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FOREWORD

The Subcommittee on Radiochemistry is one of a number of
subcommittees working under the Committee on Nuclear Science
wilthin the National Academy of Sclences - Nationel Research
Council. TIte members represent government, industrial, and
university leboratories in the areas of radiochemigtry and
nuclear chemistry. Support for the activities of this and
other subcormittees of the Committee on Nuclear Sclence is
provided by e grent from the Natiomal Science Foundation.

The Subcommittee has concerned 1tself with preparation of
publications, encouraging and supporting activities in nuclear
education, sponsoring symposiz on selected current topics in
radiochemistry and nuclear chemlstry, and investigating special
problems as they arise. A series of monographs on the radio-
chemistry of essentimelly all the elements and on radiochemical
techniques is being published. Initiation end encouragement
of publication of articles on nuclear education in various
subject areas of chemistry have occurred, and development and
improvement of certain educational mctivities {(e.g., laboratory
and demonstration experiments with radioectivity) have been
encoureged and assisted. Radlocactive contaminatlion of reagents
end materials has been iuvestigated and speclific recommendations
mede.

This series of monographs has resulted from the need for
comprehensive compllations of radiochemical and nuclear chemical
information. Each monogreph collecte in one volume the pertinent
information required for rasdlochemical work with an individual
element or with a speclalized technique. The U. S. Atomlc Energy
Commisslon hes sponsored the printing of the series.

Comments and suggestions for further publications and

activities of value to persons working with radicactivity are
welcomed by the Subcommittee.

N. E. Baellou, Chalrman
Subcommittee on Radiochemistry

il



PREFACE

This report has been prepared as one of a series of monographs on the radio-
chemistry of the elements for the Subcommitte on Radiochemistry of the Committee
on Nuclear Science within the National Academy of Sciences. There is included a
review of the nuclear and chemical features of plutonium of particular interest to
the radiochemist, a diacussion of sample dissolution and counting techniques, and
finally, a collection of radiochemical procedures for plutonium .

The literature search was completed approximately through September 1964,
It is hoped that the bibliography is sufficiently extensive to serve the needs of the
radiochemist, but it is to be expected thet important references were omitted.
The author would appreciate being made aware of such omissions, that they might
be included in possible future editions of this monograph.

The author wishes to express thanks to Dr. Earl Hyde, for the loan of his
extensive card file on the radiochemistry of plutonium, to Carl Wensrich and the
staff of the LRL Librery who greatly assisted in the literature search, to Mrs.
Shauna Ness who typed the first draft, and to Mrs. Vivian R. Mendenhall who
competently edited the final draft and prepared the bibliography.

Finally the author thanks his colleagues at the Lawrence Radiation Laboratory,
especially Dr. R. W. Hoff, for reading and criticizing the manuscript, and Dr.

P. C. Stevenson for his continued interest and support during the writing of this
monograph.

George H. Coleman
Lawrence Radiation Laboratory

University of California
Livermore, California
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K. W. Bagnall, "The Transuranium Elements," Sci. Progr. (L.ondon) 52, 66-83
(1964).

V. L. Kuznetsov, S. B. Savvin, and V. A. Mikhailov, "Progress in the Analytical
Chemistry of Uranium, Thorium and Plutonium,' Russ. Chem. Rev. 29, 243 (1960).
R. Kraft, C. J. Wensrich and A. L. Langhorst, '"Chemical Analysis of Plutonium
and Plutonium Alloys: Methods and Techniques,'" Lawrence Radiation Laboratory,
University of California, Livermore, Calif. UCRL-6873, 1962.

1



186.

117.

1e.

18.

I. GENERAL REVIEWS OF THE RADIOCHEMISTRY
OF PLUTONIUM -

E. X. Hyde, "Radiochemical Separations of the Actinide Elements]' in The
Actinide Elements, National Nuclear Energy Series, Div. IV, Plutonium
Project Record Vol. 14A, G. T. Seaborg end J. J. Katz, Eds. (McGraw-Hill
Book Co., New York, 1854) Chap. 15.

E. K. Hyde, "Radiochemical Separations Methods for the Actinide Elements,"
in Proc. of the International Conference on the Peaceful Uses of Atomic Energy,
Geneva, 1955, A/CONF. 8/7, (United Nations, New York, 1956) pp 281-303,
Paper T728.

M. P. Faugeras, "Separation et Purification des Isotopes, (of Plutonium)," in
Nouveau Traite de Chemie Minerale, Paul Pascal, Gen. Ed., Vol. IV,
"Uranium et Transuraniens," ( Masson et Cie, Paris, 1962) pp 339-385.

