Iﬁ was suggested that the
water'ma& be‘trapped between layers of fluorine atoms at the time of precipi-
tation; the vé.riations in X-ray pattern resulting would be obscured by the
diffuseness of the film. Plutonium trifluoride precipitated at 80° contained
less water.

Anhydrous plutonium trifluoride is difficult to prepare by heating the
hydrated material in air; if, however, hPuF3.‘ 3Hz0 1s heated in hydrogen
fluoride-h ydrogen at'500°, vacuumv'to 30‘l)°,h3 or in helium at 600° for 30

Lh

minutes, the anhydrous trifluoride is formed. In the latter case the ,

trifluoride produced hes less than 0.2 percent water. The dehydration is
irreversible; anhydrous trifluoride prepared in this menner did not absord
water when stored under agueous hydrofluoric acid for seversal days.h3

Plutonium trifluoride, & bluish-violet compound, is quite insoluble

in acids in the absence of strong fluoridé-com‘plexing cations (such as
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aluminum and zirconium). Its so}ubility in one molar;hydroﬂlioric~acid - one molar
hydrochloric acid for example, is d?out 37 milligrams per lite:.“h The bulk

- density of the dried trifluoride precipitate varies from 1 -.2.5 grams per cubic
centimeter. .

Mandleberg, Francis, and Smith*5 have determined the solubility of plu-
topium trifluoride in nitric-hydrofluoric acid mixtures at 25°. ,Théir values
were;obtained.byjtwo metho%s:

. 1;: By adding hydrofluoric acid to solutions of plutonium trifluoride
in nitric acid of‘known concentration and agitating precipitatg and supernate
for 15 - 18 hours; |

2. By étirring excess s0lid plutonium trifluoride with acid mixtures
of the appropriate concentrations for 15 - 18 hours.

In both cases the concentration of'plntonium in the supernatant was
determined by counting techniques. The values oﬁtained by both methods are
glven in Table 2.13.

Agitation times were probably too short for equilibrium to be reached,
so the above values may best be considered ”practical" solﬂbilities, i.e.,

_ solubilities likely to be achieved under plant operating conditions, rather
than as equilibrium values. '

| It will be noted that increasing the hydrogen fluoride concentration
at concentrations above about two molar does not appreciably decrease the
solubllity of the trifluoride.. This effect is probably due to the low dissocia-
tion of hydrogen fluoride, such that addition of acid above two molar does not
meterially alter the flﬁoride ion concentration.

From the above data the mean solubility product

of pluﬁgnium trifluoride has been calculated:

[P J[F P =k, p = 2.5 x 10726
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Teble 2.13 - SOLUBILITY OF PLUTONIUM TRIFLUORIDE IN

NITRIC-EYDROFLUORIC ACID MIXTURES AT 25°40
HNO3 Conc., M “HF Conc., M Solubility, g Pu(III)/liter

0.05 157
.080
067
.0kg
.038
.039
0h1
.olk
.202
-137
.082
.064
057
.0k6
.037

SEES

0.16

'gb(nbtroxo\n WO W
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ojoloNoNoNoRoRoRoeNeNoNoNoRoNoNel

O OO W
EEE
o

N

=

0030

oo
Q\O
AN

0.049
0.050
1.710
0.233
0.074
' 0.058
0.070
© 0.084*
- 0.04T#
0.040%
0.014%
2.691.
0.319
0.102
0.088
0.065
0.053
0.048
0.073%
0.053%
0.038%
0.019%
0.055%
0.59%.
4.589
0.143
0.097
0.06k4

*Values obtained by Method 2; all othefi obtalned by Mefhod 1.
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The above value vas calculated with the assumption that the free fluoride ion
concentration will ‘be negligible compared to the hydrogen fluoride concentra-
tions, and that the latter may be considered equivalent to the dissolved
fluoride concentration. This assumption is not valid below acidi.t:;es around
0.1 molar, 8o the above solubility product is of dubious validity in this
region. Also, since it ﬁaa calculated from none quilibrium data, the solubility
product should be congidered as only approximate in any acidity range. It is
proba‘:;z.y accurate to within one or two orders of magnitude, however. |
‘ The e_.b‘sorption spectrum of crystals of plutonium trifluoride in the
3,400 t0.10,000 A range has been determined by Lipis and Pazharskii.*® e
spectrum iﬁ changed by the presence of water of crystallization, but nbt by
adsorbed or occluded water. |
From equilibrium éonstanta for the distribution of plutonium between
molten UF, and molten irrediated urenium metal, Buyers and Murbach'7 have
caléulajbed the free energy of formation of plutonium trifluoride at 1573°K:
Ali'gs.r3 = -279+4.5 keal/mole. |
Ca‘r:l.:z»ssnerl“8 has estimated the free eneigy of formation at 298°K:
At«*g98 = -357.2 keal/mole.

" Westrum and Vallmnnug found the melting point of plutonium trifluoride
to be 1425°23° and the heat of sublimation to be 89 kcal/mole. They obtained
the following equa%ion for the vapor pressure of the trifluoride from 1200 to
1660°K: | |

log)o F (wm Hg) = -24,907/T - 7.5513 log T + 38.920.
These values are somewhat at variance with the earlier values of Phipps et al. ,50
which were based on an incorrect melting point for plutonium trifluoride. The
data of Phipfs and co-workers ,50 however, fit the equation derived by Westrum

and Wallman-h9 While the latter appears to be the best equation currently
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availgble for_calculating the vapor pressure of plutonlum trifluoride, it
should be regarded as tentative until it is put on a more firm exﬁerimental
basis. |
Plutonium oxyfluoride, PulF, was identified by X-ray diffraction as one
of the products of an attempfed atamiclhydrogen reduction of plutonium tetra-

flnoride.sl

It was also ﬁrepared insdvertently during an effort to determine
the melting point of the trifluoride in an argon atmosphere.sa Apperently
only a very slight partial pressure of oxygen is required for its formstion
from the trifluoride. |

One plutonium (IIX) fluoride double salt, NaPuFy, has been reported.3h
It was prepared acci&entally during an attempt to reduce the trifluoride with
sodium vapor, and was idenﬁified by X-ray diffraction.

Process aspplications of plutonium trifluoride are discussed‘in Sec. IV,
Chap. 2, Sec. 2-1.2. |

2-4.2 Plutonium (IV) Fluorides. Plutonium tetrafluoride may be pre-

pared by the fluorination of plutonium (IV) oxide; peroxiée, hydroxide,
nitrate, oxalate or plutonium (III) oxalate at 500 - 550° in the.preéence of
oxygen. Reaction with the peroxide is vigorous initially;'it is therefore
necessary to add the hydrogen fluoride-oxygen slowly during the early stages
of the reaction. The reaction with the dioxide may be represénted by the
equation:65 \
PuOp + LEF + Op 559 PuFy, +vango'+ 0p
In the case of the oxalate, it has been demonstrated that direct fluorination
can take place without formation of the dioxide as an‘intermediate;53é5n
‘MwErsuo '

calcination of the oxalate at 480° followed by fluorination at 500°. The

states, however, that optimum production of £he tetrafluoride calls for

production of the tetrafluoride is similar to that of the trifluoride, with
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the exception that oxygen, rather than hydrogen, is added to the hydrogen
fluoride. The apparatus showh in Pig. III.) msy be used for the preparation
of plutonium tetrafluoride. | |

Plutonimn tetrafluoride prepared by the above method is stable in moist

air up to about 300°; 43

at this point it begins to form the dioxide, the con-
version being complete at around 600°. A sample allowed to stand in air for
two days adsorbed gbout 0.6 percent moisture, which was easily driven off by
heating to 50°. ,

The reaction of sulfur tetrafluoride with plutonium dioxide a% 600° has
been reported to give plutonium tetrafluoride in 45 percent yleld after one
hour, sccording to the following eqpation.55

" PuO, + 25F), ~ PuF), + 250F;
The reaction rate is significant only at 'tempemturea above 450°.

The tetrafluoride may be formed by fluorinating the trifluoride in the
presence of oxygen &t 500°:

PuFy + HF + 1/40, =¥ PuF), + 1/2H,0.

Precipitation of plutonium (IV) from agueous solution gives the hydrate
PuF), * 2.58,0. 5% Vacum dehydration of this matertal at 200° ylelds PuF), * Hy0;
further heating results in the‘ trifluoride, preamb:b/ due to the fo;lowing net
rea;:tion, 5h the equilibrium being displaced to the ri'ght 1h vacuum:

UPUF), + 2H,0 — UPuF3 + LEF + 0p |
Anhydrous plutonium tetrafluoride has been prepai'ed, however, by slovly hesting
PuF)y ° 2.5H0 to 600° in a sufficlently fast: flow of in‘ert gas to remove 1tﬁhe
water as soon &s it is evolved.56,
Plutqni\m tetga.fluoride is one of the products of' the reaction of dry

oxygen with the trifluoride: 2T

upur3+o?_ 6‘; 31>u1m+1>uog



IIT-2-38

From tt‘le pressures of oxygen evolved at various temperatures by means of the
reverse reacti;m, Dawson et al.58 calculated the valies for the free energy of
formation of PuFj shown in Table 2.14. /

Mandleberg and Davie359 have measured the vapor yresﬁure’ of plutonium
tétrafluoride‘by means of an effusion technique. At temperatures between T0O
and 1200°C, the vapof' ‘pressure may be represented by the following equation:

log;o P(mm Eg) = 5.58 -.10,040/7(°K).
Above 1200° the vapor pressure increases much more rdpidly with tempera.tuxe »
probably due to formation of Pufg by thg foliowing reaction: |
2PuF), — PuPs + PuFy.
Since the vapor pressure of plutoniu'mv: trifluoride at these temperatures is
lower than that of the tetrafluoride; tt;e ;I.ncrease in préssure is believed :to
be due to the volatility of Pqu. Above 1200° the vapor pressure is repre-
sented by the equation:
4 logyo P(mmEg) = 36.1 - 54,180/T(°K).
The probable formation of volatile plutonium pexﬁtafluoride by the high-
temperature disproportionation of the tetrafluoride was confirmed by bawson
and co--workers.5 4 l

The vapor pressure of plutonium tetrafluoride has been determined by
Berger and GaummmGo by heating a small és_ample in vacuo at various temperatures
and obtaining the welght and fluorine axialysis of the sublimate condensed on
a cold finger (cgoled by liquid nitrogen) suspended a short distance é.bove
the sample. Their results indicated that in the temperature range TOO - 10000,
plutonium tetrafluoride is indeed the only sublimed épecies y and therefore
partially confirmed the conclusions of Mandleberg and Davies. The vapor
pressure éxpress:ton obtained from ,their date, however, ylelds values that are

higher (by factors up to ten) than those obtained by use of the Mandleberg
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Table 2.14 - FREE ENERGY OF FORMATION OF PLUTONIUM MRAFLUORIIJE58 :

Temperature, °K -AFC, kcal/mole
298 Loo
500 387

1000 353.5
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and Davies equation. Agreement is fairly good when it is considered that the
equations were derived from least-squares plots of date obtained by two different
experiméntal techniques. While nelther expression should be considered precise,
it is probable that the equation of Mandleberg and Davies, which is based on
& larger body of experimental data, is the more reliable.
| Chudinov and Choporoy61 also obtained vapor pressure data for plutonium

tetrafluoride by means of a modified Knudsen effusion method. From these values
they calculated the heat and entropy of sublimetion of the tetrafluoride to be
65.0 keal/mole and 46.2 cal/mole degree respectively, in the temperature range
from 500 to 850° .

Mandleberg, Francis, and Bmithks dgtermined the solubility of plutonium
tetrafiuoride in various concentrations of nitric acid by agltating mixtures
of acid with an excess of the solid tetrafluoride. In each case duplicates
were run and:mixing wasfcontinued until equilibrium was attained; the values
shown in Table 2.15 are therefore true equilibrium solubilities.

Comparison of these results with those for plutonium trifiuoride in
Table 2.13 reveals that at nitric acid concentrations above about 0.4 molar
the tetrafluoride is appreciably more soluble than the trifluoride; in three
molar nitric acid plutonium tetrafluoride is approximately twice as soluble as
the trifluoride.

The sbove data have been used to calculate the mean solubility product
for plutonium tetrafluoride:

[T - Kg.p, = 6 x 10720,

As in the case of the trifluoride, this value is based on the assumption that
free fluoride concentration is negligible compared to hydrogen fluoride con-
centration, an assumption that is not true at acidities below about 0.1

molar. It is probably accurate to within an order of magnitude at higher

acidities, however.
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Table 2.15 ~ SOLUBILITY OF PLUTONIUM TETRAFLUORIIE IN NITRIC ACID AT 26.80')4'5

HNO3 Conc., M | Solubility, g Pu(IV)/liter

0.0 ’ - 0.060

0.015 0.088

0.15 0.460

0.30 0.820

0.59 2.24

0.7h 2.90

1.00 4.19

1.59 5.8

3.19 10.4
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A mmber of double salts of plutonium (IV') fluoride have been prepared
by adding a metal fluoride, rathe‘r‘ than hydrofiuoric acid, to a plutonium (IV)
solution. Thus Alenchikovﬁ and co~worker8’62 prepared sodium-plutonium (v)
fluorides by the sddition of excess sodium fluoride to a plutonium (IV) solution.

A green precipitate formed, which gradually turned pink if allowed to remsin

- under the supernatant liquid. Both fluorides were sepsrated and dried at 85 -

90° and their compositions determired by means of X-ray, Bpectrophotometric,
and chemical analyses. The green compound was ‘found to be NaPqu while the
pink one proved to be NapPuFg.