M. Taube, Plutonium (Macmillan Co., New York, 1964; transl. by E. Lepa and
Z. Nanowski). "Radiochemical Methods of Analysis," pp 78-84. '




II — TABLE OF ISOTOPES OF PLUTONIUM"

Specific o Particle
Activity Type of Energy
Isotope Half Life (d/m/ug) Decay (MeV) Method of Preparation
Pu?32 36 min -- 2%, 6.58 U235 1+ 100 MeV
EC 98% particles
Pu®?® 20 min - @0.1%, 6.30 1233 4 40 MeV @
EC 99+ % particles
Pu?3%  9.0nr -- 6%, 6.19 233235 | 40 MeV o
EC 94% particles Daughter of
Cm238
Pu?3® 26 min -- 23 x 10739, 5.85 233,285 | 99-30 Mev
EC 99 + % a particles
Pu3® 285yr  1.18x10° & 5.763 (69%) UZ°° 4+ 40 MeV o particles
5.716 (31%) Daughter Np236
Daughter Cm?240
237 235 , :
Pu 45.6 days -- a0.003%, 5.36 (719%) U + 40 MeV g particles
EC 99+ % 5.65 (21%)
Pu?3® g6.ayr  3.88x107 & 5.495 (12%)  U>°8 4 deuterons
: 5.452 (28%) Daughter Cm?242
Pu239 + high energy
neutrons
Np237 + neutrons
Pu?3® 24360 yr 1.36x10° o 5.147 (13%) U2°® 4 nettrons
5.134 (17%)
5.096 (10%)
Pu?? 6580 yr 5.00x10° 4 5.162 (76%) U252 4 neutrons
5.118 (24%) Pu239 4 neutrons
Daughter of Cm244
Putl  13.0yr  257x10% gpax1073% 489 U238 | neutrons
B- 99 + % Daughter of Cm?245
U238 + o particles
Pu?4?  379x10° 8.65x10° o 4.898 (76%) UZ°C + neutrons
yr 4.858 (24%) Am24l 4 neutrons
Puzq[3 4.98 hr -- B~ - Pu?42 4 neutrons
Pu244 7.6 X 10'7 42.8 o -—- Amz‘j’3 + neutrons
yr Pu242 + neutrons
Pu®%®  10.6 br -- B~ --- Pu?%4 4 neutrons
pu?%®  10.85 days -- B~ -—- 1238 4 neutrons (ther-

monuclear explosion)

The data for this table were taken from the recent review of Hyde 192 This work
should be consulted for further details and references to the literature.



IV. CHEMISTRY OF PLUTONIUM OF SPECIAL INTEREST TO THE RADIOCHEMIST
A. Metallic Plutonium

A.1 Preparation

Plutonium metal is most commonly prepared by the reduction of a halide by a more
electropositive metal such as calcium. Connor ~ has compared various combinations
of halide and reducing metal and found that the only satisfactory reactions were PuFa,
PuF , and PuCl3 reduced with Ca metal., Harmon and Reas;164 and OI'th-306 have
discussed the conversion of Pu salts to metal on an industrial scale, while Anselin,

et 31.30 describe a method for the conversion on a gram scale.

A.2 Physical Properties

Pu is a typically silver-white appearing metal which has a number of peculiar
physical properties. The metal undergoes a total of five allotropic modifications
below the melting point, two of which have negative coefficients of thermal expansion.

Table IV-1 summarizes the more important physical properties.

A.3 Chemical Properties

Pu is a very reactive metal. The potential for the couple Pu = Pu+++ +e is
2.03 volts, which places it between scandium (Sc) and thorium (Th) in the EMF series
of elements. Pu oxidizes more readily than does U, and resembles cerium (Ce) in its
reactions in air. Superficial oxidation of a freshly prepared surface occurs in a few
hours in normal air. The oxide is more or less adherent, and in several days the
oxidation reaction accelerates until finally the oxidation to Pqu is complete. However,
the oxide coating protects the underlying metal in dry air, and the oxidation proceeds
more glowly. Pu metal is attacked at elevated temperatures by most gages; Hz, N2,
halogens, SOZ’ etc. Pumetal dissolves easily and rapidly in modérately concentrated
HCl and other halogen acids.

Pu forms intermetallic compounds with intermediate solid solutions with most

metallic elements. However, simple eutectic mixtures are usually made with the group '_

Va and VIa ‘metals, and very little solubility in either the liquid or solid state is ex-
hibited by alkali and alkaline earth metals. '

The behavior of Pu toward various solutions is given in Table IV-2.