Addition of excess smmomium fluoride to & plutonium (IV) solution
produced a mixture of green and pink precipitates, the green rapldly changing
to pink.62 The pink precipitate was identified as (NHh)aPqu The green .
compound, while not analyzed,was thought to be (NH),,)PuF5

In a similar manner, green ICPqu .and RbPquwere ‘precipitated ‘by‘
addition of the respective fluorides to plutonium (IV) solutions.5? These
stood in contact with their supernatant liquids several weeks" before
there wes appreciable conversion to the pink forﬁx_s » whichwere undoubtedly ”

KyPuFg and RbnPuFg. Addition of cesium fluoride to & solution of tetravelent

plutonium produced a red-brown precipitate that iraa not isostructural with -
' 62

the double fluorides of the other alkali metals. It was found to be chugFg

©30.

Pox;dezed low-temperature plutoniw;z dioxide and ammonium bifluoride ’
wher; intimately mixed, react exothermicdlly at 50° to produce the jink double
salt, mPuJ'5:63 . |

2ru92 + SNELF - HF — 2NH,PuFg + M0 + 3NH3
Upon heating to 300°, the double salt is rapidly decomposed to PuF), .
Rapid addition of hydrofluoric acidlto & nitrate solution containing

s ‘ :
equimolar concentrations of plutonium (IV) (40 ~ 65 g/1) and calcium precipitates
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the double salt CaPuFg ° nHQO.éh Drying at 300° in argon produces the anhydrous
salt. The solubility of this compound as a function of nitric and hydrofluoric

acid concentrations is given in Table 2.16.6lL

Plutonium (IV) fluorides will be discussed in relation to chemical process-

ing in Sec. IV, Chap. 2, Sec. 2-1.

2-4.3 Plutonium (VI) Fluorides. Volatile plutonium hexafluoride;_Pqu,
of with :
mey be prepared by reaction/the tetrafluoride /. a stream of fluorine at

elevated temperature:

: Pth(g) + F2(3)~—9 Pqu(g) am898 = +6.5 kcal/mole
The reaction proceeds at alsatisfactory rate at 550°;66‘weinstock and Ma1m67
observed that the reaction can be completed in a matter of minutes at 750°.
Florin et ;1.68 fluorinated at 700°. The reaction may be accomplished in &
tube furnace similer to that illustrated in Fig. III.1l, with all metal parts
in contact with PuFg being coﬂ#tructed of nickel or Monel, and all gaskets and
valve packings made of Teflon. After reaction with plutonium tetrafluoride,

the gas stream is immediately passed through a trap cooled by dry ice and

'trichloréethylene, which condenses the hexafluoride but not the fluorine.66

An alternate fluorination furnace utilizes induetion heating.67 The
induction éoil is cooled by liquid nitrogen to cause thé plutonium hexafluoride
to condense onto it as soon &s férmed. The pressure of fluorine is kept at
300 nm, the vapor pressure of liquid fluorine at liquid nitrogen temperature.

Plutonium hexafluoride can also be prepared by the fluorination of the
dioxide,69 The reaction could follow one,éf two posaible paﬁhs: R

' Pu02+3§2-91’i11?6+02' |
or L . )
PuO, + 2F, -3 PuF) + 0,

. followed by >

PuF), + Fp —y PuFg
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Table 2.16 - SOLUBILITY OF PLUTONIUM AS CaPuFg .

64

IN NITRIC-HYDROFLUORIC ACID MIXTURES

Plutonium solubility, g/1iter
3

3.0

11.0

10.0

6.0

4.0

2.0

1.4

1.0

0.066

"0.043

0.046

ooooo

ooooo

00000

ooooo

ooooo
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Steindler and co-worker369 found plutonium tetrafluoride in the residue from
the fluorination of the dioxide and interpreted this to mean that the reaction
follows the latter course, with the formation of the tetraflucride as an inter;
mediate. '

It is of interest to note that plutonium hexaflubride cannot be prepared
by the reaction of bromine trifluoride with plutonium tetrafluoride; plutonium
hexafluofide is such a strong fluorinating agent that 1ts econverts BrF3 to
BrF5.67 | |

Plutonium hexafluoride, because of its high volatility, is the most
hazardous of all plutonium compounds, and all work with it must be done with
great care in absolutely leak-proof equipment.

It is normslly stored in nickel or Monel containers.
Pyrex and quartz equipment may be used for plutonium hengluoride work 1f there
is nc hydrogen fluoride present; the latter reacts with these materials to form
water, which then hydrolyzes the PuF6§7 The hydrogen fluoride may be removed
by cooling the plutonium hexafluoride in a dxy ice-trichloroéthylene bath and
pumping oﬁ 1t until the pressure is reduced to 3.0'5 mm of mereury. Occluded
HF is removed by warming the hexafluoride slowly while pumping continues.
Hexafluoride purified in this way has been stored in qpartz and Pyrex containers
for many months with no obseryable hydrolysis.sT

The reaction of fluorine with plutonium tetrafluoridg,

. Py (s) + Fo(g) — PuFgls)
has been studied intensively. The rate has been found Bvateindler et 31.69
to be dependﬁyt on the source of the tetrafluoride, probably due to particlé
size differences. The activation energy varies between 10 and 12 keal/mole.

The equilibrium constant,
 Ppur,
K=
552
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for the above reaction has been determined by Florin et al.,68 Weinstock and
M’nlm,67 and Trevorrow and co-workers;66 the latter data are coﬁsidered the mcre
reliable and will be discussed here. Trevorrow et a1.66 obtained the equili-
brium yalues shown in Table 2.17.

From this table, it can be seen that the time required to reach equili-
brium depends on the temperature: less than two hoﬁfs at 300°, 24 - 60 hours at
200°, and 150 - 300 hours at 150°. These workers®® also cbserved that the |
equilibrium constant did not vary with pressure in the range 900 - 6900 mne mercuxry.

The above results were plotted as log K ve. 1/T and fitted to = ﬁtraight
line by the least squares method to obtain an eqpstion for the variation of
equilibrium constant with temperature:66 |

logyy K = - =552 --0.275
T(°K) |
An equation for the free energy of the reaction
Pury(s) + Fa(g) — PuPg(a)
from 150 - 400° was then derived:66 .
AF® = -RTInK = 6.09 x 105 + 1.267(°K) cal/mole |
The meap value of AH® for the reaction was found to be +6.09 + 0.1 keal/mole;
from these values, AS® vas calculated as -1.3 % 0.2 cal/mole-degree.® |

Plutonium hexafluoride is a solid with a melting ﬁoint of 51.590.7o It
is normally yellowish-brown in color, although the freshly-condensed material
ia‘freduently bright red. Unlike uranium hexafluoride, it has a liquid range
at room temperature; the liquiq is yellow in color. The vapor is brown in
color, resembling nitrogen tetroxide. The vapor ﬁressure has been determined
from O to 77° by Weinstock, Weaver, and Malm O using & quartz sickle gauge.
Their values, correéted for photochemical and rad;atién decomposition, are

reproduced in Tsble 2.18.



III-2-b7

Table 2.17 - EQUILIBRIUM DATA FOR THE HEACTION PuFy(s) + F,(g) 22 PuPg(g) 56

Time at Equilibriwn Equilibrium anstant K,

Equilibrium Temperature,°C  Temperature,hours X10
395 2.5 50.5
393 3 55.6
336 17 33.5
342 18 37.
302 1 26.
303 2.5 26.5
301 1 28.8
302 3 24.5
301 2 25.6
302 2.5 28.0
300 2h.5 26.6
251 18.5 16.4
251 66 15.1
199 a5 7.08
202 2.5 6.19
200 23 8.18
200 ' 7.5 6.67
152 _ 136 4.68

k.55

150 - 312
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Table 2.18 - VAPOR PRESSURE OF PLUTONIUM HEXAFLUORIDE T©

Solid -  liquid

Temperature,°C  Pressure, mm Hg '~ Temperature,°C Pressure, mm Hg

- 0.01 17.9 © 52,02 543.6
6.21 28.8 ‘ 55.17 597.8
10.27 38.0 57.29 - 650.3
10.76 40.2 62.06 760.6
14.73 52.3 63.09 777.8
15.10 52.9 : 1 66.16 866.9
19.30 70.5 69.85 972.1
19.75 1.7 71.29 101k4.5
20.38 7.7 Th.29 1111.1
23.12 90.0 ' 77.16 1207.5
23.85 9.3 :

27.73 128.1

29.8L 145.3

32.51 173.2

36.31 219.0

39.58 266.1

39.80 267.2

k2.61 318.0

45,12 371.2

45,84 381.9

50.02 483.0
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The data fit the following vapor pressure eqnations:TO»

Solid PuFg(0° - 51.59°:):
2095.0
1oglo1>_(mm Hg) = 66 + 3.4990 10gT(°K) + O. 3902k
Liguid PuFg(51.59° - 77.17° ):
Log, oF(mm Hg)= - -1%’%-’5 - 1.534%0 1ogP(°K) + 12.14545

From these equations the following physical properties of PuFg have been derived:

Boiling point: 62.16°
Triple point: 51.59° at 533.0 mm pressure
Heat of fusion: hh56 cel/mole

Entropy of fusion: 13 72 cal/mole-degree

The heats of sublimation and vaporation of plutonium hexafluoride have been
plotted by Weinstock et aJﬂYO The heat of sublimation of the solid héxafluoride
is approximately 11.5 kecal/mole and relstively insensitive to temperature vari-
ations up to the melting point, while the heat of vaporizatioﬁ of the liquid
varies from approximately T.15 kcal/mole at the melting point to about 6.85
keal/mole at 77° .-

The chemical properties of plutonium hexafluoride are greatly different
from those of its uraniqm analogue. Plutonium hexafluoride, by virtue of .
being thermedynamically unstable (see above); decomposes more rapidly than
the uranium compound, which has a negative free energy of formation. The
net result is that PuFg is an excellent fluorinatingbégent; strong enough in
fact to convert BrF3 to BrFs and SF, to SFg’° The equilibrium constant for
the former reaction,

PuF6 + BrFs-—+ Pthv+ Brﬁ'5
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~has been calculated to be 1000 at 100°..67 Plutonium hexafluoride can also be
used to fluorinate uranium tetrafliuoride to the hexafluoride, according to the
following reaétions: | |

| LUFy, + PuFg — 2U;Fg + PuF),

UpFg + 1.5 PuFg — 2UF¢ + 1.5 PuFy,

At 2250C the first reaction proceeds tb completion, while the equilibrium
constant for the latter reaction is greater than 107.6T

Weinstock and Malm67 found the molar magnetic susceptibility of plutonium
hexafluoride at 81°K and 295°K to be 131 x 10°6 and 170 x 1076 respectively.
These workers also have studied the absorption spectrum of plutonium héxafluofidé}l"
with the results tabulated in Table 2.19.

Over the 5,000 - as,ooofﬁrfangexthe;dbsorptionvsyectrum.cOnSista“orrsix
groups of bands, each containing three or four bands of vari%us intensities
and separations of the order of 1oqh. Apparentiy & vibrational spectrum is
superimpo;éd on the electronic ﬁransitiohs. The spectrum is beiné further
investigatéd. |

| Although plutonium hexafluoride is unétable with respect to dissociation

into PuFy and Fp, the rate of attaimment of equilibrium is so low &t room
tempefature (see above) that 1t can}be stored for fairly long periods of time
without excessive decomposition._ The equation for the decompoéition of the
hexaflubride.is Just the reverse of the equation for its formation, namely,

PuFg — PuF), + Fp AFZgg = -6.5 keal/mole
Trevorrow et 31.66 have demonstrated conclusively that the solid residue after
decomposition is indeed quh;vpreviously there had been some Quspicion that it
might be Pth17. Fischer and co«ﬁorkera7l]found that the rate of decomfosition

of Pqu is the'result of simultaneous zero-order and first-order reactions:
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Table 2.19 - FUNDAMENTAL VIERATION FREQUENCIES OF PLUTONIUM HEXAFLUORIEE °7

Designation Symmetry Species

Spectral Activity

Frequencies, cm™t

vy Alg
75 eg

75 £
7, £,
75 f2,
76 fzu

Renar,
Raman, dp
Infrared .
Infrared
Ramn, dp

Inactive

628

523
615%

- 203

211

171

*#0nly fundamental directly observed in the infrared.
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-dp/dt = k, + k;p

where o

P = pressure of PuFg
The zero-order expression is dué to the heterogeneous decomposition of plutonium
hexafluoride on the surface of plutonium tetrafluoride saturated with the gas;
k,, therefore, is dependent! on the sw.;face ares of PuF) and varies with c‘orid.i-
tions. The first-order term describes the unimolecular, homogeneous deéamposi-
tion of plutonium hexafluoride in the gas phase, and Fischer et a.l 1 in their
study found ky = 2.50 x 10™3 min."! at 161°,

In addition to decomposition Sy the above processes, there is apprecia.‘nie :
dissocilation caused by q-—ra.diation from the plﬁtonim;n. i'he rate of z;adié.tion
decombosition of solid plutonium hexafluoride was found by Weinstock and Malm-67
to be 1.5 percent per d.ay, for the vapor, the rate varied from 0.06 to 0.35
pez{cent per day, depending on the nature of the container.

While the absolute rate of decomposition of plutonium hexafluoride
varies with conditions , fepresentative values are of some interest. Over
periods of several days, the average ra.te of decomposition of the hexafluoride
has been found to be of the order of one percent yer day or less » the rate
decreasing with timev.72 i

Plutonium hexafluoride is hydrolyzed by moist air to yleld plutonyl (VI)
fluoride, PuOoF,. The latter compound has also been prepared as & white preci-
pitate73 by treating plutonyl chloride solutlons with hydrofluoric acid. Its
solubllity in water at 20° is reported as 1.07 gra.ms per li'tier.

Plutonitim hexafluoride is important in th:e fluoride volatility separa-
tions process, which is discussed in Sec. IV, Chap. 1, Sec. 1-4.1.
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2-5 PLUTONIUM CHLORIDES, BROMIDES, IODIDES, AND IODATES

In contrast to the fluorides, plutonium chlorides, bromides, and
iodides have found few important proceés applicatiqns, and have réceived rela-
tively little étudy. Compounds of trivalent plutonium with chlorine, bromine,
and iodine exist and have been characterized. To date, the only known pluto-
niun (IV) compounds with these halogens are double chloride salts. Efforts
to make all others have been unsuccessful. There are no known plutonium (V)
halides, and plutonyl (VI)vchlpride’is the only confirmed compound of pluto-
nium (VI) with the higher halogens. Physicel data on the higher halides and
oxyhalides 6f plutonium are presented in Table 2.20.

2-5.1 Plutonium (IIT) Chlorides. Several methods are suitable for

the preparation of plutonium trichloride:

1. "The reaction of plutonium (III) oxalate with hexachloropropene
at 180 - 190° for 18 hours yields ﬁlutonium trichloride of approximately
98 peg&ent purity.75 Thié,procedure is the preferred method for the prepara-
tlon of the trichloride.?

2. Plutonium trichloride may be prepared by direct combilnation of the
elements. 6 Thi# technique is rarely used currently.

3. Direct chlorination of plutonium metalvmay be used to prepare the
trichloride. A smoother method is to start with plutonium hydride, prepared
by reacting plutonium with hydrogen at 25 ~‘200°.39 The hydride, which is
placed on a Pyrex frit inside a Pyrex furnace tube, is heated to 450°, and’
hydrogen chloride gas is passed through it. Conversion to the trichloride is
99 percent complete after 12 - 15 hours. The product may be purified by
filtration through sintered quartz or nickel filter discs, or by vacuum

distillation at 900°.
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4. Plutonium dioxide or oxmlate may be converted to the trichloride by
& number of chlorinating agents, smong them phosphorus pentachloride at 280°, 76
sulfur dichloride at 800°,76 hydrogen chloride~hydrogen at 7OO°,76 phosgene at
400°, and carbon tetrachloride at 450°, 77 the latter three being the most
commonly used.

Plutonium (III) and (IV) oxalate produce the trichloride in quanti’cative
Yyield when reacted with hydrogen chloride at 500° for four hours.eo (Eamperaw
ture of 550° givess product with low chloride content.) It has been found
desirable to heat the oxalate in a stream of argon for two hours at 140°, after
which hydrogen chloride is substituted for argon, and the temperature raised
quickly to 500°. Even when plutonium (IV) oxélate is the starting material,
it is not necessary to use hydrogen, along with the hydrogen chloride, to
reduce the plutoniwm (IV); presumably the redu;tion is effected by carbon
monoxide formed by decomposition of the oxalaté.

For chlorination, TolleyTg prepared "reactive" plutonium dioxide by
calcining plutonium (IV) oxalate at 300° for two hours. This material could
then be reacted with phosgene at 350 - 400° for 1. 5 hours to produce pluto~
nium trichloride, while chlorination with carbon tetrachloride required four
hours at 450° for completion.Tg

Borehan et a1.8° obtalned complete conversion of plutonium (III)
oxalate to the trichloride by phosgene in three to four hours at 600 - 650°,
but the product was contaminated with carbon, possibly due to disproportiona-
tion of the carbon monoxide formed as a decomposition product of the oxalate.
They were also able to produce the trichloride quantitatively by reacting
phosgene for one to two hours at 40O - 500° with the "carbonate" precipitated .
by adding excess ammonium carbonate to a plutonium (III) solution in hydro-
chloric a§id (See Sec. 2-6).
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The reaction of plutonium dioxide with carbon tetrachloride at 700° has
been studied by Budayev and Volsky.sl The compositions of the solid and gaseous
pro&ucts of the reaction were determined, and the solid products even upon
incomplete chlorination were found to consist only of piutonium trichloride and
pldtonium dioxide. The routes of the chlorination were postulated as folloﬁs:

Pu0, + CCL, — PuCly + COp + 1/2 Cl, |

Pulp + 2CCL), — PuCly + 2C0 + 2 1/2;012
with only & slight contribution from the reaction: |

PuOp + 2CC1), = PuCly + 2C0CL, + 1/2 Cl,

Plutonium trichloride is a blue~to-green solid with a melting point of
760 and a boiling point of 1767°.72 Tolley'® found the free energy of Porma-
tion at 25° to be -2191kcal/mole. genz82 determined the standard free energy
of formation as a function of temperature to be’

AFg = -221 + 0.05328T keal/mole (958 to 1014°K)
‘from potentiometric measurements in a galvanic cell contalning fused
PuCly - KC1, (see Chep. 3, Sec. 3-6.2). By means of electromotive force
measurements in fused PuCly - NaCl, Benz and Leary®3 found the standard
v free energy and entropy of formation of pure solid plutonium trichloride at
700° . to be -170 kecal/mole and -51.6 calﬁégzi:;, respectively. Other thermo-
dynamic date for plutonium trichloride are listed in Table 2.21.

Plutonium trichloride is.deliqnescent, énd is very soiuhle in aqueous
acid systems. The heat of solution of the trichloride in hydrochloric acid
is shown in Table 2.22. ‘

Martin and Wnite®? have determined the heat of solution of plutonium
triéhloride in perchloric acid-lithium perchlorate solutions. They comparéd

Atheir values with those quoted above to confirm the existenne of trivelent

plutonium chloride complexes.
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Table 2.21 - THERMODYNAMIC DATA FOR PLUTONIUM TRICHLORIDE?®

Vapor pressure (solid, 577° to melting point): logy, P (nnggs (12.72610.126)
- (15,9104120)/T(%K) |
(1iquid, to 977° ): logyy P (wsg = (9.42840.075) - (12,587482)/7(°K)

AH of sublimation = 72.840.6 kcal/mole
AH of vaporization = 57.630.4 keal/mole
OH of fusion = 15.240.7 kecal/mole

A8 of fusion = 14.740.7 cal/mole-degree
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Table 2.22 ~ HEAT OF SOLUTION OF PLUTONIUM 8l
TRICHLORITE IN HYDROCHLORIC ACID AT 25°
HC1 M -4 of Solution, kcal/mole PuCly
0.1 31.76
1'5 29-50
6.0 22.15
9.0 .54
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The spectrum of plutonium trichloride crystals in the 3,400 to 10,000 A
wave length renge has been determined by Iipis and Pozharskiiks and found to
be similar to that of an aqueous plutonium trichloride solution. The spectiuh‘
of the solid is altered by water éf erystallization, but not by adsorbed or
occluded water.

Blue-green plutonium oxychloride, PuOCl, has been prepared by reacting
the trichloride at 650° with a gas mixture made by bubbling hydrogen through
38 percent hydrochloric acid at room temperatﬁre.86 The produef is insoluble
in water but is soluble in dilute acids. | |

Several double salts of plutonium trichloride with rotassium, rubidium,
and cesiﬁm chlorides have been prepared in fused-salt syste@s; these compounds
are described in Sec. 3-6.2.

2-5.2 Plutonium (IV) Chlorides. The only chlorides of plutonium (IV)

known are complexes or double salts, the best known being cesium plutonium
(IV) hexachloride, Cs,PuCly, which was first prepéred by Anderson®T by the
addition of cesium chloride solution to a solution of plutonium (Iv) in
hydrochloric acid. The solubility of CsaPuCl6 is greatly dependent on
hjdrochloric acid concentration, as shown by Table 2.23.89

A 9? In spite of its high solubility, cesium plutonium (IV) hexachloride
hes found application in plutonium electrq:}ining pfocesses under development.

By the use of analogous procedures, Anderson8

T also prepared the
ditetremethylammonium compound, [KCHg)uﬁ]gP“Cl6» the dipyridinium salt,
(CSHBNH)QPuClé, and the diquinélinium compound (C9H7NH)2PuCl6; all have been
verified by chemical analysis. Staritzky andv81nger88 prepared the tetramethyl
compound [(01{3 )hmjapucrx6 as well as the tetraethyl salt, [:(c‘?li5 )LNJaP‘*(’ls’ by
the addition of 30 percent excess of the appropriate tetrsalkylammonium chloride

to & solution of plutonium (IV) in four molar hydrochloric acid and evaporating
the solution under vacuum.
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Table 2.23 - APPROXIMATE SOLUBILITY OF CESIUM 8
~ PLUTONIUM (IV) HEXACHLORIDE IN HYDROCHLORIC ACID®Y

HC1 M Solubility, g /liter

171
80
b1
17

8

2
4

OO -1 O\ &

[
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While solid PuCly apparently does not exist, Bagnall et al.9o have
prepared solid complexes of this compound with acetamide and N,N-dimethylace-
tamide. Addition, with stirring, of CszPuCl6 to & five-fold excess of acetamide
in hot acetone or, preferably, cold ethyl alcohol, followed by filtering to
remove thé insoluble ceéium chloride, produced & solution of the. complex. The
red-brown solid complex, PuCl) ° 6CH3CONH2, was then precipitatéd by the
addition of isopentane or, less effectively, benzene or heptane, and recrystal-
lized several times from ethanol. It was dried in a current of air and then
at 10'3 millimeters pressure for several hours. The complex is soluble in'
hot acetone, methyl and etﬁyl alcoho;s, acetic acld and anhydride, but not in
other organic solvents; it 1is hygroscopic, being readily decomposed by water.
Upon heating, it loses acetemide continuously, with no‘evidenée of an inter-
mediate complex. | ‘

The N,N-dimethylacetamide complex, PuCl) ° 2.5CH3CON(CH3)2, was prepared
in & similar manner, except that acetone was used for recrystallization. It
is more stable than the simple acetamide complex, and is not hygroscopic. The
red;frown crystals melt at 171° to yield s dggk red liquid. The complex is
- soluble in the same solvents as the acetamide derivative, and also in methylene
chloride. Thermogravimetric studies indicatedthat there is a lower complex,
PuCl), 'v0.5CH3CON(CH3)2 stable in the 290 - 370° tempgratuie range.

2-5.3 Plutonyl (VI) Chloride. Plutonyl chloride hexahydrate,

PanCl2 ‘ 6H20, has been>prepared by the vacuum evaporation at roomvtemperature
of plutonyl (VI) chloride solutions,9l the latter being prepared by the oxida-
tion of plutonium (IV) solutions with chlorine. The identity of the greenish-
yellow plutonyl chloride was confirmed by chémical and spectrophotometric
analyses. The evaporafion must be conducted on small quantities of solution

and in very short time to prevent formation of tetravalent plutonium. Plutonyl

-
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‘chloride is gradually decomposed on standing, probaebly due to g-radiation
reduction of the plutonyl (v1).9*

Staritzky and Singer88

have prepared the tetramethyl and tetraethyl
ammonium salts, [ (CH3),NPu0,CL), and [(021{5 ), N]Pu0,Cl), by adding the
appropriate tetraalkylammonium chloride to a solution of plutonium (IV) in four
molar hydrochloric acld and evaporating the solution under vacuum.

2-5.4 Plutonium (III) Bromides. Plutonium tribromide may be prepared

by reactions somewhat analogous to those used for the preparation of thé
trichloride. Thus, it hes been made by direct reaction of the elements at 400°,
by treatment of plutonium dioxide or hydroxide with hydrogen broﬁide ﬁhile
heating to 800°, and by reacting the dioxide with & sulfur-bromine mixture at
800°.92 Another method is that of Reavis and co-workers,39 who reacted hydroé
gen bromide with plutonium hydride at 600°. At this temperature a partial
removal of volatile impurities, such as ferric, aluminum, and zirconium bromides,
was effected. The plutonium tribromide can be further purified by vacuum dis-
tillation at 900°.

" Plutonium tribromide is a blue-green, deliquescent solid. Its vepor
pressure has been determined as a function of temperature by Phipps and
co-workers; °C fromthese data they obtained the thermodynamic date listed in
Table 2.24. |

Lipis and quharskiih6

have determined the absorption spectrum of
plutonium tribromide in the 3,400 to 10,000 A range, and found it to be similar
to that of agueous plutonium tribromide solutions. The spectrum of the solid
is influenced by water of crystallization, but not by adsorbed or occluded
water.

Plutonium oxybromide, PuOBr, has been made by reacting the dioxide at

750° with a gas mixture formed by bubbling hydrogen bromide through concentrated
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Table 2.24 - THERMODYNAMIC DATA FOR PLUTCNIUM TRIBROMIDE~C

Vapor pressure (solid, 527° to helting point): logo P (mmEB= (13.386%0.077)
- (15,280%69)/1(°K) g
(l1quid, to 827° ): logy P (mil) = (10.23740.033) - (12,356432)/T(°K)

M of sublimation = 69.9+0.3 kcal/mole
Al of veporization = 56.520.2 keal/mole
OH of fusion = 13.440.3 keal/mole

A8 of fusion = 14.0%0.4 keal/mole
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(48 pe#%ent) hydrobromic acid at room temperature.?> Although inmsoluble in
water, it is soluble in dilute acids.92

2-5.5 Plutonium (III) Iodides. Plutonium triiodide has been prepared

by reacting hydrogen iodide with plutonium metal at h50°.9u The dioxide cannot
be used as the starting material, since it - is  converted to plﬁtoniumjoxyio-
didé. Presumably the triiodide could be prépared also by the action of hydrogen
iodide on plutonium hydride.

Plutonium triiodide has a melting point of approximately 7770, and an
estimated heat of fusion of 12 kcal/mole.””