TABLE IV-1, Physical Properties of Plufonium Metal”

paw»

Appearance

Melting point 639.5°C
Boiling point 3508 £ 19°C
Properties of the various @ B
allotropic modifications
Transition temperature
to next higher phase (°C) 125 210
Density (g/cmg) 19.82 17.82
(at T°C) (25) (133)
Crystal structure Monoclinic Body-
centered
monoclinic
Coefficient of linear 67x107%  41x1078
expansion (°C-1)
(in temp range °C) (80-120) (160-200)
Liatent heat of trans-
formation to next higher 958 140
phase (cal/g-atom)
Electrical resistivity 68.5u2-cm

(at 25°C)
Self heating coefficient (1,923 £ 0.019) X 1073 W/g

Ionization potential 5.1 £0,5 eV

"Data compiled from various secondary sources, including Francis,

Silvery white; quickly oxidizes in air

Y [ &
315 460 475

17,14 15,92 16,00
(235) (320) (465)
Orthorhombic Face- Body-or face-

centered cubic centered
tetragonal
35 X 1070 -8.6x 1078 (e )
(220-280) (340-440) | GO )
156 17 470
137 Coflfinberry and Waldron,‘gﬂ‘. and Jette, 2

1
1

n
kS

640

16.48
(510)

Body-~
centered
cubic

15

490-550

940



TABLE IV-2. -Behavior of Pu Metal in Various Solutions

Solution ' Behavior

H20 Very slowly attacked )

Salt water .Rapidly attacked after induction period

HCl, HI, HBr Rapid dissolution

Acetic acid No visible reaction in conéentrated acid; slow dissolution in
dilute acid ’

HClO4 Rapid dissolution in concentrated acid

I-I'NO3 Very slqw attack, limited principally to the oxide coating. The
surface is passivated

H3PO4 Rapid dissolution in concentrated acid

HZSO4 Very slow attack with similar behavior to H'NO3

Sulfamic acid Rapid dissolution
. B. Compounds of Pu

Pu forms compounds with a large number of elements. Compounds of Pu in the
I through VI oxidation states are known. Cu.n.ningham,'7 and Faugeras and Heuberger128
describe the preparation and properties of those compounds which have been prepared.
Gel'man, ﬂ.a ernphasize the data on complex compounds and attempt to systematize
the data by relating the structures and coordination numbers of the complex compounds
to other actinide elements, as well as to other regions of the periodic table.

The compounds of the III, IV and VI oxidation states are the ones with which the
radiochemist deals, and the insoluble compounds are 6f primary interest. Of these
the insoluble hydroxides, fluorides, and oxalates, phosphates and peroxides of the
IO and IV states are of major interest in precipitation and co-precipitation reactions
and are described in more detail in that section. One of the great complicating
factors in Pu chemistry is the formation of a polymeric form by hydrolysis in dilute
acid or neutral solutions. The polymeric form can be quite intractable in many reactions,
and may be difficult to destroy. The section on hydrolytic reactions of Pu gives
details,

Table IV-3 lists solubility information for the more stable Pu compounds which
have been prepared.

TABLE IV-3, Salubility of Plutonium Compounds’°=

.Reference

PuH, -PuH, s. ™ wey, H,SO,, i. HNO,, decomp. in H,0
'PuFa-PuF4 decomposes influoride complexing agents; e. g. H3B03

i. HZO’ mineral acids
PquF2 i. HZO 217
NaPuF5 sl. s, dilute H-'N03HF, i. NaF-HF s. H,BO,
PuF6 decomposes violently in H20
PuCl3 8. HZO’ acid
CszPuCIG 8. acid, H,O
PuBr3 s, HZO



TABLE IV-3 (Cont.)

Reference
PuI3 ' s. HZO
Pu(IO3)3 S. I-INO3, i. HZSO4-K103, excess
HIOa
Pu(IO3)4 8. HNOS, decomposed in H2s03
Pqu s. slowly in boiling mineral acids;
reaction speeded by fusion with
NaHSO4 or HF added to HNOg3;
solubility is more difficult if ignited
" above 300°
Pu(OH)3 s. mineral acid
Pu(OH) 8. mineral acid
4 -23 264
P1.102(OH)2 s. mineral acid, Kgp = 1.8 X.10
Pu peroxide s, conc. HNO3, HZSO4
M_Pu(SO4)2, M=Na, K, Rb, Cs, NH4 i. MZSO4-HZSO4, 8. HZO alcohol
Pu(SO4)2 8. HZO’ i. alcohol
M,Pu(SO,),, M=K, Rb, NH, s. H,0, i. alcohol
P1.1(1\TO3)4 s. H,O, colloidal Pu forms in
aquegus soln. s. HNO3, ether, acetone
MZPu(NOS)G’ M=K, Rb, Cs, Tl i, conc.HNOa, 8. HZO’ dil acid
PuPO4 . s. hot conc. mineral acid; sl. s.
H3PO4, NaOH; i. HC2H3O2
Pu(HPO4)2- xH20
Pqu(P04)3-yH20 i. mineral acid — H3PO4
Pu3(P04)4- zHZO
PuC, Pu203 : s. HCl, HpSO4, i. cold conc H‘NO3
s. hot conc. I-INOa—Nan
PUOCO3 T HZO’ gl. s. cold mineral acids
KG[Pu(CO3)5]- mHZO
K4[Pu(C03)4]- mHZO i. alcohol
K12 [ Pu(CO3)g] - mHO '
M, [PuO.(CO.),], M=K, NH s. NagCOs3, LiHCO,, sl. 5. H,O,
4[ 2 3 3] 4 s. mineral acid 3 2
HPuFe(CN)G-_tzo . i. HCl
PuFe(CN), ' i. HCl
Pu,[Fe(CN)g] 4 xt,0 i. HCL
(Pqu)S[Fe(CN)S] o tzO i, HC1
Pu,(C,0,),-xHO i. HgO, s. mineral acid; sl. s. K2C204,
2'V-274°3 2
. (.NH4)2C204
pu(c_O,), "6H,O i. HyO, s. H9SO4, HNO3, HClO4 sl. s.
27472 2" acid~KgaCg0,, NH2C304 minimum s.
in 1.5 M HNOz - 0.025 M H,C,0, 264
PuO,(C,0,)-3H_O s. mineral acid; sl. s, acid —
2'r2Tal T2 H,C,O
27274