Plutonium oxyiodide, PuOI, has been made by the action of a hydrogen
1odidé-hydrogen (20 - L0 mole pe?(:ent) mixture on plutoniu'mv hyd.roxide.gh It
dissolves in dilute sulfuric acid, but is relatively insoluble in water.

2-5.6 Plutonium (III) Iodate. Plutonium triiodate, Pu(IO3)3, a tan

solid, may be pfecipitated from trivalent plutonium solutions by the addition
of an aqueous iodate solution (such as potassium iodate).96 ‘Its solubility
in 0.017 molar potassium iodate - 0.17 molar sulfuric acid is 1.5 milligrams

(as plutonium) per liter.

2-5.7 Plutonium (IV) Todate. The pink tetralodate of plutonium may be
obtained as an amorphous precipitaﬁe from nitric acid solutions, as the data
in Table 2.25 indicate.97

A thermogrevimetric study by Dawson and Elliotth3 indicated that the
precipitate has a molecularlweight higher than Pu(IO3)u; the authors suggested
that it may also contain iodic acid. The precipitate did not yleld the pure
tetraiodate on heating, but lost weight gradually to about 475 - 500°, at
which point it decomposed rapidly to the dioxide.

Because 6f its low solubility even in modérately concentrated acid

solutions, the tetraiodate has found application for analytical separations;
its use for this purpose is currently minox, however.
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Table 2.25 - SOLUBILITY OF PLUTONIUM TETRAICODATE IN
POTASSIUM IODATE ~ NITRIC ACID SoLUTIONSS 7

Solubility, mg/liter

HNO, M
3 b

K103 M 1l 2 5 6

0.1 3.7 5.4 6.6 - 13.7 46.5 ok.5
0.15 1.6 2.1 2.5 6.9 16.5 2k.9
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2-6 PLUTONIUM CARBONATES AND OXALATES
These two classes of compounds, grouped togéther in the present discussion
because of the general similarity of their anions, are ngVertheless greatly
different in their chemical and physical properties. In general the carbonates
are rather ill-defined, unstable compounds, while the oxalates are well~-
characterized, stable compounds that are widely used as intermediates in the
conversion of plutonium nitrate to metal (see Sec. IV, Chap. 2, Sec. 2-1.3

and 2-1.4).

2-6.1 Plutonium Carbonates. No solid carbonate compounds of plutonium
' . plutonyl
(III) have been reported. Carbonates of plutonium (IV) and/(VI), and somewhat
surprisingly, plutoryl (V), have been prepared and studied to scme extent;
in particular, the latter has received careful study by virtue of its
uniqueness,

2-6.1.1 Plutonium (IV) Carbonates. Several complex ammonium-plutonium

(IV) carbonates have been prepared by Gel'man and ZaitsevdS by the hydrogen
peroxide-reduction of plutoryl (VI) in ammonium carbonate solutions. The
composition of' the product was dependent on the concentration of the ammonium
carbonate solution. Use of 20 percent ammonium carbonate solution formed the
green comﬁound (NHh)6Pu(CO3)5 * nHy0, which separated as a syrupy material
when the solution was added to 75 - 80 pe;bent alcohol or acetone. Attempts
to dry the product in alcqhol caused partial decomposition to a greenish-brown
powder; decomposition was more rapid witﬁ air-drying, but was not complete,
even after three months. After about six months,‘decomposition was complete,
resulting in a green product that was essentially insoluble in water, but
dissolved slowly in acids on heafing. This compound was found by analysis to
be Pu02 . PuOCO3 . 3H20. It had & refractive index slightly above 1.782, and

its X-ray diffraction pattern revealed weak lines characteristic of PuQ,.
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The thermal decomposition of (NHh)6Pu(CO3)5 * nHy0 vas studied by
differential thermal analysis. At 58 and 70°, loss of a molecule of ammonium
carbonate and a Partial loss of water, respectively, occurred with the formation
of (NH)),Pu(CO3)), + 4H0. This compound decomposed at 80° to yield PuO, ° Pu0CO5,
which in turn decomposed to Pu0, at 110°.

When the wet pentacarbonate compound was washed with 99 peyéent alcohol
and dried in a desiccator over calcium chlofide and ammonium carbonate for
several days, partial decomposition to brown (Nﬂh)uPu(Co3)h * kH,0 took place.
This compound decomposed in air in about three weeks to give a dark yellow
powder that was insoluble 1n water and organic solvents, but soluble in acids
with the evolution of carbon dioiide. Analysis indicated that this compound
was apparently Pu0003 * 2Hn0.

When plutonium cérbonates were prepared in thirty peyéént armmond.um
carbonate (which, due to limited solubility, could be made only at 359 or above )
the green compoundx(NHu)gPu(CO3)6 * nHy0 was produced. It was found to be
unstable in air and alcohol, decomposiﬁg in & manner similar to that of the
pentacarbonate.

The ammonium plutonium (IV) tetracarbonate, pentacarbonate, and hexa-
carbonate are all ¥ead11y soluble in water, but all decoﬁpose in squeous
solution in about . twenty minutes, forming & green amorphous preciﬁitate of
plutonium hydroxide. Eveﬁ 80, it was possible to measure the mplar conductance
of (NH))yPu(CO3)y * 4Hp0 and also to determine its molecular weight by freezing-
point lowering; these results indicated that the compound dissociates into five
lons in aqueous solution. All three compounds may be kept in concentrated
ammonium carbonate solutions for several days with no visible decomposition.

When aqueous solutions of the three carbonates were heated, the decompo-~

sition product was not plutonium hydroxide, but was a bright-green powder whose
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snalysis suggested it to be 2.5 PuO, * Pu0003 * nH,0. The quantity of water

was found to vary (averaging sbout 5.5), indicating that it did not exist as

water of cryétai).ization.?l\ttempts to prepare the simple carbonate, P\i((303)2
* nHyO by means ‘o_f the reaction |

(NHy, )gPu(C03)5 * nHpO + 6HCL —) Pu(CO5), + 6NH,CL + 3CO, + ni,0
failed; addition of hydrochloric 'acid. fréc’ipitated Pul, Pu0003 instead.

It was not possible to prepare any higher ammonium plutonium (IV)
carbonates because of the limited solubility of ammonium carbonate. This
difficulty has been partially overcome in the preparation of the potassium
plutonium (IV) carbonates, where K,Pu(CO3)y * nHz0, KgPu(CO3)s * (3-4)H0,
and KgPu(CO3)g * nHp0, as well as a higher compound, KlaPu(CO3 )g * nHgO,
havé been prepa.red.99

2-6.1.2 Plutonyl (V) Carbonates. Solid double alkall carbonates

containing plutonyl (V) as the Pu02"' ion have been precil.pitated by Nigon

et 81.100 by the addition of solid alkali carbonate (to pH “T) to a plutonyl

, (V) solution made by reduction of plutonyl (VI) with iodide ion. (The iodine
was removed from the solution by extraction with carbon tetrachloride). The
crystai structure of the prjoduc’c was found to be dependent on the alkali
carbonate used: +the predomina.xﬁ; phase was .hexagonal in the case of the

ammonium sa‘ltv and monoclinle for the sodliumb salt. The potassium salt pre_ya.red
at a pH of ebout seven.was hexagonal; at higher.pH the orthorhombic form precipi-
tated.l Only the hexagonal form has been charactérizéa. Ellinger and .Za':v.chza.ri.ev.sexizlmL
have obtained the X-ray crystallogrephic data given in Teble 2.26 for the hexa-
gonal ammonium and potassium plutoryl (V) carbonates and have identified the
compounds as m,‘ruoacoe’ and KPuOéCO3 ; respectively. The plutohium ;Ls bonded

to two oxygens to form the collinear ion [O-Pu-oj* B ‘an'd é.lso forms secondary

bonds to carbonate oxygens, resulting in endless layers of average composition
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Table 2.26 - X-RAY CRYSTALLOGRAPHIC DATA FOR ALKALT PLUTONYL (V) CARBONATESLOL

Formula

_ Lattice Parameters, A Units per

Compound Symmetry Space Group &, ey Unit Cell
NH),Pu0,CO; Hexagonal C6/mmc(Dgh) 5.09+0.01 , 10.3940.02 2

Kpu0,C03 Hexagonal C6/mmc(Dgh) 5.09+0.01 9.8340.02 2




III-2-T0

metal
Pu02003”, which in turn are held together by the alkali/ions located between
layers.
The plutonyl (V) carbonates are stable only when in contact with
100

carbonate solution, and are altered by washing with water.

2-6.1.3 Plutonyl (VI) Carbonates. The intense green ammonium plutonyl

(VI) carbonate, (Nﬂk)hPu02(003)3, has been precipitated by Drabkinal®2 vy the
reaction of dry ammonium carbonate with a weakly a&cid solutlon of plutonyl (v1).
The product was washed with 15 pg;éént ammoniumtcarbonate and alcohol. It was
found to be soluble in mineral acids, and its solubility in ammoniuﬁ carbonate
and nitrate solutions varies with their concentration, as shown in Table 2.27.
Upén storage in air several days or heating to 120 - 130°, the double
carbonate decomposed to red Pu02003 according to the equation:
(NH), ) Pu05(CO3) 3 —» PuO,CO3 + LNH3 + 2C0p + 2H 0
The monocarbonate in turn was found to decompose to PuOp if heated to 130 - 140°:
| Pu0CO3 — PuOp + COp + 1/20p
The anslogous potassiim compound, KhPu02(003)3, also green, has been
preclpitated by oxidation of plutonium to the hexavalent state in concentrated
potassium carbonate solution at 95 - 100°, and dried to constant weight at

4o - 5o°.l°h

2-6.2 Plutonium Oxalates. Steble oxalates of plutonium (III), (IV),
plutonyl ‘ ,
and/(VI) are known, and due to their process importance, they have received
considerable study. The present discussion is limited to their basic chemistry,
while their use in the preparation of plutonium metal is described in Sec. IV,
Ch.a.p. 2’ SeC. 2""103 md 2’1'1*0

2-6.2.1 Plutonium (III) Oxalate. Hydrated plutonium (III) oxalate may

be precipitated from & dilute nitric acid solution of trivalent plutonium

(prepared by reduction of the tetravalent ion with iodide) by the addition of



Table 2.27 - SOLUBILITY OF AMMONIUM PLUTONYL

(v1)
JCARBONATE IN
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AMMONTUM CARBONATE AND NITRATE SOLUTTONS AT 209103

(NHy, ) PuOp * (NE, ), PuOg | Wt.% NHuNO3  (NH), )uPuOg
(NHy )5C05 (Co3)3 (cog)s in Saturated (CO3)g
Cone., Wt. Solubility, | NHNO5 Conc. Solubility, (NH), )pC04 Solubility,
g/kg sol'n Wt.% g/kg sol'n | sol'n g/kg sol'n
5 3.53 10 2.32 5 0.28
10 1.90 20 0.83 10 0.21
15 0.97 30 0.42 15 0.16
20 0.66 ko 0-17 - 20 0.13
25 0.40 50 0.077 25 0.10
63.9 0.021
Seturated 0.027
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oxalic acid or sodiunm oxalate.h3’lo5 The product may be washed with water
and alcoﬁol and dried under vacuum at room temperature. Solubility data for
plutonium (III) oxalate are reproduced in Tables 2.28 and 2.29. A

There is a lack of general agreement on the degree of hyﬁratibn of the
precipiﬁated oxalate. Thus Cunninghamlo8 states that the compound contaeins

nine molecules of water of hydration, while Dawson andlsiiiotth3

obtained
thermogravimetric evidence for ten. Similarly, there is disagreement on the
temperatures required for dehydration and decomposition of the oxalate. In
their thermogravimetric investigations, Dawson and Elliott found that the
hydrated oxalate, in air at 180° or in %acuum at 230°, formed the dlhydrate,
Pup(Cp0y )3 * 2HpO, which then decomposed to the anhydrous oxalate at 200° in
air or 350° in vacwm, (see Fig. III.5). Bakes et a1.1%9 found that the
anhydrous compouﬁd could be prepared by heating the hydrate in air at 225° or
in hydrogen below 300°. Decomposition of the oxalate to plutbnium dioxide
was reyorted o be appreciable at 300°, and almoat‘complete at l&OOO.lO8 The
differential thermal analysis data of Kartushova andﬂco~w9rkers11° tend to
agree ﬁore with the latter results. Hydrated plttonium (III) oxalate was
observed to be dehydrated completely by heating in air to 1%0°. In the 300 -
330° range, without access to alr, a dark brown product was formed, which on
the basis of chemical analysis was suggested to be Pu(Caoh)(CO3)o‘5. At

sbout 270° in the presence of air, or 460° without access to air, the oxalate
was decomposed to plutonium dioxide. The resctivity of 6xide prepared in this

menner is greater than that made from other com.pounds,lo8

with the result that
the oxalate?is the preferred starting compound for the preparation of plutonium
dioxide.

2-62.2 Plutonium (IV) Oxalates. Yellow-green plutonium (IV) oxalate,

Pu(CZOh)2 * 6H20, may be precipitated by the additlon of oxalic acld to an
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Table 2.28 - SOLUBILIT% OF HYDRATED PLUTONIUM (III)

OXATATE1O

+ _ R Pu Conc. in Supernate
H . €50y Conc.

Conc., M HpC20y Conc., M mg/1iter

3.7 0.5 : 460

1.96 .2 | 290

0.75 .2 21

.22 o1k 6
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Teble 2.29 - RATE OF PRECIPITATION OF PLUTONIUM (III) OXALATE 107
FROM 0.75 MOLAR NITRIC ACID-0.25 MOLAR OXALIC ACID

Time After Initial Mixing, ‘Min. Pu Conc. in Supernmate, mg/liter

5 ho.6
15 18.4
60 23.5

hoo 38.8
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 acidic solution of plutonium (IV) 943

It may be dried by washing with alco-
hol and holding under vecuum. '

As can be seen in Téble 2. 30, the rate of precipitation of plutonium
(IV) oxalate 1s slower than most recipitations, and constitutes one of the
disadvantages of thé oxalate process for metal preparation.