NaPqu(Czl-I 0]

3 2)2 sl. s. hot HZO’ s. acid



*Compiled primarily from the reviews of Cun.ningham7 and Faugeras and Heuberger128
Unless otherwise specified, the data are taken from these reviews.
**The following abbreviations are usead:

s. soluble

i, insaluble

sl. s. slightly soluble

- conc, concentrated
dil, dilute .
C. Plutonium Ions in Solution

C.1 Oxidation States
Plutonium in aqueous solution exists in the +3, +4, +5, or +6 oxidation states,
resembling both uranium (U), neptunium (Np) and americinm (Am) in this respect.

The formal oxidation potential diagrams for Pu in acid and basic solution are

taken from Latimer, 220

ACID SOLUTION

2.03 Pu

Pu +++ -0.97 Pu+4 -1.15 PuO;- -0.93 Pu02++

' -1.04

BASIC SOLUTION

Pu 2:42 Pu(OH), 0.95 Pu(OH), =0.76 PuO,0H -0.26

Pqu(OH)2

-0.51

Formal oxidation potentials for Pu couples in various 1 M solutions are shown in
Table IV-4. The displacements of the potentials are due to the complex-forming
tendencies of the anions with Pu,

TABLE IV-4. Formal Potentials for Pu Couples in Various 1 M Solutions

Pu(IIT)-Pu(IV) Pu(IV)-Pu(VI) Pu(dI)-Pu(VI) Pu(V)-Pu(VI)
HClO4 -0.982 -1,043 -1,023 -0.92
HCl1 -0.970 -1.052 -1.024 -0.912
H'N03 -0,92 -1.05 -1,0¢ 0 —em—--
I-12504 -0.74 -1.2-14 - —-——-

The lower oxidation states become more stable in the actinide series from U to
Am, and correspondingly the higher oxidation states become more difficult to attain. -
'~ This effect is illustrated in Table IV-5, which shows the free energies of formation

of various actinide ions,



TABLE IV-5. Free Energy of Formation of Actinide Ions (kcal/mole)

M+++ M-|—+—++ MOE Mo;+
U -124.4 . -138.4 -237.6 -236.4
Np -128.4 -124.9 -221.0 ~194.,5
Pu -140.5 -118.,2 -204.9 -183.5
Am -160.5 -110.2 (-194.5) -156.7

Thus the most stable +3 ion in this series is Am'H_", while the most stable +6 ion is
UO;-. Pu is the first member of this series in which the tripositive state is stable
enough in aqueous solution to be useful in separation chemistry.

This fact is of supreme importance in the radiochemistry of Pu, since Pu can be
selectively maintained in either the +3 or +4 oxidation states in separation schemes.
Advantage is taken of this ability in many of the collected procedures in section VI. -

The oxidation-reduction behavior of Pu is complicated by several factors:
3

>

(1) PuOt disproportionates into Pu+4 and PuOZ+ and under certain conditions Pu™

putt Puo’z’, and Pqu2“+ can all exist in equilibrium; Pu’?

is a small, highly
charged ion and therefore undergoes extensive hydralysis at low acidity and forms
many stable complex ions. This tendency is a dominant feature of Pu(IV) chemistry.
Pu(lV) forms a long-chain compound or polymer by hydralytic reactions. Pu(IV)
polymer is one of the more unpleasant aspects of Pu chemistry from the standpoint of
the radiochemist.

C.2 Oxidation-Reduction Reactions

Table IV-6 lists reagents and conditions to effect changes in oxidation state for
Pu ions. It must be emphasized that a relatively small change in conditions may -
produce a large change in the equilibrium, and that some of the oxidation-reduction
reactions may proceed beyond those listed. Therefore, the listed reactions should
be taken as a guide only.

In general, the change in oxidation state between +3 and +4 is rapid, since only
one electron is invalved in this change. Similarly Puoz and Puo_;- changes are rapid.
Changes in the oxidation state of Pu which involve the making or breaking of a Pu-O

184 in a general review of the kinetics of

bond are usually slower. However, Hindman,
actinide oxidation-reduction reactions, giveé examples of reactions involving M-O

bonds which proceed as rapidly as some involving only electron transfer. Newton and
R:a.bideau302

C.3 Disproportionation Reactions

have also reviewed the kinetics of actinide oxidation-reduction reactions.

The potentialg of the various Pu couples are such that appreciable quantities of
several oxidation states may exist in equilibrium, Pu(IV) and Pu(V) are both unstable
with respect to disproportionation into higher and lower oxidation states in weakly
acid, uncomplexed media. There are several important equilibria which must be

considered for an understanding of Pu oxidation-reduction chemistry,



TABLE IV-6. Oxidation-Reduction Reactions of Plutonium Ions*

A. Pu(Il)—Pu(IV)

Reagents Solution Temp. Rate Reference
- oK .
BrO3 Dilute acid R.T. Very rapid
cett 1.5 MHC1 R.T. Very rapid
6 M HCI, R.T. Very rapid 235
dilute HZSO4 R.T. Very rapid 235
Cl2 0.5 M HC1 R.T. Slow (tl/2 > 9 hr)
H202 R-6 M HCl R.T. Equilibrium at 90%
Pu(IV) in several hours 145
4-8 M HCIO, - R.T. Equilibrium at 80-90% .
Pu(IV) in several hours 145
CrZO,; Dilute acid R.T. Extremely rapid
I-]IO3 Dilute acid R.T. Extremely rapid
MnO, Dilute acid R.T. Extremely rapid 79
O2 0.5 M HCl R.T. No oxidation in 42 hr-
97°C 2.5% oxidized in 4 hr,
more rapid in higher
Noé HNO, R.T Very rapid 63
0.4 — 2 M HNOg, .
Fe(Il) Sulfamate, R.T Complete in few minutes 63

0.1 M HNO,

%k
This table is an enlarged version of the one given by Katz and Seaborg1 which was

compiled from data given by Connick.

tained from this source.

ok
R.T.

room temperature.

10

Unless otherwise specified, the data were ob-



B. Pu(IV)—» Pu(Il)

Reagents Solution Temp. ‘Rate Reference
Hydroquinone Dilute I-l'NO3 R.T. Rapid
Hg, Pt 0.5M - 4.0 M HC1 R.T. > 99% reduced in 40 min
1 0.1 MKI + 0.4 M HCL R.T. tyg = 2 min
I-ISO3 8.05 M NH4HSOs3, R.T. t1/2 = ~2 min 65
.3 M HNOj3
NH,OH" 0.5 M HNO, + 0.1 M R.T. t; )5 ~40 min
NH30Ht
NHOH- HCL, HCl R L L R R R
Zn .0.5 M HCl1 R.T. Rapid
509 1 M HNOgj R.T. t1/2 < 1 min
Tit+t 6 M HCL, R.T. Very rapid 235
dilute Hy504 R.T. Very rapid 235
1 NHNO3 + 1 NHgSO4R.T. Rapid 103
crt Dilute HC1 or HySO4 R.T. Rapid 235, 449
Ascorbic HNO3 Rapid 416,402
Acid 0.5 M HNO3, 0.01 M R.T. Rapid 65
Ascorbic acid
6 M HNOj3 0.1 M
Asgcorbic acid, Fe(II)
Sulfamate R.T. Rapid 65
H03 7.5 M HCL R.T. Complete in several hr 145
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C. Pu(IvV)—» Pu(VI)

Reagents Solution Temp. Rate Reference
NaBiOg 5 M HNOg3 + 0.84 R.T. Complete in less than
g/liter 5 min
BrOg 0.1 M BrO3, 85°C 99% oxidized in 4 hr
1 M HNOg
cet? 0.1 MCet%,05M  R.T. Complete in 15 min
HNOg3
HOC1 pH 4.5, -8.2, 8o° C Complete in 15 min
0.1 M HOC1
45% K2CO3 40° C Complete in 5-10 min
HsIOg 0.02 M H5IOg, R.T. t /g = 100 min
_ 0.22 M HNOj
MnO, 1 M HNOj3, 0,001 M 25°C ty/q = 50 min
MnOJ
+3 + cam s
O3 Ce * or Ag catalyst 0°C Complete in 30 min
0.25 M H550,4, no 19°C Complete in 15 hr 150
catalyst
0.25 M H9SO4, no o -
catalyst 65°C Complete in 1-1/2 hr 150
2 NHCI, no catalyst R.T. 2-8 hr depending on 275, 276
concentration of Pu
agt Agt +S908, 1.1 M  25°C Complete in 1 min
HNOj3
0.5 N H3SOy, Solid 0 361, 39
Ag(ll)
Cr,O, 0.05 M HCl1Oyg, 25°C t/p = 15 min
dilute H3SO4 R.T. Complete in 9 hr 129
HNO3 0.55 M HNOg, - 98+ 1° 80% complete in 2 hr 301
1x1073 M Pu
C12 0.03 M HoS04 + 80°C 1:1/2 = 35 min
saturated Clg :
0.1 M HCIO4, 0.025 22°C t1/2 =2 hr
M Cl, 0.056 M CL~
Electrolysis 0.5 M HC104 R.T. Complete in 30 min 454
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D. Pu(VI)— Pu(IV)