Kemp and Welch™L found that the plutonium concentration.in the super-
nateu decreased during the first 100 - 500 hours, and then increased, preéum»
a.bl;f due to déc_:omposition of the ox;iate by nitric acid.

Careful determinations have been made of the solubility of plutonium
(xv) oxa.lé.te in various solﬁtions. The date of Mandleberg et aa,l.‘,'l’S given in
Table 2.31, were obtainéd ja.ft:er agltating the oxalate in the respective
sc;lutions for periods of two to three weeks, in order to obtain optimum
va.lﬁes . |

112 pound thet aqueous solutions of plutonium (IV)

Moskvin and Gel'men
oxslate dispia.yed acidic properties. They also determined the solubility of
this compound in various acids, and these results are shown in Table é.32.

These results, where comparable, are higher than those of Table 2.31,
p:incipally because théy were not equilibrated long enough for minimum solu-
bility to be attained. It would thus appear that the data of Table 2.32
should be accepted with reservations. Nevertheless, they have been used to
calculate a value for the solubility product of plutonium (IV) oxa.la‘te} of
hx 10"2’3.l3~2 |
Thermogravimetric curves for the decomposition of hydrated plutonium
(IV) oxalate as & function of temperature and as a function of time at con-
stant temperature are reproduged in Pigs. III.6 and III.T,‘ respectively.
The former curve indicates that the precipitated oxmlate has six molecules

of water of hydration, and that it does not form stsble carbonates or lower
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Table 2.30 ~ RATE OF PRECIPITATION OF PLUTONIUM (IV)
OXALATE FROM ONE MOLAR NITRIC ACID- '
0.1 MOLAR OXALIC ACID'13

{

Time After Pu Conc.
Initial Mixing, hr. in Supernate, g/liter:

0.22
.070
.036
.031
.028
027
.025

\N

3«14:-:\:;-4.00
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Table 2.31 - SOLUBILITY OF PLUTONIUM (IV) OXALATE IN NITRIC
ACID-OXALIC Acxnhsonumzons AFTER 2 - 3 WEEKS'
AGITATION AT 27945

~ENOy Conc., M H,C,0y, Conc., M Solubllity, mg. Pu/liter
0 0 k5.9
0 0.05 334
0 0.25 2ho
0.1 0 26.6
.1 0.5 132
5 0 69.0
.5 0.05 26.6
5 0.25 97.1
.5 0.60 361
.8 0.40 144
1.00 ~ 0 122
1.00 0.05 13.3
1.00 0.25 36.9
1.00 0.60 133
1.18 0.0071 16.3
1.61 0.002 65.8
1.61. 0.015 15
2.00 0 128
2.00 0.05 9.7
2.00 0.25 15.1
2.34 0.01 15.3
2.34 0.005 24 .9
2.52 0.025 - 16.7
3.52 0.01 45.8
3.52 0.05 18
3.52 0.1 - 18.2
3.52 -

0.5 : : 21.h
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112
Table 2.32 - SOLUBILITY OF PLUIONIUM (IV) OXALATE IN VARIOUS ACIDS AT 20°

H,50, Conc., M g Pufliter - "M g Pu/1iter M g Pufliter
0.025 0.031 0.025 0.11 0.1 0.13
0.1 0.0k45 0.1 0.14 0.5 0.24
0.5 0.12 0.25 0,25 1.0 0.38
1.0 0.19 0.5 0.33

1.0 0.66
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"Fig. III.6 - Thermsl decamposition of Pu(Cy0, g 6H;0 in air.4?
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hydrated oxalstes upon heating, but decomposes directly to the dipxide. Waterbury
et a.l.9 , whose thermogravimetric curve is in general agreement with that in
Fig. III.6, found that plutonium (IV) oxalate samples dried for different periods
of time at 90° had from 1.47 to 4.64 molecules of water of hydration; all were
hygroscopic &t room temperature. v

The isothermal curves of Fig. III.T reveal that the oxalate can be heated
to a constant welght :even at témperatu,res below tbn.‘l; necessary for attalnment |
of the dioxide. The weight change for the 2;:)O° isotherm approximtes that
expected for formation of carbonate, but this is thought to be a coincidence ’
‘since the product did not evolve ges when treated with acid. The nature of the
intermediates is not kmown. No x-lro.y pettei'n for the dioxide was obtained
below about ‘l&00°, and the suthors suggest that stoichiometric PuO, is not
formed below about 600°. Actually, much higher temperatures are necessary.
Waterbury and co-vorkers9 found that heating to temperatures greater than 1250°
was necessary for formetion of the stolchliometric dioxide; heating to lower
temperatures yielded a product with a slight excess o:fl oxygen.

Kartushova et al .110

studied the pyrolysis of the oxalate with limited
access of air by differential thermal analysis, w.d collected: the ‘evolved gases
for chemical analysis. 'nhey found that freshly precipita‘bed (and dried) oxa.late,
when hea.ted to 110°, evolved three molecules of water to form Pu(caou)a 3H20,

| ‘while oxalates precipitate‘d two or three hours befo:e a.nalysis evolved litj;le,

if any, gas. Heating to 170 - 200° caused the color to change to bright b'lue s
and analysis of the evolved gases and s0lid residue indicaf'ed a reduction had
taken place, with the formation of the trivalent plutonium oxalate, Pu2(020h5)3

* HpO. At 380°, this compound was converted to plutonium dioxide. The contra-
dictions between these results and those of Dawson and E.'L].i.oli:'l:h3 are probably

due to differences in storage time between precipitation and analysis and to
the greater access of air in the latter authors' experiments.
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. Gel'man and Sokhinall* nave prepared sevéral solid compounds containing
plutonium (IV)-oxalate complex anion in 80 percent ethyl alcohol solution.
Thus tﬁe addition of solid aymonium oxalate to & plutonium (IV) solution at
70 - 80° prbduced 8 red, syrupy liquid, which was air-dryed to a vitreous
meterisl that was shown by analysis to be (NH;_,)GPu(CQQu)5 * nH,0. This compound
vas isotropic and hed a refractive index of 1.567.

Addition of sodium oxalate to a plutonium (IV) solution in alchohol again
produced a red liquid, which, upon standing forl 20 - 30 minutes, was transformed
into a yellovi—greén solid. Analysis of the red material wé.s not possible, but
the yellow-green solid was found to be NauPu(Caog)h * 5Hp0. In order to obtain
larger crystals, the yellow-green compound was dissolved in water and the
solution allowed to evaporate. Both the red and the yellow-green crystals
separated simultaheously. The refractive indices for the former were found
to be 1.55 and 1.52, while the latter had indices of 1.58 and 1.54. The
red crystals were unstable, gradually reverting to the green form.

The potassium salt, K, Pu(C50y)), * 4H,O, was prepared in an analogous
menner, and it also formed a red precipitate which graduslly turned yellow.

In this éase ) however, it was possible to analyze both the red and the yellow
precipité.tes, and they were found to be identical chemically. Addition of
excess potasa‘ium oxalete to & plutonium (IV) solution precipits.ﬁed the compbund
K6P“(f°2°h)5 * 4H,0. - |

The complex oxalates were soluble in va.ter and were shown by c;onducta.nce
studies to ilonize into alké.li ions and & comblex plutonium oxalate anion. The
compoﬁnds of the type Mhpu(caoh)h formed solutions with pH l|L.5 - 4.7, while
the M6Pu(gaoh)5 compounds yielded solutions whose pH was in the range 5.5 - 5.9.

Increasing the pH to 7.5 - 8 caused decomposition of the complex anion with the

precipitation of plutonium hydroxide. Likewise, the complex anion was destroyed
by acidification.
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Over & period of time, the complex alkali metal oxalate compounds were
decomposed by alpha radiation, first to Pua(caoh)3 " nH,0, and ultimately to

& mixture of PuOCO3 and sodium or potassium carbonate.

2-6.2.3 Plutonyl (VI) Oxalate. Plutonyl (VI) oxalate, Pu0pCy0) ° 3HgO,
was separated as & red precipitate by the addition of crystalline oxalic acid
to & 1.5 - 2 normal nitric scid solution of plutonyl (VI).(prepared by oxida-
tion with potassiwum -dichroma.te or manganese dioxide) A5 e dri_ed precipitate
was found to change color graduslly from red to green due to reduction of the
plutonium by alphs emission. Upon heating to 180°, the plutonyl (VI) oxalate
was observed to decompose explosively. o

The oxalate was found to be only slightly soluble in water and dllute
mineral acids, but soluble in dilute aqueous solutions of ammonium cerbonate
and amsoniun oxalate.

The solubility of the oxalate in nitric acid-oxalic aclid and nitric
acid-ammonium oxalate mixtures at 20° has been measured by determining the
plutonium content of the solution (by alpha-counting) after a two-hour
agitation period. The results are given in Tables 2.33 and 2.3k,

The greater solubility of plutonyl (VI) oxalate in nitric acid solutions
containing ammonium oxalate than in those containing equivalent concentrations
of oxalic acid wé.s interpreted as evidence ».for the formation of oxalate com-
plexes of plutonyl (VI) (see Sec. 3-3.4.5), although, as can be éeen in
Tables 2.33 and 2.3k, the effect 1is not great. It was found that one mole of
ammonium oxslate in solution could dissove one male of plutonyl (VI) oxalate,

leading to the conclusion that the simplest complex formed upon dissolution
is (NH)y)pPuO,(Co0y)s.



Table 2.33 - SOLUBILITY OF PLUTONYL (VI) OXAIATE IN NITRIC

ACID-OXALIC ACID SOLUTIONS AT 200115
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Solubility, g Pu/liter in Presence
of Various H5C30) °* 2Hp0
Concs. in Wt. %

'HNO3 Conc., M 0 1 2 " 6 8
1.1 3.2 0.95 0.6h 0.59  0.51 0.49
2.0 3.91 1.28 0.91 0.62 0.57 0.k49
3.08 6.75 2.35 1.3 0.76 0.61 0.59




Table

2.34 ~ SOLUBILITY OF PLUTONYL (VI) OXALATE IN NITRIC

ACID-AMMONIUM OXALATE SOLUTIONS AT 209115
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Solubility, g Pu/liter in Presence
of Various (Nﬂh)QCaOh * HpO
Concs. in Wt. %

HNOg Conc., M 1 2 3 b 6
005 OQn 0‘92 1‘60 ‘ - hd
1.0 0.90 0.80 0.77 0.87 1.16
2.0 1.66 1.19 0.81 0.71 0.63
3.0 2.51 1.44 1.17 0.93 0.76
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2-T7 PLUTONIUM SULFATES
Sulfates of plutonium (III) end (IV) have been prepared and characterized,
and will be discussed individually below. At present no hexavalent plutonium
sulfate is known. | |

2-7.1 Plutonium (III) Sulfates. A hya.mtea sulfate of plutonium (III)

has been prepared by adding an etiual volume of ethyl alcohol to a plutonium
solution that had been saturated with sulfur dioxide for 18 hours.'6 Tne
plutonium (IV) initially present was réd.uced tq the trivalent state by the
sulfur dloxide (precipitate formed at this point was dissolved by heating to
90° for one hour); upon addition of the alcohol a white precipitate formed,
which af'ter several hours changed to violet crystals of plutonilzmv (IIT) sulfate
hydrate, probably the heptahydrate, P“e(sou)3 * THyO. The light blue-gray
anhydrous salt may be formed from the hydrate by drying at 130 - 150°;, preferably
in an inert atmosphere. |

The solubility of the trivalent sulfate is approximately 125 grams (as
plutonium) per liter in 0.1 molar sulfuric acid; the solubility is lower by a
factor of approximately 100 in 75 percent ethyl alcohol solutions.ll6

Two sulfate double salts of plutonium (III) have been reported by
Anderson; 17 both are blue. The sodium salt, NaPu(SOy), * 4H,0, was prepared
by adding a plutonium (IIT) sulfate solution in two molar sulfuric acid, and
half this volume of methyl alcohol, to the appropriate volume of 0.5 molar
sodium sulfate solution. The thallous compound, T1Pu(S0)), * 4Hp0, resulted
when methyl alcohol was added to a 0.6 molar sulfuric acid solution containing
the appropriate concentrations of plutonium (IV) and thallium (I) sulfates.
Approximately one hour was required for precipitation.

2-T.2 Plutonium (IV) Sulfates. Anhydrous Pu(SOy), may be prepared
by evaporating plutonium (IV) solutions containing excess sulfuric acid and
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heating carefully to 450 - 600° to remove the excess a.cid.l‘3» »118

This method
has been confirmed by thermogravimetric studies9’h3 which alsc indicated that
the sulfate is stable in air up to 650°, at which point it rapidly decomposes
to the dioxide.

The anhydrous sulfate isa pink, hygroscopic salt, soluble in water and
> normal acids, although sometimes crystals of an insoluble hydrate will
separate from the :Lza.t’('.er.'.‘-l8 The stability of an agqueous plutonium sulfate
solution depends on the concemtratiom of the salt; more dilute solutions rapidly
becoming turbid. Warren and Brunstadll9 have studied the solubility of
plutonium (IV) sulfate in nitric acid at various concentrations and temperatures;
their results, given in Teble 2.35, indicste that the solubility decreases with
increasing nitric acid concentration.