Reagents Solution Temp, Rate Reference
HCOOH HNO3 R.T. Slow
C902 0.02 M HzCy04 75° C t;/p = 60 min
1 23MH, 3.1 M ? Rapid
HNOg
++ -
Fe HCl R.T. Rapid
2-6 M HNO3, 1M R.T. Rapid 75
Ferrous Sulfamate :
2-4 N H3S04 R.T. Fairly fast 361, 39
NO,, HNO,4 ? ? 96
H202 HNOg R.T. Fast, reduction 295

continues to PU(III)

E. Pu(V) —Pu(lV)

Reagents Solution Temp. Rate Reference

HNOy = =r=mmmmemm—--e- R.T. Slow
NH30H" 0.5 M HCL, 0.015 M R.T. Slow
NH3OHT

F. Pu(V)—/ Pu(V)

Reagents Solution Temp. Rate Reference
I pPH 2 R.T. Instantaneous
NHzNHg 0.5 M HCIL, 0.05 M 25°C t1/2 = 180 min
NHoNH
SO2 pH -2 25°C Complete in 5 min
Fet™ 0.052— 2 M HClO4, 0-25°C  ==---=-----mommmemee 301
u =

The first of these is the disproportionation of Pu(IV) according to the reaction

3Pu™ + 2,0 = 2Pu*? + PO} " + am*

for which the concentration equilibrium constant may be written
+3,2

_ eu*hH? (puoth) mh*

u+4)3

KC

P

Table IV-T7 lists K. for this reaction under similar conditions of acidity and ionic
strength for different acids.
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TABLE IV-7. Concentration Equilibrium Constant for the Disproportionation
of Put® in Various Acids at 25°C*

o

Acid - " ¥1.0M; u=1.0
HClO4 9x 1073

HCL 2x 1073
HNOg 4% 1077
H,S0, Very low'

&
*' Taken from Gel'man et :a.l.3
Appreciable quantities of Pu(Ill), Pu(IV),
and Pu(VI) cannot exist together in HoSO4
salutions.
These data show that sirong influence of the anionic medium on the equilibrium.
The equilibrium is shifted markedly to the left even at these low ionic strengths by the
gtrong complexes formed by Pu(IV). Conversely, the equilibrium is shifted to the right by
lowering the concentration of the acid and complexforming anion, atleast until the onset of
hydrolysis at pH 1-1.5. The hydrolytic reactions again stabilize Pu(IV).

The disproportionation reaction probably occurs as a series of bimolecular reactions.

According to Connick and McVey,100 the reaction path may be
2Pu+4 = Pu+3 + Pu02+ (Slow)
PuO; + Pu"_4 = Pu02++ + Pu+3 (Fast)

The first reaction is slow because Pu-O bond formation is involved, while the second
reaction only requires electron transfer. The rate of the first reaction is second-
order in Pu(IV) concentration and inverse third-order in gt concentration, The

fallowing reaction sequenceis consistent with these discrepancies

Pu™* + H,0 = Puor™ + H*
PuOH"? + H,0 = Pu(OH); ¥ + H'
PuOH"? + Pu(om), " = Pu™® + PuoS + B0 + H
Crocker106 determined the relative amount of gach. oxidation state present over a

wide range of temperature and HINOg concentration, He found that the minimum
concentration of HNOj to prevent formation of Pu(VI) in a 4 X 1073 M Pu(IV) solution
is 1.5 M, while at 98°C the required concentration of acid is 8 M.

The second important equilibrium is the disproportionation of Pu(V), which is
unstable in moderately acid solution with respect to the reaction

2 Pu(V) = Pu(IV) + Pu(VI)

Con.nick99 describes this overall reaction as proceeding by either of the two slow
reactions

(a) 2 Puo, +4H" - putt +

+ PuO2 + 2H20

(8) Puo) + Pu'd 4+ 4" - aputt 4 2H,0

2
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followed by the fast reaction
© Puoy +Put? = Puo, " + Pu"?

Reactions A and B involve the breaking of Pu-O bonds, while C does not., Reaction A
is probably only important until sufficient Putd is formed for reaction B to occur,
since B is kinetically more probable than A.

These disproportionation reactions may be involved in oxidation-reduction
reactions by other reagents. Instead of direct oxidation or reduction, the
disproportionation reaction can occur first, followed by direct oxidation or reduction

of the appropriate product.

C.4 Radiolytic Reduction of Pu Solutions

The alpha particles emitted in the decay of Pu239

um to decompose solutions of Pu239 by radiolysis. The radiolysis products then oxidize

supply enough energy to the medi-

or reduce the Pu, depending on the nature of the solution and the oxidation state of -
the Pu. This effect was first described by Kasha and Sheline215 who noticed 0.6%
reduction of Pu(VI) to Pu(IV) per day in perchloric acid salution which was independent
of acidity over a range 0.1 to 2 M. The rate of reduction in HCIl was considerably
less. In both cases the reaction is slow enough to allow the equilibrium quantities
of the various oxidation states to be present. The reduction of Pu(VI) probably
proceeds first to Pu(V), and the lower states obtained by disproportionation of this
ion.
Rabideau
rates of HClO4 and HCl reduction and found that the situation is complicated by the
production of CL~ in HClO4 solutions and Clg in HCI solutions. Also, if Br is added

21.326

confirmed the above qualitative results concerning the relative

to HC1O4 solutions, a net oxidation instead of reduction occurs if the mean oxidation
number is initially approximately 4.

~308

Pages 309

and PageE and Haissinsky found that the rate of reduction depended
very strongly on the nature of the anion in a study of external gamma-radiation
induced reduction of Pu(VI). The rates of reduction decreased in the order

ClO:l ¥ SOZ >Cl > N03—. These results presumably also apply to auto-reduction
by alpha particles,

Popov et a1.320

on the other hand found only oxidation by irradiation of HNOg
_ solutions of Pu with external x-radiation., .The rate of oxidation decreased with an
increase of NOg and total acidity.
The lesson to the radiochemist is clear: The stated oxidation states of old Pu
salutions, particularly low acidity HClO4 and HyS0, solutions, should be viewed

with suspicion.

C.5 Hydrolytic Reactions of Plutonium

Pu in all of its oxidation states exists in aqueous solutions as highly charged ions

and therefore undergoes hydrolysis reactions in dilute acid solutions. The tendencies
for these ions to undergo hydrolysis is dependent on the charge and ionic radius. The
tendency thus increases with increasing atomic number for all the oxidation states

of the actinide series and in the case of Pu increases in the order Pu0;+ < Pu+++<Pu+4.
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Pu+4 has approximately the same tendency to hydrolyze as Ce+4 but less than that of
Hf+4 and Zr+4.

The constant for the first displacement of a proton from the hydration sphere,
along with the solubility product for the hydroxide of the various Pu ions, is given in

Table IV-8. Inthe case of Pu+3 and Pu+4, the hydrolysis reaction may be written

nt _ (n-1)+ + .
Pu (HZO)X + H20 = PuOH (Hzo)x_l + HBO ;

or in the case of PuO-;'

+

24+ _ +
Pqu (HZO)x + HZO = PuOZOH (Hzo)x—l + H30

PuOZ+ hydrolyzes to a greater extent than a simple dipositive ion of the same
radius, showing the effect of the highly charged cemtral Pu ion.

TABLE IV-8. First Hydrolysis Constants and Solubility Products for Plutonium Ions,

P .

Ton Hydroxide Ky Kgp of Hydroxide  p.¢

pu3 Pu(OH), 7.22 @ = 0.069, HCIO,) 2 x 10720 *
7.37 @ = 0.034, HCl) 7 x 1076 *

putt Pu(OH), 1.27 @ = 2.0)

PuO,’  PuO,(OH),  3.33 (1.86 X 10™* M HNO,) 3+1)x1072° (244)

=°(As quoted in Gel' man et al, _3

C.6 Pu(IV) Polymer

By far the most important hydrolytic reaction from a radiochemical standpoint
is the formation of colloidal aggregates in Pu(IV) solutions by successive hydrolysis
reactions. The polymer presumably forms with oxygen or hydroxyl bridges and the
reaction is apparently irreversible. Pu(OH)4 forms when the reaction proceeds to
completion. In intermediate stages, however, the colloid remains in solution and has
properties markedly different from those of the free ion. In macro concentrations the
color of a 0.3 M H.NO3 solution changes from brown to bright green when the solution
is heated. The adsorption spectra of polymer has an entirely differerit character than
monomeric Pu(IV) solutions.