Anders onleo

has prepared and identified three complex sulfates of
plutonium (IV); all are green in color. The potassium salt, K,‘,,Pu(soh)h * ~1H,0,
was made by mixing dilute éulfuric, acid solutlions of potassium é.nd pluhonihm
(IV) sulfates and adding methyl alcohol. Initially Pu(80),), precipitated, but
this changed to the double salt on standing in the supernatant solution. The
The ammonium salt, (NH)),Pu(SOy)y - ~2H,0, was prepared by mixing solutions of
the appropriate sulfates, adding approximately an equal volume of methyl
alcohol, and allowing to stand overmight. Rubidium plutonium sulfate,
Rb)Pu(S0y)), * ~2H0 resulted when plutonium (IV) sulfate was dissolved in 0.2
molar sulfuric acid - 20 percent ethyl alcohol containing rubidium sulfate.
The exact degree of hydration of each of these salts is not known.

By saturating a one-normel sulturic aclid solution of plutonium sulfate.
with the appropriate alkali sulfate, ILipis and co-workers*2l have prepared the
following compounds: yellow-rose NagPu(SOh)s * Hy0, red (NHh)gPu(SOu)s * 2
- 4Ho0, green KyPu(SOy)y + 2Hp0, rose-violet RbyPu(S0y)), and pale rose



III-2-89

Table 2.35 - CONCERTRATION OF PLUTONIUM (IV) IN EQUILIBRI gITH

VARIOUS SULFATE CONCENTRATIONS IN NITRIC A

2 M HNO3, 259C

4 M HNO5, 259

6 M HNO,, 25°C

6 M HNOy, 55°C

Plutonium .= Plutonium .= Plutoni = Plutoniim .=
g/11ter"O M g/11ter 0y M g/11ter O4 Y g/1iter 0y ¥
234 0.183 249 0.126 218 0.063 2kg 0.110
168 0.203 61,2 0.122 176 0.103 118 0.117
135 0.198 18.1 0.360 136 0.093 39.8 0.146
113 0.188 2.6 0.k69 107  0.098 1k.3 0.270

T3.4 0.182 7.5 0.73 T1.9 0.094 3.45 1.19
61.2 0.258 52.6 0.12k 2.22 1.57
57.4 0.390 50.7 0.102 1.71 1.80
53.5 0.31% 32.0 0.171 1.39 2.11
47.0 0.232 17.0 0.23L

39.9 0.315 16.7 0.232

38.5 0.42k 2.k6 1.06

38.5 0.k52 1.38 1.48

35.8 0.249

35.4

0.323
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CshPu(SQh)u». A lithium salt of undetermined composition was also prepared.

The fact that the rubidium salt differs in color from the salt prepared by
Anderson is apparently due to the absence of water of hydration; both the
rubldium and cesium salts turned green upon standing in the alr for an extended
period. The compounds are readily dissolved in water and n‘ﬁ.neral acids, and
hydrolyze in agueous solution. Their absorption spectra differ great}.y from

one another, and from that of plutonium (IV) sulfate.
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2-8 PLUTONIUM NITRATES

Plutonium (IV) nitrate pentahydrate, Pu(N03 )y, * 5Hy0, has been prepered
by allowing a concentrated solution of plutonium (IV) in nitric acid to evaporate
st room ten;pera.t\:re for a pericd of several mopths.laa As soon as crystal
nuclel appear (or have been added) the rate of crystallization may be increased
by evaporating in a current of air. The product crystais are green if smaller
than about one millimeter; larger crysﬁa.la appear to be black. They are f:airly
stable, both in humid and dry air. .

A thermogravimetric study of the hydrate revealed that it began to
decompose at 40°, and to melt, or deliquesce at 95 - 100°.122 After rapid
decomposition around 190°; & fairly unstable intermediate product was formed
between 150 and 220°. (This {ntermediate compound dissolved in water or |
nitric acid to yield plutonyl (VI) nitrate, moa(NO3)a, and 1s belleved to be
& basic plutonyl nitrate.) Decomposition above 220° was very rapid; at 250°
conversion to the dloxide was essentially coﬁxplete, although there contihued
to be & slight ireight loss above this'temperature. The ignition of the nitrate
at 1250° produces oxygen-deficient 'plutonj.um dloxide.?

Plu{:onim nitrate pentahydrate is readily soluble in water, the stability
of the solution being dependent on the concentration of the :salt.“ Thus a
dilute solution, which is brown initlally, soon changes to green a&s colloidal
plutonium forms. Since the colloid does not form in solutions of high nitrate
ion concentration, the concentrated solutions of the salt remain brown. Solu-
tions of‘ the nitrate in concentrated nitric acid are green, due to a plutonium-
nitrate complex (see Sec. 3, Chap. 3). Acetone and etﬁer solutions of the
nitré.te are also green, |

L

Dawsonl2* has determined the solubility of plutonium (IV) nitrate in

dibutylcarbitol ("butex") containing various concenmtrations of nmitric acid.
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At 25° the solubllity varied from 0.7l grams of plutonium per liter in butex
0.1 normal in nitric acid to 5.6 grams of plutonium per liter ﬁhen the nitric
acid concentration in the solvent was 1.5 normal. Solubilities were somewhat
higher at 35°,

Staritzky’®S hes made an X-ray diffraction study of Pu(NO3)), * 5H,0,
from which he determined the crystallographic data reproduced in Tsble 2.36.

Several complex salts of plutonium (IV) nitrate are knmown. An ammonium
double salt, (Nnh)am(no3 )6 ° 2H,0, has been obtained by evaporating & one-molar
nitricA acid solution containing equimolar concentrations of plutonium (IV) and
smmond.um ni.trtad:e.]‘25 Crystals of pale green potassium ,plutoniixm héxanitra.te 3
K2Pu(NO3)6, were formed by cooling to 1° a 12 molar nitric acid solution
containing the appropriate concentrations of potassium and plutonium (IV)
nitrates.126 e pale green rubidium and cesium double salts, szm(no3 )g
and 032PQ(N03)6 » are formed when nitric acid solutions of the respective
nitrates are mixed with plutonium (IV) nitrate solutions. Pyridinium and
quinolinium double salts, (CsHsNH)oPu(NOg)g * ~14Hz0 and (CoHNH) sPu(NO3 )g,
were made by mixing the appropriate nitrate solutions. The solubilities of
the latter four salts were low enough that crystallization could be effected
without cooling the solutions. Plutonium (IV) tetrdethyl ammonium nitrate,
[:(0235 ) thPu(NO3 )g hes been prepared as a needle-like precipitate by Ryani27
by the gradual mixing of solutions of plutonium (IV) nitrate and tetraethyl-
ammonium nitrate in stoichic;metric amounts. The solutions were added alter-
nately in small portions to avold large excesses of either reactant. The
precipitate was digested at 25° for 2k hours before %iltering. A tetrabutyl-

ammonium salt was prepared in an anslogous manner and assumed to be

C(eytig N hPu(mey) -
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Table 2.36 - X-RAY CRYSTALLOGRAPHIC DATA OF PLUTONIUM NITRATE BENTAHYDRATELZ3

Symmetry: Orthorhombic

Space Group: FddZ(C%‘g)

Lattice Constants: ap = 11.1420.02 A
bo = 22.5840.03 A

Formula Units per Unit Cell: 8
Calculated Density: 2.90 g/cms

Refractive Indices (5893A): 1.55ks, 1.556, 1.667
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Ryan'®8 has prepared a plutomyl (VI) nitrate salt, (CH5 ) NPu0, (N0, ),
by the addition of a nitric acid solution of tetraethylammonium nitrate to a
solution of plutonyl (VI) (prepared by ozone oxidation) in eight molar nitric
acid and cooling to produce needle-like crystals that melted around 100°. The

compound was unstable, possibly due to alpha-decomposition.
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2-9 PLUTORIUM PHOSFHATES
Phosphate chemistry has been of continuing importence in plutonium

- separations technology. Early processes wér;e based on bismuth phosphate

carrier precipitation; now this process has been abandoned in favor of solvent
extraction, of which the tributyl phosphate process is the most im;porta.nt. It
is not éurpr:l.sing therefore that plutonium phosphates have been and still are
the objects of considerable study. X-ray crystallographic dn.tav for some of
the phosphates are given in Table 2.37.1%

2-9.1 Plutomium (IIT) Phosphate. Plutonium (IIX) phosphate hemihydrate
PuPO), * 0.5H,0, was prepared origixigll& by sdding phosphoric acid (to 0.8 molﬁ.r)
to a solution of plutonium in 0.5 molar sulfuric acid saturated with sulfur
dioxide, sealing, and heating at 75° for 2.5 hours. 30 Another method is that
of Bjorklundi29, who added 200 milliliters of 0.4 molar PuCl3 solution in one
normal hydroéhloric acid, and 400 milliliters of 0.5 molar (3E), )oHPO), solution
at rates of five and nine milliliters per minute, recpectvively, to LOO milli.
liters of 0.07 molar hydrochloric acid to 80 - 90°. The pale blue precipitate .
was digested for one hour at 80 - 90° with stirring and 64 hours at 25 - 30°

without stirring, after which it was filtered, washed, and dried at 100 - 1500,

Anhydrous plutonium (III) phosphaste may be prepared by two methods: 129

1. The hemihydrste, PuP0, * 0.5H,0, may be dried to constamt weight
at 950° in air to form PuPOj. |

2. Bjorklundm prepared a pink plutonium onlé.tophoa;pmte by the
si@tmom addition of a phosphoric acid solution of plutonium (IV), (prepared

by the dissclution of plutdnitm (1v) peroxide) and a 0.55 molar s@ueoun‘solution

oi oxalic acid to 85 percent phosphoric acid stirred at 100°. The final resctant

concentrations were in the ratio [PuIHz020MH3P0ﬂ = 1/10/37. The tempera-
ture wvas kept at 80 - 100° during the five hours of reagent additioa and during



III-2-96

the 16-hour digestion period. The solution wes then held at 25 - 30° for 24
hours while stirring comtinued. The precipitate was filtered, washed with 0.1
molar o:m.iic;o.l molar phosphoric acid solution, water, and absolute ethyl
alcohol, and dried in a stream of air at room temperature. The product thus
obtained had s Pu/Co0/PO) ratio of 1.00/1.58/1.03 and has been called an
"oxalatophosphate”, although it is not necessarily a discrete chemical compound .
The product was decomposed to anhydrous PuPO) by heating slowly to 950° in air
and holding at that temperature until comstant weight was reached. | |

Qualitative solubility data for plu‘i‘.onitm phosphate in verious acids has
been determined by Baorklund,m a.nd is reproduced in Table 2.38. .

'Plutonim (III) phosphate is stable in air at ‘1000°, 'put decomposes,
without melting,' to Pu0, when held at 1400 - 1500° under 10"1l 1m pressure.1?9

2-9.2 Plutoniwm (IV) Phosphates. Plutonium (IV) hydrogen phosphate,
Pu(EPO))p * XH,0, may be prepared as a white gelatinous precipitate by the
addition of phosphoric acid to an acidic plutonium solution, 131 It should be
washed with 1 - 2 normal nitric or hydrochloric acid; washing with more dilute
acid apparently causes partial conversion to Pue‘H(Poh)3 * yE0.

Denotkina and co-workersl32’

133 have studied the solubllity of
I“n(mo,&)2 * xH,0 in various acids; thelr results are reproduced in Table 2.39.
From the data they determined the solubility product, Kg,p.s of 1>1.-‘(r11°oh)2
* xHp0 to be 2x10728 132

Red plutonium hydrogen triphosphate, PuH(P0, ), 4 xH,0, hes been made
by hesting Pu(EPO,), * xH,0 (see above) in & 1.45 molar nitric-1.0 molar phos~
phoric acid mixture at 110° for several days. 131 Attempts to dissolve it inm
acid solution a.ppa.rently converted it ba.ck to the hyd.rogen phosphate.

When Pu(HPOy ), is hea.ted in 1.8 molar nitric-o.ll- molaxr phosphoric acid

in a sealed tube at 110° for several days, plutonium tetraphosphate,
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Teble 2.37 - X-RAY AND OPTICAL CRYSTALIOGRAPHIC DATA FOR PLUTONIUM PHOSPHATES'Z9

Calculated

: - Lattice Constants, A = Refractive Density,
Compound  Color - Symmetry a, be e, Index . - gfem3
PuPO,  Blue  Hexagomal 7.011$0.002 -  6.40120.002 1.76 6.27

* 0.5H,0 | |

PuPO), Blue  Monodlinic 6.7320.02 7.004002 6.4240.02 1.855,1.86,1805 7.55

p = 103.8930.4° '
PuP,07  Calarless Cubic 8.56040.006 - - 1.67¢ 4,37
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Teble 2.38 - SOLUBILITY* OF PLUTONIUM (III) PEOSPHATE IN VARIOUS SOLUTIONS'Z9

Solution ' 25 - 30° 90 - 100°
Concentrated HC1 S1ight  Complete
Concentrated }INO3 Incomplete ‘ Complete
Concentrated HoB80y - Complete**

85 percent HgPOy Negligible Incomplete
Glaclal acetic acid - , No reaction
6 normal NaOE v - Incomplete¥**

* 1 gram sample stirred 4 - 5 hours with 25 milliliters of
each solution.