The polymer can be formed from many solutions. The formation of Pu(IV)
polymer is favored by an increase in the Pu concentration and temperature or by .a
decrease in the acidity, As the total nitrate concentration increases the polymer

- 104

precipitates, up to a maximum at 2-3 M NO3 . The presence of strong complexing

-anions inhibit the formation of polymer. Nevertheless, the presence of polymeric Pu

should be suspected whenever the acid concentration is below 0.5 M.327

Polymer is
formed when solutions are diluted with water because of the existence of transient
regions of high pH, even though the final acidity may be high enough to prevent formation

327, 64

of the polymer. The polymer is algso formed by adding less than a stoichio-

metric quantity of acid in the dissolution of Pu(OI—I)4 precipitate. Fortunately, Pu(OH)4
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can be precipitated from originally monomeric solutions and redissolved without

appreciable formation of polymer by using excess reagents. 239

Pu(lV) polymer may
be completely precipitated from solution by much less than stoichiometric amounts
(approximately 0.15 equivalents of anion) of oxalate, iodate, and phosphate, for
example. This phenomenon indicates that the complex contains few charges. This
fact was utilized by Ockenden and Welch305 to remove ionic Pu from the colloidal
form by means of cation exchange.

Depolymerization is very slow at room temperature in moderate acid concentra-
tions. The rate is increased by heating, stronger acid concentration, and addition of
strong complexing agents such as fluoride and sulfate.

Care must be taken to prevent the formation of Pu(IV) polymer in radiochemical
separations because of the very different chemical properties of the polymer. The
example of non-adsorption on cation exchange resin has already been given. The
Pu(lV) polymer does not extract into tri- n-butyl phosphate, (TBP), for example, but
does extract into di-n-butyl phosphoric acid, (DBP).46 The formation of polymer in

solutions of diethylene glycol dibutyl ether (butex) has been observed.4°07

104

Costanzo and Biggers have determined the rate of polymerization and de-

polymerization as a function of acidity, temperature, Pu concentration, and salt con-
centration. Miner278 has summarized information concerning the formation of
polymer in nitrate solutions. Both the above references give suggestions for the
avoidance of polymer formation in handling and shipping macro amounts of Pu.
Polymeric Pu(lV) adsorbs strongly onto glass, paper, etc., indicating that it is
positively charged. 8 Saturation on glass occurs at approximately 1 ug/ cm2.

Samartseva345 found that the adsorption is greater on silica than on glass, that 5to 8

hours was necessary to reach equilibrium with 10_8 to 5 X 10—10 M Pu(IV) solutions,
and that adsorbtion on glass was reversible at pH < 4,
The adsorption of Pu(IV)399 and (VI)34E6

aqueous solution. It was found that from 1% to 4% of the Pu{IV) can adsorb on a Pt
399

on platinum (Pt) has been studied from

surface from organic extractants such as TBP, tri-n-octylamine, (TOA), etc.
Increasing the concentration of the extractant or the aqueous nitric acid phase in

equilibrium with the organic phase decreased the adsorption.

C.7T Complex Ion Formation

The formation of complex ions in aqueous solutions with anionic ligands is an
important feature of the aqueous chemistry of Pu, Complex formation and hydrolysis
are competing reactions and may be looked upon as the displacement of the HZO
molecules in the hydration sphere by the anionic ligand or by OH , respectively. The
ability of an ion to form complexes is dependent on the magnitude of the ionic potential

which may be defined by the equation
d=zfr.

z is the charge on the ion and r is the ionic radius. The values of the ionic potentials

of Pu in different oxidation states are given in Table IV-8,
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TABLE IV-9, Ionic Potential of Plutonium in Various Oxidation States*

Cation Ionic radius (A) Charge Ionic potential
put? , . 0.90 a+ 4.44
Put 1.03 3+ 2.91

+2
PuO, 0.81 2+ 2.47
Pu02+ 0.87 1+ 1.15

*After Gel'man et al. 3

The relative tendency of Pu ions to form complexes then is
Pu(IV) > Pu(lll) > Pu(VI) > Pu(V)

Gel' man et al. 3 show that the anionic ligand has some effect on this series.
For example, the posgitions of Pu(III) and Pu(VI) are interchanged in the case of oxalate
complexes,

Singly charged anions form weaker complexes with actinides generally than do

multiply charged anions. The order of complex forming ability with some anions is
CO3>CZO >80, >F >NO3>C1 > Clo, .

Tables IV-10, TV-11, and IV-12 list available gtability constants for complexes of
Pu(Id), Pu(v), Pu(V), and Pu(VI), respectively, which are based on the review of
Gel'man et al, 3 The chemigtry of complex compounds and ions of the actinides was
also reviewed by Comy'ms.g7 Table IV-13 lists stability constants for some complexes

of several actinides for comparison.
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TABLE IV-10. Stability Constants of Pu(Ill) Iona*®

Ionic
Complex-formation reaction -_strength K Ref.
Putd+ NO, = PuNO}2 . ' 5.9 + 0.5
Pu*d+ 2N0; = Pu(NO,), 14.3 + 0.8
Pu*? + aNo; - Pu(NOs): ' 14.4 + 0.8
Putd + c1” = Puct™? 0