**% Metathesls occurred; product insoluble in concentrated
. acid but soluble in dilute acid.

*** Metathesis occurred; product insoluble in NaOH or water,
- but soluble in acid.
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Pu3(P0h)1, * xHy0, was formed .31 Note that this brepa.ration is similar to that
for the triphosphate, with the exception of the acid concentrations used.
Anhydrous plutonium (IV) pyrophosphate, PuP,07, has been prepared by
BJorqundlaf? by the thermal decomposition of plutonium oxalatophosphate inter-
mediates. As described in the preparation of plutomium (III) phosphate (see
above), these intermediates are not neéessarily dj.screte atoichiémetric
compounds. Whereas the oxalatophosphate with a P/Pu ratio of one decomposes
to PuP0), an oxalatophosphate with a P/Pu ratio of two is necessary to yleld
the pyrophosphate. Two preparative schemes have been described by Bjorklund:129
1. A plutonium (IV) phosphate solution (madé from fhe peroxide) was
| 8dded slowly to & 0.9 molar solutiop of oxalic acid in 85 percent phosphoric
acid at 90 - 100°; The final réactant concentrations were in the ratio.
EPuIHeCQOMH3POﬂ = 1/5/100. The pink precipitate formed was digested
with stirring at this temperature for 2.5 hours and then at room temperaturé
;rithoub stirring for 65 hours. It was filtered, washed with O.i molar oxalic-
0.1 molar phosphoric acid, water, and sbsolute ethyl slcohol, and dried in a
étream of air at room temperature. '.l'h.it; material was decomposed to PuPQOT by
slowly heating in air to 950° and holding there until constant weight was
attained. |
2. Addition of a 95 percent phosphoric acid solution of plutonium (IV)
(dissolved oxalate) to a five molar aqueous oxalic acid soliz’tion at 70 - 100°
precipitated the pink oxa.la\tophqsphate. (Reactant ratios: [Pujltﬁgceokj/f%}.’oﬂ
= 1/10/20.) The precipitate wat; digested five hours at this temperatufe, then
digested at room temperature, filtered, washed, dried, and ignited to PuP,07 |
exactly as described in Procedure 1.
If the P/Pu ratio of the oxalatophosphate imtermediste is less than 2/1,

it may be raised to this value by the admixture of NH,H,PO), before ignition.
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Ratios of P/Pu between 1/1 and 2/1 will result in a mixture of PuPO), end
PuP,0.,. 129

Qualitative solubility date for plutonium (IV) pyrophosphate are given
in Table 2.40.129 | -

Comparison of this table with Table 2.38 indicates that PuPO), and PnPQOT
may be separated from one another at room temperature by the use of hydrochloric »
of phosphoric acid, vhich dissolve the latter. In syntheeis, however, it is
preferable to comtrol the P/Pu ratio carefully so that an umnmixed product is
obteined, as explained above. o |

Although PuP,0, can be heated to 1000° in eir with no loss in weight,
under 5 x 10"5 millimeters of pressure at this ﬁempe:ature it slowly converts
to PuPOh.m Decomposition is more rapid at 1200 - 1L00°.

Moorel??]* has precipitated white plutonium (IV) monobutyl phosphate,
Pu(CaHgPOu)a * xHy0, by the addition of moncbutyl phosphate (MBP) to &
plutonium (IV) solution in three molsr mii¥hc scid, and studled Ats solubility
extensively. His results are given in Teble 2.k4l.

The solubility was found to be affected only slightly, 1f at all, by

the presence of dibutyl phosphate, or by increasing the teﬁpera.ture to 55°.
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Table 2.40 - SOLUBILITY* OF PLUTONIUM (IV) PYROPHOSFHATE IN VARIOUS SOLUTIONSLZ9

Temperature

Solution 25 - 309 90 - 100°
Concentrated HC1 ' Complete Complete
Concentrated HI\}OB 8light Incomplete
Concentrated Hesoh Complete¥#* Complete**
85 percent HyPO), Complete Complete ™"
Glacial acetic acid - Negligible
6 normal NaOH - Complete¥t

* 1 gram sample stirred & - 5 hours with 25 milliliters of each
. aolution.

*% Metathesls occurred; product insocluble in concentrated acid,
but soluble in dilute acild.

¥*% Metathesis occurred; product insoluble in NaOH or water, but
soluble in acid.
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Table 2.41 - SOLUBILITY OF PLUTONIUM (IV) uouoaumﬁaosm AT 25° AS A
FUNCTION OF NITRIC ACID AND MONOBUTYL PHOSPHATE CONCENTRATIONSL3Y

Initial plutonium concentrations: 20 - 80 mg/liter

Nitric Acid - 1 vol. % MBP 3 Molar Nitric Acid - Indieated MBP
) . Solubility, mg ' Solwbility, .mg
HNO3 Conc., M plutonium MBP Conc.; M plutonium/liter
0.6 0.306 ' 0.0006 >20
1.6 0.333 ' 0.0031 >20
3.0 0.b5 ' 0.0062 13.2
5.0 0.664 0.0187 1.47
10 3.93 0,031 0.72
15 3.2 : 0.062 0.45
0.075 0.34
0.12k4 0.42
0.230 0.41
0.311 0.59
0.622 l.21
1.2k 22.2
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2-10 PLUTONIUM CARBIDES AND SILICIDES
Plutonium carbides are currently under development for use as high-
temperature reactor fuels, and similar studies are planned for the silicides.
The f&bricationvand‘reactor applications of these materials are discussed in
Sec. II, Chap. 6; the present discussion will be limited to their prgparation
and chemical properties. X-ray crystallographic data for the carbides and
silicides are given in Tsble 2.h2.

2-10.1 Plufonium Carbides. Plutonium monocarbide has been prepared by

Drummond and co-workersl35 byvheating povdered graphite in an inert atmosphere
with: .

1. pluxonium hydride at’ 800° for four hours,

2. plutonium metal at 1000° for five hours, or

3. plutonium dioxide at 1800° for ten minutes.

In each case a sintered coke-like material wac]obtainea which could be'broken
into gray crystalline fragments. The product made from the hydride was the
purést, but it contained small qnantities of plutoniﬁm metal and graphite.
Samples prepared from the dioxide contained no plutonium metal, but were con-
taminated with the sesquicarbide.

Plutonium monocarbide oxidizes slowly in air at 200 - 300°, and burns
brightly ét about.hdo°1l35 It melts in an ine;t atmosphere at about 1850°,
Samples have shown no evidence of reaction after standing in air at room
temperature for two months; PuC preparea from the hydride, being more porous,
is the most reactive. |

Plutonium monocarbide is much more reactive than its uranium analog.
While not attacked by cold water, PuC reacta'with hotlwater to form plutonium
(III) hydroxide and & gas mixture consisting of hydrogen and methane as well

as émaller amounts of ethan, ethylene, acetylene, butanes, and butenes. 135
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Table 2.42 - X-RAY CRYSTALLOGRAPHIC DATA FOR PLUTONIUM CARBIDES AND SILICIDES5

Formula

' Units Calculated

Space Lattice Constants, A per Unit Densit

Compound Symmetry Group 8, b, ey Cell gn/cm:

PuC Face-Centered Fm3m L4.9740.01 - - R 13.6

Cubic ,
PuC, Body-Centered Ik3d 8.12910.000 - - 8 12.70
3 Cubic
PuSi  Orthorhombic . Porm  5.727+0.005 7.933+0.003 3.84740.001 4 10.15
Pu,S1; Hexagonal P6/mmm 3.876£0.002 - 4.090+0.002 8.77
' c/a = 1.055 '
PuSi, Body-Centered Ik/amd 3.96T+0.001 - 13.7240.03 4 9.08

Tetragonal




III-2-106

Cold nitric acid attacks PuC only slightly, but hot concentrated nitric acid
containing s small amount of sodium fluoride reacts with the carbide , forming
a deposit of carbon.

Piutonium sesquicarblde, Pu,C3, has been prepared by heating an intimate
mixture of the stoichiometric quantitles of the d.i_oxidé and graphite in an -
inert atmosphere at 1850° for ten minutes. 13 The product, which closely
resembled the monocarblde it frequently comtained as an ilmpurity, melted at
about 1900°. |

Chemical properties of the sesquicarbide differ only slightly from those
of the mbnoca.rbid.e. The sesquitarbide appears to be more stable toward oxida-
tion at eleva‘beci tempera.tﬁres , and toward hydrolysis by acids and bolling water.
Its hydrolysis products include solid and liquid hydrocarbons, as well as a
nmixture of geseous wd.rocarbqns similax tovthat formed by PuC. The sesqui~
carbide seems less stable toward atmospheric hydrolysis than thevmvonoca.r‘bide'.

Drmnond et 31.135 found eﬁdence of & higher carbide of plutonium.
Several samples prepared st temperatures ebove 2000° in the presence of excess
graphite gave X-ray diffraction patterns unlike those of either PuC or Pu203.
This hj.gher carbide, which melts at about 2200° ,» cannot be prepared at tempera-
tures lower than about 2000° It is much less stable toward atnnospheric
hydrolysis than the other carbides, but is more oxidation resistent.

The compound has not been identified, and therefore its existence ca.nnot

be regarded as definite until more proof is obtained.

2-10.2 Plutonium Silicides. Plutonium forms several compounds with
sllicon; PuSi, Pu2813 ’ and PuS:L2 have been prepared and identified by X—ra.y

diffraction, while Pu5813 and Pu3$ia probaebly exist but have not been identi-
136 The disilicide has been prepared by heating a mixture of PuFB and

Cas1, (mole ratio of 10/3) in vacuum to 1550°,737 and has an estimated hest of

fied.
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formation of -211 keal/mole.”” All the silicides of plutonium may be made by
reacting the trifluoride with silicon in vacuo at elevated 'temperaturea.l36

They ere hard, brittle, and metallic in appearance, and are oxidized in air at
700° to Puo,. 137
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2-11 PLUTORIUM NITRIDE, PHOSPHIDE, AND ARSENIDE
Plutonium nitride, PuN, may be prepared in good yield by reacting the
hydrlide with: |
1. ammonia vapor (250 mm pressure) at 650°,138 or

2. nitrogen at temperatues of 240° or above.l39

 The reaction of nitrogen with plutonium metal begins at about 300° but is very

slow: conversion to the nitride was only 78 percent complete even after 17
hours at 1000°.23% It is brown to black, and hard, though somewhat brittle.
In contrast to the uranium nitrides, plutonium nitride is relatively

reactive and easily decompoaed.139 Complete hydrolysis in moist air occurs

- within a few days at room temperature, or within a few hours at 80 ~ 90° to

p;.'oduce Pu0,.
Although PuN is hydrolyzed only slowly by cold water, it reacts rapidly »
with boiling water to form & bulky black masil. It can be dissolved in three
molar hydrochloric or sulfuric acids, to yield a blue plutonium (III) solution,
although a small amount of residue (presumebly a hydrolysis product) remains.
The sulfate solution gradually turns pink as the plutonium is ailr-oxidized to
the tetravalent state. Plutonium nitride reacts only slowly with nitric acid,
even on heating, pibducing a8 pluhoniuh nitrate solution and a black hydrated
oxide. The relative proportions of the two products depend on concentration

of acid, time of heating, and particle size of the nitride; in general, higher‘

‘nitric acld concentrations favor dissolution to form the nitrate.

X~-ray crystallographlic data for PuN are reprbduced in Table 2-43.

Plutonium phosphide end arsenide, PuP and Puls, were prepared by direct
combination of the respective elements.-l}‘-a Mixtures of phosphorus or arsenic
with plutonium were inductively heated under vecuum or in helium»at a pressure

of slightly less than one atmosphere. In each case the reactioh was strongly
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exothermic; the resulting compounds, therefore, apparently are quite stable.
They seem to decompose, without melting, in the vicinity of 2000°, Efforts
to prepare compounds with P/Pu and As/Pu ratios other than 1/1 were unsuccessful.

Table 2.43 gives X-ray data for these compounds.
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Table 2.43 - X-RAY CRYSTALLOGRAPHIC DATA FOR PLUTONIUM
'NITRIDE, PHOSPHIDE, AND ARSENIDE¥ = -

Formule Calculated
Space lattice Parameters, A Units per Density,

Compound Symmetry Group a, Unit Cell  gfem
PuN Face-Centered - 4.905¢0.002339 . 1h.p5M0
Cubic ' ,
PuP Face-Centered Fm3m 5.644+0.004 4 9.87
Cubic o
PuAs Face-Centered Fm3m 5.855+0.00k 4 10.39
Cubie ‘

* Data ii’rom Coffinberry and I:l:l.inge::'5 except as
..otherwise noted.
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2-12 PLUTONIUM SULFIDES, OXYSELENIIE AND TELLURIDE |

Although the sulfides and tellurides of plutonium have received very
little study, } theizf X-ray crystaliographic data have been determingd, and are
glven in Table 2.44,

Plutonium sulfide, PuS, was apparently formed in an attempt tb reduce
PuF3 with calcium vapor im & barium sulfide crucible at 1250°.1h3 The compound,
which had & bronze, metallic appesrance, bas been partially ‘idefntiﬁed cfzemi-
cally and its existence. 1s probable, although :;ot certain.

Plutoniug trisulfide-tetrasulfide, Pu283-Pu3Sh, was prepared by heating
PuCly in & stream of purified hydrogen sulfide gas for ome hour at 840° and
for another hour st 916°.1%3 It was also made by heating plutonium (IV)
hydroxide in a stream of hydrogen sulfide to 131+0° and holding there for two
hours. The sulfide prepared froﬁ the hydroxide was shown to be isomorphous
with Ce283-Ce3sh; that from PuCl3 was not isomorphous with Ce283-0e3s;‘, and
was found to be Pues3.1"3 Thus the stoichiometry and crystal habit of the
product sulfide appears to be greatly influenced by its preparative history.
Both products were black, but that from PuCly had & deep purple tinge.

A plutonium oxysulfide, Pus0,8, was made in 70 percent yleld by passing
dry, purified hydrogen sulfide over Pu(0H)), heating over a one-hour period to
1225 - 1300°, and holding at this temperature for L5 minutes.luhf The product
obtained was hard and had a metallic luster. ‘

Plutonium telluride, PuTe, has been prepared by Gorwnl)’ka by inductively
heating a 1/1 mixbure of‘-plutonim-a;nd tellurium in vacuo or under slightly
less than one atmosphere preésure of hellum. The reaction is very exothermic,

indicating, formation of a stable compound; the product appears stable up to

gbout 2000°, at which point it decomposes without melting.
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X-RAY CRYSTALLOGRAPEIC DATA FOR PLUIONIUM
sm.nms, (YSE

Formula Calculated
Space ILattice Parameters, A Units per Demitg

Compound Symmetry Group a, e Unit Cell g/cm
PuS Face-Centered 5.536+0.001 - - 10.60
Cubic ’ ’

Pu,S Body-Centered Ih3d('rd) 8.4543+0.0005 - 4 8.41 - 9.28
.53 Cubic - |

38y
Pu,0,8 Hexagonal c3m 3.92740.003  6.769£0.010 1 9.95
PuoSel*2 Tetragonal - %.151+0.003  8.36940.005 - 7.69
PuTe’  Face-Centered Fm3m  6.18340.004 - b 10.33

Cubic

1kl

*Data from Zachariasen, except as noted. -
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(\ Efforts to prepare plutonium selenidg by an anslogous procedure resulted

in a compound which was identified by Zachariasen as the oxyselenide, biPu.OSe.]""2

X-ray deta on these compounds are listed in Teble 2.4k,
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2-13 OTHER PLUTONIUM
A number of other plutonium compounds have been reported (see, for
example, Chap. 10 in Ref. 20); in many ceses, however, they have not been
poitively identified, and their postulated compositions have been based on
é.nalogy, inference, or conjecture. Such compounds will not be discussed here.
~ There a.re, however, several classes of compounds that have been identified

positively, and are worthy of inclusion; they are described below.

2-13.1 Plutonium Alkoxides. When & suspension of dipyridinium
hexachloroplutonium (IV), | (C5116N)2P11016, in a 3:2 mixture of isopropyl alcohol
and };enzeﬁe was treated with ammonia, plutonium tetralsopropoxide,

‘P\{_'OCH(CH3 )al vas formed.l* The product wae soluble; however, evaporation
of the solution produiced the solid, grass-green compound. Upon recrystalliza-
tion from isopropyl alcohol, the emerald-green solvated compound, .
P{OO‘H(CH3 )21 . (053)2(!&015, w.as formed. Under a pressure of 0.05 millimeters,
plutbnimn tetraisopropoxide sublimed at 220°; it appeargd to be stable in dry
air but very easily hydrolyzed in the presence of. moistuxl'e'.

Alcohol excha.nge with tert.-butyl alcohol and with ‘3-ethylpentand-3
gavé products ;hich were believed to be the cormﬁponding alkoxides, but which
were not identified.

2-13.2 Sodiwn Plutonyl (VI) Acetste. Sodium plutonyl (VI) acetate,

Napuoa(czn3oa)3, 18 one of the very few stable compounds of hexavalent plutonium.
It may be prepared by the a.ddition of sodium sacetate and sodium nitra.te to a
solution of plutonyl (VI) in 0.2 molar nitric acid-0.9 molar acetic acid-0.l1
melar sodium dichromate such thet the final solution is five moler in sodium
ions, 0.6 molar in acetic acid, and 0.2 molar in acetate 1on. 145  precipitation

requires about two hours.



IIT-2-115

Sodium plutonyl (VI) acetate is a pink compound, and has & cubic structure
with four formuls units per unit cezz,l.:“‘6 Its space group is P213(T1‘) and the
lattice constant, & = 10.664#0.002A. The calculated density of the compound
is 2.578Ag¥ams per cubic centimeter.lh6

The:so;ubility of‘NaPu02(02H302)3 in vater varies from six grams .of pluto-
nium per liter at 5° to 19 grams per liter at 95°.lh5 In 0.6 molar acetic
acid-0.2 mol#r sodium acetate solutions cdntaining various concentrations of
sodium nitrate, the solubility of NaPn02(02H302)3, expressed as grams of
plutonium per liter, decreases from 1.0 for a.0.8 moler NaN03lsolution, to

0.070 for a solution 5.7 molsr in sodium nitrate.

2-13.3 Plutonium Salicylates. Zvyagintsev and Sudarikovi*7T have made
& thorough study of the salicylates of plutonium. Upon addition of'salicylié‘
acld to a solution of plutonium (III), precipitation of a light blue, needle-
like s#licylate takes place at a pH of 0-1 and above. Chemical analysis
revealed the precipitate to be Pu(CrHsO3)3..1.5Hy0; its sOidbility as &
function of salicylate ion concentration is give in Table 2fh5.

On standing in air or under water for several days, the trivalent
éalicylate is oxidized to the plutonium (IV) salicylate, the oxidant apparently
being dissolved at atmospheric oxygen. The trivalent salicylate dissolves in
ammonis or alkali to form a salicylate complex of plutonium (IV), namely
[ruo(c.8,05),7 -

Addition of sallcylic acid to a weakly acidic (pH of 0-1 or above)
plutonium (IV) solution prodﬁées a flocculent, cocoa-brown precipitate that |
has been identified chemicaliy as a salicylate of plutonium (IV), Pu0(CrHs04) - H
As can be seen from Table 2.46, the solubility of this precipitate is lowest
for low excess salicylate ion concentrations; higher concentrations dissolve

the compound due to complex formation. .In the presence of 20 grams per liter
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Table 2.45 - SOLUBILITY OF PLUTONIUM (III)SALICYLATE AT pH
OF 3.5 AND TEMPERATURE OF 200147

Final Salicylate Ion Conc., "~ Plutonium (III) Salicylate Solubility, as
8/1iter ~ mg plutonium/liter ‘
27 140.0
50 45.0
7 7.0
% : 3.5
120 2.0
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Teble 2.46 - SOLUBILITY OF PLUTONIUM (IV) SALICYLATE AT pH
OF 4.5 AND TEMPERATURE OF 200147

Final Salicylate Ion Conc., Plutonium (IV) Salicylate Solubility, as
g/liter mg plutonium/liter

50
100 1
120 1
200 2
300 ' L
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of excess sallcylate, the solubility of the precipitate decreases from 120
milligrams (as plutonium) per liter at a pH of 1.8, to five milligrams per
liter at pH 4.2. The solubility of plutonium (IV) salicylate in dilute hydro-
chloric acid solutions is listed in Table 2.47.

Plutonium (IV) salicylate is soluble in ethyl alcohol, ether, acetone,
and amyl acetate, yielding an orange-brown solution, but it is insoluble in
chloroform and carbon tetrachloride. It is soluble in saturated ammonium
carbonate solutions, due to formation of a complex carbonate, but is decomposed
by concentrated acid or alkalli. The salicylate 1s soluble in alkaline solutions
of sodium or ammonium salicylate with the formaetion of e salicylate complex} |
the resulting solution‘is unstable on heating and hydrolyzes to férm a yellow
or brown precipitate, whose composition is not yet known with certainty, but
is thought to be Pulp * PuO(CyHg503)p * xHpO.

2-13.4 Perovskite-Type Compounds of Plutonium. Several plutonium

compounds of formula A303 end having the perovskite structure have veen prepered
and studied by Russell, Harrison, and Brett. 18 myo types of compounds were
made: Pu3+B3*03, where B 1s Al, V, Cr, or Mn, and Ag*Puu+03, where A is Ba.
X-ray crystﬁllbgraphic data for these compounds eppear in Tdble 2.48.

Plutonium aluminate, PuAlO3, was first prepared inadvertently when a
pelletized mixture of plutonium dloxide and graphite was heated in an alumina
boat in an argon atmosphere for two hours at 1500°. Apperently the Pu02 wa.s
reduced to Pu203, which then reacted with the alumina. It was later made by
sintering pelletized mixtures of Pu0, and Al(OH)3 in hydrogen or argon at 1500°
for two‘hours. The X-ray pattefne differed somewhat with the méthod of prepara-
tion, suggesting that the product has a variable composition.

Plutonlum vansdate, Puvo3, was prepared by sintering compacted mixtures

of Pu0, and V,0s in hydrogen for two hours at 1500°.
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Table 2.47 - SOLUBILITY OF PLUTONIUM (IV) SALICYLATE
IN DILUTE EYDROCHLORIC ACID AT 250147

Plutonium (IV) Selicylate Solublilty,

pH of Solution ' as mg plutonium/liter
5.7 0.3
5.2 005
3.0 1.3
2.0 6.2
1.5 50.0
0.4 71.0
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Table 2.48 - X-RAY CRYSTALLOGRAPEIC DATA FOR A8
PEROVSKITE~TYFE COMPOUNDS OF PLUTONIUM>

lattice Constants, A Calculated
Compound Symmetry 8, b, co | Density, g/em3
PuAlO3 Rhombohedral 5.33 ' 9.28
a = 56!

Puvo3 Orthorhombic 5.48 5.61 7.78 9.41
PuCr03 Orthorhombic 5.46 5.51 7.76 9.65
PuMnO4 Pseudo-Cubic(?) 3.86 9.89
BaPu0 Cubic 4.39 8.3
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The compound PuCr03 was formed when pelletized mixtures of PuO, and Cr03
were sintered in thoria crucibles for two hours at l500° in hydrogen. Use of
an 'alumina crucible :esulted in PuA103 instead of PuCr03- Apparently PuMn_O3
was prepared by sintering compacted l?uoa-Mnco3 mixtures in hydrogen for two
hours at 1500°, but its structure has not been resolved.

While the sbove compounds containing plutonium (III) were prepared under
reducing conditions, the production of B&Pu03 s in which plutonium is tetravalent,
réquired oxidizing conditions. Compacted mixtures of I“ulo2 end 10 pez/'élent excess
BaCO; heated at 1650° for three hours produced the highest ylelds of BaPu0g,
although the compound may be prepared under leas rigorous conditions (2 hours
;t 1500°).

The physical and chemical properties of these compounds have not been
investigated, but apparently all have melting points above 1500°. At léast
one of them, BaPuOs, 1is stable in oxidizing atmospheres up to 1500°. With
the exception of PuMn(3, all have low neutron absorption cross sections. This
factor, in addition to the good irradiation stability of cubic oxides in
geﬁeral s prompted the a.u’chorall’8 to suggest the possible use of thesé compounds
as reactor fuels. Their low plutonium density, however, makes it }iighly unlikely
that they will ever be sultable for this purpose. |
37 BePuO3 ’

by the above technigues were unsuccessful.

Attempts to prepare PUFeOS ’ PuGa03, MgPu03 » CdPu0,, PbPul
Ce.?u03 ) SrPu03 , and K.Pu03
2-13.5 Miscellaneous Compounds of Plutonium. Plutonium (IV) acetyl-

acetonate, Pu(csﬂe‘-oa)u, a red-brown crystalline compound, was precipitated by
thé addition of an ammonium hydroxide solution to a plutonium (IV) sulfate
solution, followed by addition of enough amonium hydroxide to render the
solution alkaline.**d It hes a vapor pressure of approximately 1.5 x 1074

millimeters at 140°, and melts at 170 ~ 173°‘. '.l‘he‘ acetylacetonate is very

soluble in benzene.
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Plutonium (IV) 8-hydroxyqninclate, Pu(cgngno)h, has been prepared as a
dark red-brown precipitate by the addition of 8-hydroxyquinoline to & dilute
solution of plutonium (IV) in acetic acid-sodium acetate at pH 3-5.%90 Ttg
solubility in this solution is reported as 77 milligrams per liter. Plutonium
(VI) forms an orange-brown precipitate with 8-hydroxyqninoliné.

Potassium ferricyenide, K;Fe(CN)g, forms imsoluble compounds with
plutonium (III), (IV), and (VI), as does potassium ferrocyanide, X, Fe(CN)g,
with plutonimm (III) and (IV).251 The precipitetes are formed by adding the
appropriate potassium compound to a solution of plutonium in the proper oxida-
tion state in dilute acid. The formulas and some of the properties of “the
reﬁulting compounds are shown in Table 2.49. |

In each case the approximate composition has been established by
chemicel analysis, although the exact degree of hydration is not known with
certainty.

There are numerous other insoluble compounds of plutonium with orgenic
reagents. Thus tetravalent plutonium forms precipitates with benzoic acld
(green-yellow), m-nitrobenzolc acid (pale green), n-propylarsonic acid (pale
green), phenylarsonic acid (pale green), p-dimethylaminobenzeneazophenylarsonie:
acid (orange), ~nitro-hnhydroxyphenylarsonic acid (pale green), p-dimethylamino-
benzeneazophenylarsinic acid (orange), m-nitrophenylarsonic acid (pale green),
sebacic acid, dihydroxytartaric acid3_phthalic acid, thiobarbituric acid, and
sodium benzene-sulfinate (buff). Plutonium (III) does not form precipitates
with any of these compounds; this difference in behavior was once utilized in
laboratory separations, but now most of these materials are relatively little~
known and little-used. In fact, the exact compositions of most of the above

precipitates are not known with certainty.
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Tsble 2.49 - PLUTONIUM FERROCYANIDES AND FERRICYANIDESS1

Oxidation State Oxidation State

Compouﬂd of Plutonium

Solubility, g

of Iron Color  Plutoniws/liter
HPwFe(CN)g * THRO 3 2 Sky blue © 0.0088
PuFé(CN)6 * THO 3 3 Black 0.012
PuFe(CN)6 * 3.5H,0 k 2 Black 10
PufFe(CN)g], * 158,0 b 3 Black 7.5
6 3 Red-brown

(Puop)y Fe(cN)g b - xH0

0.40
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